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Factors affecting gene expression in the brain<p>The transcriptional profiles of five regions of the central nervous system (CNS) of mice varying in age, gender and dietary intake were measured by microarray. The resulting data provide insights into the mechanisms of age-, diet- and gender-related CNS plasticity and vul-nerability in mammals.</p>

Abstract

Background: The structural and functional complexity of the mammalian central nervous system
(CNS) is organized and modified by complicated molecular signaling processes that are poorly
understood.

Results: We measured transcripts of 16,896 genes in 5 CNS regions from cohorts of young,
middle-aged and old male and female mice that had been maintained on either a control diet or a
low energy diet known to retard aging. Each CNS region (cerebral cortex, hippocampus, striatum,
cerebellum and spinal cord) possessed its own unique transcriptome fingerprint that was
independent of age, gender and energy intake. Less than 10% of genes were significantly affected by
age, diet or gender, with most of these changes occurring between middle and old age. The
transcriptome of the spinal cord was the most responsive to age, diet and gender, while the striatal
transcriptome was the least responsive. Gender and energy restriction had particularly robust
influences on the hippocampal transcriptome of middle-aged mice. Prominent functional groups of
age- and energy-sensitive genes were those encoding proteins involved in DNA damage responses
(Werner and telomere-associated proteins), mitochondrial and proteasome functions, cell fate
determination (Wnt and Notch signaling) and synaptic vesicle trafficking.

Conclusion: Mouse CNS transcriptomes responded to age, energy intake and gender in a
regionally distinctive manner. The systematic transcriptome dataset also provides a window into
mechanisms of age-, diet- and sex-related CNS plasticity and vulnerability.
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Background
The molecular mechanisms that determine differences in
structure and function among regions of the central nervous
system (CNS), and their modification by internal and external
environmental factors during adult life are poorly explored.
CNS regions that mediate sensory and motor functions, such
as the spinal cord, striatum and cerebellum, evolved before
regions that mainly mediate higher cognitive functions and
emotional behaviors, such as the hippocampus and cerebral
cortex [1,2]. The cells of each CNS region exhibit distinct
structural and neurochemical phenotypes, and electrochemi-
cal properties that presumably result from the differential
expression of genes in the resident cells. Additional complex-
ity arises from the influences of factors such as sex hormones
[3], energy intake and expenditure [4], and genetic and envi-
ronmental factors that affect susceptibility to aging and dis-
ease [5]. The development of technology for the simultaneous
measurement of most of the mRNAs encoded by the mouse
and human genomes has led to efforts to establish the tran-
scriptomes of tissues and cells under various physiological
and pathological conditions [6].

Aging in mammals is a complex and slowly progressive proc-
ess that adversely affects all organ systems, resulting in mor-
bidity and culminating in death. Because aging is the major
risk factor for major CNS disorders, such as Alzheimer's and
Parkinson's diseases, stroke and amyotrophic lateral sclero-
sis, an understanding of the molecular changes that occur
during aging may reveal approaches for preventing or delay-
ing these disorders. In this regard, it has been established that
dietary energy (caloric) restriction (CR) can extend lifespan
and reduce the incidence of age-related diseases [7]. CR may
also protect the nervous system against age-related disease by
decreasing oxidative damage to proteins, nucleic acids and
lipids, and by enhancing cellular stress resistance [8]. More-
over, the CNS may control the aging process and the
responses to CR that extend lifespan [9]. Effects of age and CR
on gene expression in rodents have been reported for several
different tissues [10-13], but were limited to experimental
designs that included only two ages (young and very old), a
single gender (males), no or low statistical power, and the use
of arrays that included relatively small numbers of genes.

To establish the molecular basis of aging, and tissue- and gen-
der-specific differences in cellular responses to aging, the

National Institute on Aging undertook the AGEMAP (Atlas of
Gene Expression in Mouse Aging Project), a comprehensive
analysis of the effects of aging, CR and gender on gene expres-
sion in tissues throughout the body. Here we report the
results of the CNS component of AGEMAP in which the
expression levels of 16,896 genes were determined in a statis-
tically powerful study design that included RNA samples iso-
lated from 5 different CNS regions of male and female mice of
3 different ages (6, 16 and 24 months) that had been main-
tained on either normal or reduced energy diets. Five CNS
regions were selected for analysis because of their well-estab-
lished functions and/or their involvement in age-related dis-
eases: cerebral cortex (sensory-motor integration and
cognition; Alzheimer's disease and related dementias); hip-
pocampus (learning and memory; Alzheimer's disease and
epilepsy); striatum (control of body movements; Hunting-
ton's and Parkinson's diseases); cerebellum (coordination
and balance; ataxias); spinal cord (reflexes, sensory and
motor information transfer; amyotrophic lateral sclerosis).

Results
Different regions of the CNS exhibit unique 
transcriptomes that are independent of gender, age 
and energy intake
The design of our study (Table 1) provided the opportunity to
establish whether each region of the CNS exhibits a unique
pattern of gene expression. Gene expression profiles were
generated for each of the five brain regions (5 mice × 3 ages ×
2 genders × 2 diets), resulting in a total of more than five mil-
lion data points (GenBank: GSE8426). A principal compo-
nents analysis (PCA) of all array data revealed distinct
patterns of gene expression for each CNS region (Figure 1a).
These region-specific patterns were independent of age, gen-
der and diet. We next employed PCA to evaluate the tran-
scriptome differences between CNS regions compared to a
non-CNS tissue, the lung. As expected, the CNS regional tran-
scriptomes are more similar to each other than they are to the
lung, a tissue composed of cell types distinct from neurons
and glia (Figure 1b).

