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Abstract
Aging of the human brain is associated with “normal” functional, structural, and molecular
changes that underlie alterations in cognition, memory, mood and motor function, amongst other
processes. Normal aging also imposes a robust constraint on the onset of many neurological
diseases, ranging from late onset neurodegenerative diseases, such as Alzheimer’s (AD) and
Parkinson’s diseases (PD), to early onset psychiatric disorders, such as bipolar disorder (BPD) and
schizophrenia (SCZ). The molecular mechanisms and genetic underpinnings of age-related
changes in the brain are understudied, and, while they share some overlap with peripheral
mechanisms of aging, many are unique to the largely non-mitotic brain. Hence, understanding
mechanisms of brain aging and identifying associated modulators may have profound
consequences for the prevention and treatment of age-related impairments and diseases. Here we
review current knowledge on age-related functional and structural changes, their molecular and
genetic underpinnings, and discuss how these pathways may contribute to the vulnerability to
develop age-related neurological diseases. We highlight recent findings from human postmortem
brain microarray studies, which we hypothesize, point to a potential genetically-controlled
transcriptional program underlying molecular changes and age-gating of neurological diseases.
Finally, we discuss the implications of this model for understanding basic mechanisms of brain
aging and for the future investigation of therapeutic approaches.

1. Introduction
Age-gated neurodegenerative and psychiatric diseases affect ~15% of people during their
lifespan and are almost uniformly devastating. Current treatments for these diseases are not
curative and have limited efficacy for symptom relief. Outside of the disease context, aging
by itself is also associated with variable rates of cognitive and motor decline, which can be
severely impairing for the most affected individuals. By definition, age is a constraint for the
onset and progression of functional declines and age-associated diseases, and thus may
represent a key entry point for understanding basic mechanisms of brain aging and for the
future investigation of therapeutic approaches for age-related diseases.

Here, we use the term “normal brain aging” to describe aging of the central nervous system
in the absence of clinically-diagnosed neurodegenerative or psychiatric diseases, or of
related pathology. However, as described in this review, it is becoming increasingly clear
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that molecular changes occurring during normal brain aging substantially overlap with those
observed in the context of many diseases. Thus “normal brain aging” actually refers to
average successful aging. This somewhat circular parsing of “normal or average disease-
free” from disease-associated age-related changes is currently an unavoidable caveat of the
field, but is necessary for investigating the contribution of aging to disease processes.
Similarly, the line between developmental and age-related changes is unclear. Subjects as
young as 14 years of age display molecular changes in the brain on a continuum with age-
related changes that extend throughout old age (Erraji-Benchekroun et al., 2005), and it is
likely that molecular aging partially extends from developmental processes.

Normal aging of the brain (i.e., in subjects without age-related neurological disorder) is
understudied compared with peripheral aging, and has many fundamentally different
molecular mechanisms and modulators. Some mechanisms, such as those related to insulin
signaling and cellular insult, are shared between the periphery and brain; however,
mechanisms related to cellular turnover and depletion, such as telomere shortening and
senescence, are not as pertinent in the largely non-dividing brain. Instead, progressive
morphological and molecular changes within life-long existing neurons and glia likely
underlie age-related cognitive, motor, and mood changes and disease susceptibility (Fig. 1).
Brain aging is also subjected to many unique genetic modulators, such as neurotransmitters,
neurotrophins, and neurological disease-related genes (Fig. 1). Here, we briefly review
current knowledge on the functional correlates of brain aging and discuss their putative
biological underpinnings, starting at the gross structural and functional, cellular, and
molecular levels, including genetic modulators. We next introduce the overlap and potential
contribution of normal brain aging to age-gated neurological diseases.

Based on our recent findings (Glorioso et al., 2010), we hypothesize that a conserved
molecular brain aging program under the control of longevity genes may contribute to
functional decline and gating of age-related diseases (See schema in Fig. 9). While a great
deal of further investigation on multiple fronts will be required to confirm our model, we
propose it as a framework for future studies. This framework is worth discussing, not only as
a contribution to basic knowledge, but because many feasible clinical applications would
directly extend from the model if it turns out to be correct. We present the observations that
led to the model, including the fact that molecular aging preferentially affects a large
proportion of neurological disease-related genes, and that those genes are systematically
affected during aging in pro-disease directions, together suggesting that aging may promote
disease. This is consistent with other microarray studies showing significant overlap
between gene transcript changes associated with AD and normal aging in the human brain
(Avramopoulos et al., 2010; Miller et al., 2008). Additionally, based on our observation that
a low-expressing polymorphism in a putative longevity gene, Sirtuin 5 (SIRT5prom2),
associates with accelerated rates of molecular aging for selective disease-related genes
(Glorioso et al., 2010), we hypothesize that age- (and disease-) related changes may be
under differential control by longevity genes. Lastly, we discuss future directions for
prevention, delay, and predicting onset of age-gated neurological diseases and functional
declines.