Age-related patterns of gene expression differ among 
brain regions
Previous studies of the effects of aging on gene expression in
the brain typically compared only two age groups (young and

Table 1

Experimental design

6 months old 16 months old 24 months old

AL CR AL CR AL CR

M F M F M F M F M F M F

5 5 4 5 5 5 5 5 5 5 3 5

AL, ad libitum; CR, caloric restriction; F, female; M, male.
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old) and examined only one or two brain regions and one gen-
der, rendering the interpretation of the results problematic in
regards to whether differences between young and old ani-
mals are the result of the aging process or, instead, represent
changes associated with maturation or plasticity [11-13]. To
address this issue we determined the transcriptome of each
CNS region for mice of three different ages (6, 16 and 24
months). For a given gene, six patterns of significant change
in expression (increased or decreased) are possible during the
two age intervals (6-16 months and 16-24 months): pattern 1,
no change, no change; pattern 2, no change, change; pattern
3, change, change in opposite direction; pattern 4, change,
reversion; pattern 5, change, continued change in same direc-
tion; pattern 6, change, no change (Figure 2a). The expres-
sion level of about 90% of the genes on the array was
statistically unaffected by age. For most brain regions, more
than half of the genes whose expression level changed signif-
icantly with age followed pattern 2. Overall, the least common
pattern of gene expression change with age was pattern 3,
indicating that it is very rare for the expression level of a gene
to increase from young to middle age and then decrease from
middle to old age, or vice-versa. However, in contrast to the
other four regions, the striatum was notable for a relatively
high percentage of genes that followed pattern 3, suggesting a
dramatic switch in the regulation of these genes during the
transition from middle to old age. Another outlier in the rank
order of frequency of the age-related gene expression pat-
terns was the cerebellum, whose transcriptome was quite
plastic from young to middle age and stable thereafter, in con-
trast to the cortex, hippocampus and spinal cord for which
transcriptomes changed most from middle to old age (Figure
2a).

The gene lists for patterns 2-6 include genes in a range of
functional categories (Tables S2aP2-S2aP6 in Additional data
file 1). Among the six patterns of gene expression, we consid-
ered only those patterns in which a significant change
occurred between middle and old age as aging-associated
genes (AAGs; patterns 2-5); genes that did not change
between middle and old age (patterns 1 and 6) were consid-
ered unlikely to be involved in the aging process. The num-
bers of AAGs differed by five-fold among CNS regions (Figure
2b). Surprisingly, the spinal cord exhibited the most AAGs,
with more than 600 genes affected. The cortex and hippoc-
ampus were next in line (more than 400 genes), followed by
the cerebellum and striatum with less than 200 genes each.
The percentage of all genes that were AAGs ranged from 0.8%
in the striatum to 3.8% in the spinal cord (cortex, 2.6%; hip-
pocampus, 2.3%; cerebellum, 1.2%). The spinal cord was
remarkable for the high number of AAGs that were upregu-
lated (more than two-thirds of total AAGs); in contrast to the
other regions for which far fewer AAG were upregulated
(Table S2b in Additional data file 1). More AAGs were down-
regulated in the cortex and hippocampus than in the other
CNS regions.

To provide insight into the biological processes affected by
aging, we placed AAGs into 17 functional classes (Figure 3).
Among the different functional classes, genes encoding pro-
teins involved in transcriptional regulation, protein synthesis
and degradation and signal transduction were the most
responsive to aging across brain regions (Table S3 in Addi-
tional data file 1). Genes involved in cell cycle regulation, and
growth factor and synaptic signaling were relatively unre-
sponsive to aging. The spinal cord was notable in that most
AAGs were upregulated across functional categories, in con-
trast to the other CNS regions (Figure 3). For most functional
categories more genes were upregulated than were downreg-
ulated during aging in the spinal cord and striatum, whereas
more genes were downregulated in the cortex, hippocampus
and cerebellum (Figure 3; Table S3b in Additional data file 1).
A decline in the expression of energy metabolism genes (those
involved in mitochondrial function and glucose metabolism)
is a shared feature of aging in all CNS regions examined (Fig-
ure S1 in Additional data file 1). This is consistent with other
data suggesting that downregulation of mitochondrial gene
expression may be central to the process of aging in the CNS
[14].

Transcriptome responses to caloric restriction are 
CNS region- and age-specific
Fewer than 0.5% of the genes in any of the CNS regions exam-
ined were significantly affected by CR, and the effects of CR
on these genes did not exhibit a progressive change from
young to old animals (Table 2; Table S1 in Additional data file
1). However, several interesting findings were evident in the
analysis of age- and region-specific transcriptome responses
to CR. Relatively few genes in any brain region were respon-
sive to CR in six-month-old mice (Figure 4a; Table S4a-6M in
Additional data file 1). Across ages, the transcriptomes of cells
in the striatum and cerebellum were insensitive to CR, while
cells in the other three brain regions were significantly more
responsive to CR. The transcriptome of the hippocampus
exhibited a dramatic increase in sensitivity to CR in middle-
aged mice compared to young or old mice, with most of the
affected genes exhibiting upregulation (Figure 4a; Table S4a-
16M in Additional data file 1). The transcriptome of the spinal
cord exhibited a progressive increase in sensitivity to CR with
increasing age, with most genes being downregulated in mid-
dle and old age (Tables S4a-16M and S4a-24M in Additional
data file 1). Genes in multiple functional categories were
affected by CR in mice of each age, with those involved in
amino acid and lipid metabolism, and signal transduction
being notable for their responsiveness to age in all five CNS
regions (Figure 4b). Interestingly, across CNS regions most
CR-responsive genes are downregulated in young mice and
upregulated in middle-aged mice; the CNS transcriptomes of
old mice exhibited more variability among regions,
suggesting impaired control of CNS region-specific processes.
We next identified age-sensitive genes in each CNS region for
which the effect of aging was negated by CR. In general, CR
prevented age-dependent changes in the expression of only a
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CNS region-specific gene expression patternsFigure 1
CNS region-specific gene expression patterns. (a) PCA of transcriptomes of the indicated CNS regions inclusive of all ages, diets and genders. The results 
show that each region of CNS has its own molecular signature that is independent of age, diet and gender. (b) PCA of transcriptomes of the CNS regions 
and non-CNS region (lung) inclusive of all ages, diets and genders.
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small percentage of genes in each CNS region (Figure 4c;
Table S4c in Additional data file 1). An exception was the spi-
nal cord, where nearly 50% of the genes upregulated during
aging were reverted in mice maintained on CR. Interestingly,
however, fewer than 5% of the genes downregulated in the
spinal cord during aging were reverted by CR.

Analysis of CR-responsive genes for each age group revealed
striking age-dependent differences within and between CNS
regions (Figure 4c; Table S4c in Additional data file 1). In the
case of the spinal cord, more than 90% of the CR-responsive
genes were downregulated in 6- and 24-month-old mice,
whereas in 16-month-old mice less than 40% of the CR-
responsive genes were downregulated. In the cerebral cortex,
most CR-responsive genes were downregulated in 6-month-
old mice, whereas in 24-month-old mice most CR-responsive
genes were upregulated. Similarly, most CR-sensitive genes
in the hippocampus were downregulated in young mice,
whereas in 16- and 24-month-old mice most CR-sensitive
genes were upregulated. Very few genes were responsive to
CR in striatum and cerebellum, regardless of age.

CNS transcriptomes of males and females are 
differentially affected by age and diet
The influence of gender on CNS transcriptomes is largely
unknown, though relevant studies have been conducted [15-
17]. The lists of genes that were differentially expressed in
males and females regardless of age and diet (Table S5a in
Additional data file 1) showed that the transcriptomes of the
cerebral cortex, hippocampus and spinal cord were the most
sensitive to gender (Figure 5a). As was the case with
responses to age and diet, very few genes in the striatum were
affected by gender. The hippocampus, which exhibited more
genes affected by CR than any other CNS region (Figure 4a),
was also notable for a very high number of genes that were
differentially affected by CR in males and females (Figure 5b;
Table S5b in Additional data file 1). In the hippocampus of
young mice, relatively few genes were responsive to CR in
either gender, with approximately twice as many genes
responding in females compared to males (Figure S2 in Addi-
tional data file 1). There was a dramatic increase in the
number of CR-responsive genes in the hippocampus of 16-
month-old mice compared to 6-month-old mice; this increase
occurred in both males and females, but was of much greater
magnitude in males. There was also a marked increase in the
percentage of the total number of CR-responsive genes that
were upregulated in 16-month-old mice compared to 6-
month-old mice. The number of CR-responsive hippocampal
genes remained elevated in 24-month-old mice, but at this
age females exhibited more than twice as many CR-respon-
sive genes as males. In young mice the majority of CR-respon-
sive genes were downregulated, whereas in 16- and 24-
month-old mice most CR-responsive genes were upregulated
(Figure S2 in Additional data file 1).

Gene cluster analysis was employed to further elucidate the
interactions of age, diet and gender on CNS transcriptomes
(Figure 5c; Table S5c in Additional data file 1). CR exerted
generally similar effects on patterns of CNS gene expression
in young and middle-aged male and female mice. In contrast,
patterns of CR-sensitive gene expression in males and
females were very different in old mice. We next calculated
the percentage of age-responsive genes for which the age
effect was abolished by CR, comparing males with females.
This revealed that many more age-responsive genes were
reverted by CR in males compared to females (Figure 5d;
Table S5d in Additional data file 1), indicating that although
many genes were responsive to aging and CR in both males
and females, CR affected primarily genes that were age-insen-
sitive in females. Thus, CR effects are not restricted to AAGs.

Chromosome mapping of age-, diet- and gender-
responsive genes
Different genes that encode proteins that function in the same
or similar biochemical processes can be located in physical
proximity to each other in the genome, which may facilitate
transcriptional co-regulation in the context of evolutionary
selection [18,19]. We therefore generated and analyzed maps
of the chromosome locations of genes that were significantly
affected by age, diet and gender. Age-responsive genes and
CR-responsive genes were scattered among chromosomes,
with chromosomes 9 and 19 exhibiting the highest densities
of age- and CR-responsive genes (Figure S3a,b in Additional
data file 1). There were hot spots of age-responsive upregu-
lated genes on chromosomes 4, 5, 6, 11 and 15, and of down-
regulated genes on chromosomes 5, 7 and 11. Clusters of CR-
responsive upregulated genes were present on chromosomes
5, 6, 8 and 9, and of downregulated genes on chromosomes 4,
5, 6 and 11. Previous quantitative trait loci mapping of human
populations identified the D4S1564 region of Homo sapiens
chromosome 4 as a possible locus of genes that confer excep-
tional longevity [20], with a microsomal transport carrier
protein as the possible locus [21]. The syntenic region in the
mouse genome is located on chromosome 3 (Figure S3c in
Additional data file 1); however, the mouse ortholog of the
human microsomal transport carrier gene was not included
in our array. Studies of cancer, aging and cellular senescence
have identified a region of human chromosome 9 that
includes genes coding the linked genes p16INK4a/ARF, which
regulate the retinoblastoma (Rb) and p53 pathways [22].
Studies of the syntenic locus on chromosome 4 in mice (Fig-
ure S3d in Additional data file 1) have suggested roles for this
region of the genome in mammalian aging. Two genes, coiled-
coil domain containing 2 (ccdc2) and a functionally unde-
fined gene RIKEN cDNA 6230416J20 (6230416J20Rik),
located within p16INK4a/ARF locus were upregulated by CR in
the 24 M cortex region. Age- and CR-responsive genes that
were differentially expressed in males and females were
scattered throughout the genome (Figure S3e,f in Additional
data file 1).
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Figure 2 (see legend on next page)
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Pathways involved in CNS aging and adaptive plasticity
A goal of transcriptome analysis is to identify individual genes
and functional groups of genes that interact with each other
to regulate physiological or pathological responses of cells,
tissues and organisms. Many genes critical for tissue-specific
or development-specific regulation are transcription factors
and genes located on the cell signaling pathway hubs that play
key roles in determining cell phenotypes. However, their
changes are often subtle and hidden, and may be missed
when routine array analysis statistics are employed. In the
present study we identified three pathways of interest in CNS
aging and neurodegenerative disorders (Figure 6a) that
exhibited relatively high levels of age responsiveness com-
pared to other pathways by hypergeometric function analysis;
these pathways were analyzed using PathwayPro, our newly
developed systems biology approach that is based on the
Markov chain model for simulating dynamical changes of a
pathway in response to intrinsic processes or external simu-
lation [23].

Impaired function of the ubiquitin-proteasome system (UPS)
has been implicated in normal aging and the pathogenesis of
neurodegenerative disorders, such as Alzheimer's disease,
Parkinson's disease, Huntington's disease and amyotrophic
lateral sclerosis (ALS), in which abnormal proteins accumu-
late within neurons [24]. Numerous UPS genes were respon-
sive to aging and CR, including those encoding ubiquitin E1,
E2 and E3 ligases, and proteasome subunits (Table S6a in
Additional data file 1). Particularly striking was the dispro-
portionate number of UPS genes affected during the transi-
tion from middle to old age in the striatum compared to the
other CNS regions, in contrast to the overall low responsive-
ness of the striatal transcriptome to aging and CR (Figure 6b).
Most of the striatal age-related changes were reverted by CR,
an anti-aging intervention shown to protect neurons in a
mouse model of Huntington's disease [25] and a monkey
model of Parkinson's disease [26], suggesting that they may
be fundamental to the aging process. The PathwayPro analy-
sis identified ubiquitin C-terminal hydrolase 1 (Uchl-1) as the
most highly age- and CR-responsive UPS gene. Although the
latter gene did not show significance by differential expres-
sion analysis, the network analysis indicated that it does con-
tribute to the state change between ages/diets; therefore,
PathwayPro analysis added a dimension of systems biology to
this array-based study. These findings suggest that age-
related changes in the UPS in the striatum and its input neu-
rons in the substantia nigra may play a role in the vulnerabil-

ity of these brain regions to Huntington's disease and
Parkinson's disease, a possibility consistent with evidence
from studies of animal models of these diseases [27]. UCHL-
1, a susceptibility gene for Parkinson's disease [28], exhibited
CNS region-specific age- and CR-related changes in expres-
sion (Figure 6c; Table S6c in Additional data file 1). Expres-
sion of UCHL-1 in the striatum was particularly sensitive,
decreasing from middle to old age and increasing in response
to CR.

The Wnt signaling pathway plays major roles in embryogene-
sis, including development of the CNS [29], but its involve-
ment in CNS aging is unknown. Genes that encode proteins
involved at multiple levels of the Wnt signaling pathway were
affected by aging and CR, including the Wnt receptor frizzled,

-catenin, nemo-like kinase and calcium/calmodulin-
dependent kinase II (Figure 6a; Table S6 in Additional data
file 1). In addition, there were significant gender differences
in the expression of Wnt signaling genes in the cerebral cortex
and hippocampus.

Several different proteins involved in DNA repair and tel-
omere function have been associated with the aging process,
and with age-related cancers [30,31]. Among these, Werner
was remarkable for its highly significant downregulation with
aging in multiple CNS regions, and by the ability of CR to pre-
vent the effect of aging on Werner expression (Tables S6 in
Additional data file 1). Because loss-of-function mutations in
Werner cause a premature aging syndrome [31], our findings
suggest a role for Werner in normal aging of the CNS.
Whereas approximately 3% of genes in the CNS transcrip-
tome were significantly responsive to age, approximately 30%
of the telomere-associated genes in the array were affected.
These included those encoding telomeric repeat binding fac-
tor 1 (TRF1), telomerase binding protein p23, tankyrase 1,
tankyrase-binding protein 1 and Werner. Werner, tankyrase 1
and several other telomere-associated proteins (Figure 6a)
are known to play important roles in DNA damage response
and repair processes.

Discussion
Our PCA established that each region of the mouse CNS pos-
sesses its own unique transcriptome signature that distin-
guishes it from other regions regardless of the age, gender or
diet of the animal. Although previous studies have shown that
different CNS regions have unique patterns of gene expres-

CNS age-related gene expression patternsFigure 2 (see previous page)
CNS age-related gene expression patterns. (a) For any given gene there are six possible patterns of gene expression from young to middle-aged to old. 
For approximately 95% of the genes, there was no significant change (p < 0.05 and Z-ratio  1.50 or  -1.50) in expression across ages (pattern 1). For 
most CNS regions, pattern 2 (change from middle-aged to old) was the most common. Red, upregulated; blue, downregulated. (b) Comparison of the 
numbers of genes that were significantly affected by age in each CNS region. The transcriptomes of the cortex, hippocampus and spinal cord were the 
most responsive to age, while the transcriptome of the striatum was stable over time. The spinal cord transcriptome was remarkable for the large number 
of genes significantly upregulated with advancing age, in contrast to other CNS regions in which most genes were downregulated with advancing age. Gene 
lists are in Table S2a,b in Additional data file 1.
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sion [32-34], our study demonstrates that the region-specific
patterns of gene expression are maintained regardless of the
age of the animal, its dietary energy intake and its gender.
These signature transcriptomes presumably represent the
molecular basis of the phenotypic differences in the cells that

comprise the different CNS regions and, by extension,
regional functionality. Changes in many different common
and cell type-specific genes in the CNS are known to occur in
response to environmental factors, including age, diet, exer-
cise, activity in neuronal circuits, and injury or disease [11,35-

Functional categorization of CNS age-related genesFigure 3
Functional categorization of CNS age-related genes. Numbers above bars are the actual numbers of genes affected by aging in that gene category/CNS 
region. Functional categories (FC): FC1, DNA damage and repair; FC2, transcription regulators; FC3, RNA editing/processing; FC4, protein synthesis/
degradation; FC5, signal transduction; FC6, growth factors and signaling; FC7, channels and transporters; FC8, cytoskeleton; FC9, trafficking; FC10, other 
synaptic function related ; FC11, stress response; FC12, immune responsive; FC13, mitochondrial function; FC14, cell cycle; FC15, glucose metabolism; 
FC16, lipid metabolism; FC17, amino acid metabolism. Gene lists are in Table S3 in Additional data file 1.
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40]. However, our findings suggest that such epigenetic
responses to the environment do not alter the fundamental
transcriptome 'fingerprints' that distinguish different regions
of the CNS.

The false discovery rate (FDR), an approach widely applied to
microarray data analysis, allows the researcher to balance the
size of the candidate gene list against its quality in order to
enhance confidence in the validity of the data, and is
particularly well-suited to large datasets such as ours. How-
ever, we found that the variability in gene expression was con-
siderably larger in samples from old compared to young
animals (Figure S4 in Additional data file 1), a result consist-
ent with a recent study [40]. The increased variation with
advancing age results in higher p values, and q-values as well
since the q-value is computed from the p value. Inasmuch as
aging is considered a stochastic process, it should be expected
that the effect of natural aging on the gene expression is more
variable when compared with gene expression effects of more
well-defined and dramatic experimental manipulations or
disease states. Our PCA analysis (Figure 1) also provided evi-
dence that the factor of age has only minor effects on the CNS
regional transcriptomes. FDR is typically applied to large
(robust) effects of factors on gene expression [41]. Because
many of the genes that were significantly affected by age in
our study exhibited relatively small changes, the FDR was
not, therefore, applied to this dataset. However, it should be
noted that the increased variance in p values in the old cohort
may confound findings concerning the numbers of genes
identified as changed in the old group compared to the
younger group.

A change in the expression of a gene during aging might con-
tribute to a decline in function and degeneration of neural
cells or, instead, might be an adaptive response to aging. The
greater number of genes upregulated by aging in the spinal
cord may represent a superior ability of cells in the spinal cord
to adapt to aging, perhaps because it is the most primitive
part of the CNS and the most essential for survival. On the
other hand the relatively greater proportion of white matter
(olidodendrocytes) in the spinal cord may also contribute to
the greater effect of aging on the spinal cord transcriptome
compared to the four brain regions examined. Interestingly,
many genes downregulated during aging in brain regions

were upregulated in the spinal cord, including genes of the
UPS, for example (Table S3 in Additional data file 1). In con-
trast to the spinal cord, very few genes in the striatum were
affected by aging and CR and most of those that did respond,
including those in the UPS, were downregulated with age and
upregulated by CR. These findings suggest the striatum may
be prone to age-related diseases, such as Huntington's and
Parkinson's, because its transcriptome does not respond
adaptively during aging.

Prior gene expression studies of brain aging included only
young and old animals of one gender, typically used microar-
rays with relatively few genes and often analyzed pooled RNA
samples resulting in negligible statistical power [11-13]. We
therefore analyzed RNA isolated from five different CNS
regions from male and female mice of three different ages and
two different diets (three to five mice analyzed for each age,
gender and diet) using a large mouse gene array. Inclusion of
the middle-aged group revealed a caveat with previous stud-
ies of 'aging' in which comparisons are made between young
and old individuals only. We found that many genes that
would have been considered sensitive to aging in a young ver-
sus old comparison are, in fact, changed only between young
and middle ages with no further change between middle and
old age. Indeed, in the cerebellum, 64% of the age-responsive
genes followed the latter pattern (Figure 2a). In the hippoc-
ampus, 27% of the genes that were significantly affected by
age changed between young and middle age, and then
returned to the young level in old age. On the other hand, we
found that it was extremely rare for the expression level of a
gene to change in one direction between young and middle
age, and in the opposite direction between middle and old
age.

A comparison of our data with those of previous gene array
analyses performed on RNA samples from the cerebral cortex
of mice [11] and humans [36] revealed only five genes that
were significantly affected by age in all three studies (Table
S7a in Additional data file 1). Two of the genes (vimentin and
GFAP) encode astrocyte cytoskeletal proteins previously
shown to be upregulated in aging and neurodegenerative dis-
orders [42]. The other three genes encode a cell adhesion
molecule (ICAM2), a protein that interacts with SIRT1 and
p53 in cellular stress response signaling (NDRG1) [43] and a

Table 2

Genes consistently responsive to CR across advancingage in mouse CNS

6M-16M-CR 6M-24M-CR 16M-24M-CR 6M-16M-24M-CR

Cortex 2 8 2 0

Hippocampus 6 1 12 1

Cerebellum 0 0 0 0

Striatum 1 0 0 0

Spinal cord 9 12 49 2
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Figure 4 (see legend on next page)
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putative energy and nutrient sensor (FRAP1) [44]. An addi-
tional nine genes were common to the cerebral cortex
datasets of the two mouse studies and included those encod-
ing proteins involved in cell senescence, mitochondrial trans-
lation initiation and protein phosphorylation (Table S7b in
Additional data file 1). A comparison of our mouse cerebellum
dataset with that of Lee et al. [11] identified eight genes signif-
icantly affected by aging (Table S7c in Additional data file 1),
including those encoding proteins involved in proteolysis
(ubiquitin-specific peptidase 46 and cathepsin Z), transform-
ing growth factor-  signaling (TGF  receptor 3) and nitric
oxide signaling (endothelial nitric oxide synthase). A compar-
ison of our mouse cortical dataset with the human frontal cor-
tex data [36] identified nine genes significantly affected by
aging (Table S7d in Additional data file 1), including those
involved in calcium signaling (voltage-dependent calcium
channel beta-2 subunit and calcium/calmodulin-dependent
kinase 3), neurotransmitter signaling (gamma-aminobutyric
acid (GABA-A) receptor subunit beta 3) and oxidative stress
responses (thioredoxin interacting protein). A comparison of
hippocampal gene expression profiles in young (2 month old)
and middle-age (15 month old) C57BL/6 mice identified 35
genes as being significantly upregulated; they included genes
related to synaptic plasticity, inflammation, oxidative stress
and protein processing [45]. Blalock et al. [37] performed
microarray analyses of approximately 2,000 genes in hippoc-
ampi from young, middle-aged and old rats, and correlated
changes in gene expression with performance of the rats on
learning and memory tasks. Many of the AAGs in the latter
two studies were in the same functional categories as AAGs in
our study, including calcium signaling, oxidative stress and
proteolysis.

In addition to functional classes of genes documented in pre-
vious studies of brain aging and neurodegenerative disorders,
our findings identified Werner/telomere-interacting proteins
and the Wnt signaling pathway as being highly responsive to
both aging and dietary energy restriction throughout the
CNS. Werner is a DNA helicase that plays a pivotal role in
DNA repair and telomere function [31]. Loss-of-function
mutations in Werner cause a premature aging syndrome that
includes neurological abnormalities. A brain imaging study of
two siblings with Werner's syndrome provided evidence for
reduced cerebral energy metabolism compared to age-
matched control subjects [46]. The latter findings, evidence
for reduced energy metabolism in the brain during normal
aging [47], and our finding of significantly reduced expres-
sion of Werner in the brain during normal aging suggest a
possible role for Werner in age-related compromise of brain

function. Werner interacts with several telomere-associated
proteins also implicated in cellular senescence (Figure 6a).
Increasing evidence suggests that telomerase and other tel-
omere-associated proteins play roles in neuronal plasticity
and survival [48,49]. The responsiveness of several telomere-
associated proteins to aging and CR suggests roles for tel-
omere modifications and DNA damage and repair processes
in CNS aging. In addition to playing major roles in CNS devel-
opment [29], the Wnt signaling pathway has been implicated
in adult neural plasticity and the pathogenesis of neurodegen-
erative disorders [50]. Several genes in the Wnt signaling
pathway were prominently affected by aging and CR in sev-
eral CNS regions in our study, including those encoding
nemo-like kinase, -catenin and calcium/calmodulin-
dependent kinase 2. Each of the latter proteins is involved in
mechanisms of signaling associated with the pathogenesis of
neurodegenerative disorders [51-53], suggesting a role for
age-related perturbation in Wnt signaling in the disease
processes.

Chromosome mapping of genes that were differentially
expressed in mice of different ages and/or in response to CR
revealed a wide distribution of genes with some physical clus-
tering of responsive genes within the genome. The latter find-
ings are consistent with the concept that aging is a complex
process and that evolutionary adaptations to aging, if they
exist, may or may not involve geographic clustering of func-
tionally related genes.

Despite the existence of many phenotypic differences
between males and females, the vast majority of gene
expression analyses have been performed on males, and
direct comparisons of CNS transcriptome responses of males
and females to aging and environmental factors are lacking.
However, analysis of the expression of 4,000 genes in trained
and untrained muscles of young and old men and women
revealed that more genes were affected by gender than by age
or training [54]. In our study, numerous genes, spanning
functional categories, were differentially expressed in the
CNS of males and females (Tables S5a-d in Additional data
file 1). In general, genes involved in protein degradation, oxi-
dative stress resistance and cell survival were expressed at
higher levels in females compared to males, suggesting a
superior ability of brain cells in females to resist age-related
oxidative and metabolic stress. Interestingly, there was con-
siderable variability in the numbers of genes affected by gen-
der among CNS regions, with the hippocampal transcriptome
being the most sensitive to gender and the striatum and cere-
bellum the least sensitive. The proteins encoded by genes dif-

CNS transcriptomes respond to caloric restriction in a region- and age-dependent mannerFigure 4 (see previous page)
CNS transcriptomes respond to caloric restriction in a region- and age-dependent manner. (a) CNS gene expression responses to CR. (b) Metabolic and 
signaling pathways in which genes were significantly affected by CR in all five CNS regions. Red, upregulated; blue, downregulated. (c) CNS AAGs reverted 
by CR. The percentage of AAGs reverted by CR is shown at the top of each bar. Note that the spinal cord exhibits a much larger percentage of 
upregulated AAGs that are reverted by CR compared to the other CNS regions. Gene lists are in Table S4a,c in Additional data file 1.



Genome Biology 2007, 8:R234

http://genomebiology.com/2007/8/11/R234 Genome Biology 2007,     Volume 8, Issue 11, Article R234       Xu et al. R234.12

Figure 5 (see legend on next page)
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ferentially expressed in the CNS of males and females may
determine gender-specific differences in behaviors,
responses to dietary energy intake and susceptibility to age-
related dysfunction and disease.

Conclusion
The factors of age, gender and energy intake significantly
affected less than 10% of examined genes but did not
considerably influence the unique transcriptome of any CNS
region. The transcriptomes of each CNS region showed dis-
tinctive responses to the age, diet and gender. This systematic
transcriptome dataset provides a window into mechanisms of
age-, diet- and sex-related CNS plasticity and vulnerability.

Materials and methods
Mice and dietary manipulations
All mice (male and female C57BL/6 mice) were obtained from
the same breeding colony [55], and were maintained in the
same facility on either ad libitum (AL) or CR diets. CR was
initiated at 14 weeks of age at 10% restriction, and then
changed to 25% at 15 weeks and 40% restriction at 16 weeks
onward. Mice were housed individually in standard cages
with free access to water, and were maintained on a 12 hour
light/12 hour dark cycle. Cohorts of male and female mice
were euthanized at 6, 16 and 24 months of age (Table 1). Mice
were sacrificed at the same time of day to control for diurnal
variation.

Tissue dissection, RNA extraction and cDNA-array 
analysis
Mice were euthanized by cervical dislocation and five CNS tis-
sues: cerebral cortex, cerebellum, hippocampus, striatum,
and spinal cord were removed and flash frozen. All samples
were processed by the same investigator (XX) in balanced
batches. The tissue was processed using a Bead Beater (Bio-
Spec, Bartlesville, OK, USA) followed by RNA purification
using RNEasy Mini Kits (Qiagen, Valencia, CA, USA). The
RNA was evaluated for quantity and quality using a
Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). Five
micrograms of each RNA sample were used in a PCR reaction
with 32P-dCTP (Valeant, Costa Mesa, CA, USA). Radiolabeled
cDNA was allowed to hybridize overnight at 43°C to the
mouse NIA 17K cDNA filters [56]. Details on these methods
are available elsewhere [57]. The hybridized filters were
washed and placed under imaging screens for three days to
allow for sufficient exposure. The images were developed and

scanned, and the data were extracted using ArrayPro Soft-
ware (Media Cybernetics, San Diego, CA, USA).

CNS transcriptome data normalization and 
differentially expressed gene selection
All data were first processed by Z score transformation [58]
and then genes that were differentially expressed were identi-
fied by a multi-step process in which: only genes for which the
average intensity between the two conditions was greater
than zero - this eliminates spurious selection of genes of low
expression level compared to the background; and the
remaining genes were then tested to identify those for which
z-ratios were greater than 1.5 or less than -1.5 and a p value <
0.05. The z-ratio is a measure of fold change between com-
parisons, and the p values test for reproducibility of a gene's
intensity among biological replicate arrays. Z-ratio (between
condition A and B) = z(A) - z(B)/SD deviation). Remaining
genes were analyzed by two-way ANOVA to establish the sta-
tistical significance of differential levels of expression
between ages, genders and diets (p < 0.05). This analysis was
performed on DIANE 1.0, a new microarray analysis tool
developed by VV Prabhu (see SDIANE in Additional data file
1). All gene lists were annotated with the recently updated
RefSeq (RefSeq-release23) and UniGene database9 (May
2007) [59]

Gene expression pattern recognition
PCA was performed using Partek software (Partek Inc., St.
Louis, MO, USA) to establish CNS region-specific transcrip-
tome patterns that were independent of age, diet and gender.
Hierarchical clustering analysis and heatmap were conducted
using Cluster and TreeView [60].

PathwayPro analysis of pathways
With a Java-based interactive computational tool, Pathway-
Pro, we analyzed the ubiquitin-proteasome system, Wnt sig-
naling pathways and Werner-related DNA repair/telomere
systems. PathwayPro (PP in Additional data file 1) is a novel
computational algorithm we developed for systematic charac-
terization of network dynamic behavior by modeling the cor-
respondence between network activity for specific
interventions, or perturbation applied to a network [23].
Intervention was simulated mathematically by altering the
expression of each gene or gene combination, while perturba-
tions were external variables such as age, diet and gender. See
PP in Additional data file 1 for a description of the Pathway-
Pro analysis methods.

Gender-specific modulation of CNS transcriptomes by age and dietFigure 5 (see previous page)
Gender-specific modulation of CNS transcriptomes by age and diet. (a) Numbers of genes that are differentially expressed in males and females in an age-
dependent manner. (b) Genes differentially affected by CR in males and females. (c) Gene cluster analysis comparison of the effects of CR on hippocampal 
transcriptomes of male and female mice of different ages. Note the similarities in responses of young and middle-aged male and female mice, and the 
striking differential response of males and females to CR in old mice. (d) Age-responsive genes that were reverted by CR in males compared to females. 
Gene lists are in Tables S5a-d in Additional data file 1.
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Figure 6 (see legend on next page)
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Real time RT-PCR validation of microarray results
The same RNA samples used for microarray analysis were
used to validate the microarray results for selected genes
using real-time RT-PCR methods. Standard protocols were
used for the generation of cDNA from RNA following elimina-
tion of genomic DNA contamination using DNA-free
(Ambion, Austin TX, USA). Oligonucleotide primers
(Promega, Madison WI, USA) and PowerScript reverse tran-
scriptase (Clontech, Mountain View CA, USA) were added to
the RNA samples to prepare the first-strand cDNAs. Samples
from the latter mixture were diluted with distilled water and
subjected to real-time RT-PCR analysis. The real-time PCR
reaction (20 l) consisted of template, gene specific primers,
and SYBR Green PCR master mix. The mixtures were added
to wells of a 96-well plate and analyzed in an OPTICON real-
time PCR analyzer (MJ Research, Waltham MA, USA). The
sequences of the primers used and the results of the valida-
tion of microarray data by real-time RT-PCR are listed in
SPrimers in Additional data file 1. The results for each gene
analyzed (those encoding HSPc- , HIF1- , Werner, Jagged-1,
ELOVL family member 6 and Nemo-like kinase) are shown in
SRTPCR in Additional data file 1; these show that more than
85% of gene expression alterations in all given conditions are
consistent between RT-PCR and array data.

Abbreviations
AAG, aging-associated gene; AL, ad libitum; CNS, central
nervous system; CR, caloric restriction; FDR, false discovery
rate; PCA, principal components analysis; UPS, ubiquitin-
proteasome system.
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Additional data files
The following additional data are available with the online
version of this paper. Additional data file 1 contains supple-
mental figures, tables and files. Figure S1 shows one feature of

aging shared across CNS regions, namely, the decline of
energy metabolism. Figure S2 shows age-related changes in
responsiveness of the hippocampal transcriptome to CR in
males and females. Figure S3a-3f shows chromosome map-
ping of CNS age- and diet-responsive genes and loci. Figure
S4 shows age-dependent gene expression variation analysis.
Table S6 lists the perturbation probabilities of UPS, Wnt, and
WRN pathways in different sexes of CNS regions during aging
and in response to CR. Overview Of DIANE 1.0 provides an
outline of this program. PathwayPro describes the Pathway-
Pro computational tool Gene-specific primers used for Real-
Time PCR analyses and microarray quality validation lists the
primers for genes validated by quantitative RT-PCR Table
S2aP2-6 lists genes of mouse CNS age-related gene expres-
sion patterns 2-6. Table S2b lists mouse CNS AAGs. Table S3
lists functional categories of known mouse CNS AAGs. Stable
1 shows genes consistently responsive to CR across advancing
age in mouse CNS. Table S4a-6M-16M-24M lists CR respon-
sive genes of 6M-16M-24M mouse CNS. Table S4c lists the
impact of CR on the reversion of AAG expression. Table S5a
lists age-dependent differentially expressed genes in males
and females. Table S5b,c lists genes differentially affected by
CR in males and females. Table S5d lists age-responsive genes
that were reverted by CR in males compared to females. Table
S7a-d lists results of cross comparison between this study and
previous published data.
Additional File 1Supplemental figures, tables and files.Figure S1 shows one feature of aging that was shared among CNS regions, namely, the decline of energy metabolism. Figure S2 shows age-related changes in responsiveness of the hippocampal transcriptome to CR in males and females. Figure S3a-3f shows chromosome mapping of CNS age- and diet-responsive genes and loci. Figure S4 shows age-dependent gene expression variation analysis. Table S6 lists the perturbation probabilities of UPS, Wnt, and WRN pathways in different sexes of CNS regions during aging and in response to CR. Overview Of DIANE 1.0 provides an outline of this program. PathwayPro describes the PathwayPro computa-tional tool Gene-specific primers used for Real-Time PCR analyses and microarray quality validation lists the primers for genes vali-dated by quantitative RT-PCR. Table S2aP2-6 lists genes of mouse CNS age-related gene expression patterns 2-6. Table S2b lists mouse CNS AAGs. Table S3 lists functional categories of known mouse CNS AAGs. Stable 1 shows genes consistently responsive to CR across advancing age in mouse CNS. Table S4a-6M-16M-24M lists CR responsive genes of 6M-16M-24M mouse CNS. Table S4c lists the impact of CR on the reversion of AAG expression. Table S5a lists age-dependent differentially expressed genes in males and females. Table S5b,c lists genes differentially affected by CR in males and females. Table S5d lists age-responsive genes that were reverted by CR in males compared to females. Table S7a-d lists results of cross comparison between this study and previous pub-lished data.Click here for file
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