2. Normal age-related changes in the human brain
2.1. Changes in cognition, motor function, and affect

“Normal” age-related declines in neurological functioning (i.e. not observed in the context
of any age- or brain-related diseases) have been extensively studied, and are robust and
consistent. Meta-analysis of cross-sectional and longitudinal datasets have demonstrated a
~40–60% decline in cognitive speed at age 80 compared to age 20 in non-demented adults
(Salthouse, 1982, 1996). Aging differentially affects aspects of neurological functioning
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(Christensen, 2001; Ruffman et al., 2008; Salthouse, 1982; Schaie, 1996). For instance,
“fluid abilities,” or those reliant on processing speed, problem solving, inhibitory function,
working memory, long-term memory and spatial ability, decline with age (Fig. 2) (Park and
Reuter-Lorenz, 2009; Salthouse, 1982, 1996). In fact, performance IQ (reliant primarily on
fluid abilities) measured by the Welchsler test drops on average 30 points from age 20 to age
70 (Salthouse, 1996; Wechsler, 1981). In contrast, so-called “crystallized abilities” related to
knowledge or expertise, such as vocabulary, world knowledge, general knowledge, implicit
memory, understanding proverbs, and occupational expertise, do not decline or may even
show improvement over the lifespan (Fig. 2; reviewed in (Christensen, 2001; Park and
Reuter-Lorenz, 2009; Salthouse, 1982)). Consistent with this observation, verbal IQ
measured in WAIS-R standardization sample only drops on average 5 points from age 20 to
age 70 (Kaufman, 1990; Salthouse, 1996). Importantly, grey matter volume loss and
molecular changes may underlie these functional changes in cognitive ability (Park et al.,
2002).

A variety of motor functions, including reaction time, speed of movement, as well as hand
and foot coordination, consistently slow down with age (Era et al., 1986; Fozard et al.,
1994; Kauranen and Vanharanta, 1996). This is likely mediated by aging of the central
nervous system (CNS), as age-related decline in cortical dopamine D2 receptor level
(Volkow et al., 1998; Volkow et al., 2000) correlates with motor speed and cognitive
function (Volkow et al., 1998). Like cognitive aging, these changes follow a continuous and
progressive pattern, as exemplified in the Baltimore longitudinal study, which demonstrated
that simple and disjunctive reaction times (i.e. go no-go task) increased by 0.5 (~4.0%/
decade) and 1.6 msec/year (3.9%/decade), respectively, starting at age 20 and continuing
through the oldest ages (90+ years) (Fozard et al., 1994).

Meta-analyses show that changes in mood and affective perception also occur with age.
Older adults are worse at recognizing sad or angry emotions compared to younger adults, an
effect that is not accounted for by general cognitive decline, as older subjects perform
equally as well in recognition of happiness and actually better in recognition of disgust
(Ruffman et al., 2008). Generally, older adults show a positivity-bias in attention and
memory, recover faster from negative events, and are less likely to engage in destructive
interpersonal interactions, such as shouting during conflict (reviewed in (Mather and
Carstensen, 2005)). Consistent with these reports, older adults have a lower prevalence of
diagnosed major depression, with average onset of major depression peaking at age 30.5 and
declining risk beginning in the early 40s (Hasin et al., 2005). This seems counterintuitive for
two reasons. First, suicide rates are greatly increased in people over 65 compared to the
general population (14.2 and 10.2 per 100,000 respectively), with highest rates in non-
hispanic white males over 85 (48 per 100,000)
(http://www.nimh.nih.gov/health/publications/suicide-in-the-us-statistics-and-prevention/
index.shtml#CDC-Web-Tool). Second, the frontal brain areas required for cognition that
decline functionally with age are also required for emotional control, which does not seem to
decline with age.

One explanation is that increasing suicide rates with age are not due to increasing risk of
major depression, but rather to higher ratios of completion to attempts. This appears
specifically pertinent for men, especially those living alone, widowed, and/or terminally ill
(De Leo et al., 2001; Hawton and van Heeringen, 2009). Alternatively, while mood disorder
diagnoses do not necessarily increase with age, studies report increasing numbers of
depressive symptoms in older individuals, potentially reflecting diagnostic structure and
procedural issues (Fiske et al., 2009). Indeed, psychomotor retardation, anhedonia,
decreased memory and slower cognitive speed are more prevalent in older depressed
individuals, and are often misattributed to aging per se, leading to under-diagnosing
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depression (Alexopoulos, 2005; Alexopoulos et al., 2005). The converse also appears to be
true, as adults with poorer performance on cognitive tests also show less positivity-bias,
suggesting decreased emotional control (Mather and Carstensen, 2005), together leading to a
cause-effect conundrum. Furthermore, low mood and major depression often occur in the
context of neurodegenerative and dementia-related diseases, such as Alzheimer’s (AD) and
Parkinson’s (PD) diseases, in people with poorer cardiovascular health, such as stroke (Fiske
et al., 2009). Combined, these observations suggest that individuals adaptively learn and
become more proficient at maintaining a positive affect during successful aging, but that this
control declines with declining cognition and in the context of degenerative states. Thus,
age-related loss of emotional regulation in people with more rapidly declining cognition
may be an important risk factor for depression in old age.

It is important to note that there is large individual variability in the rates of age-related
cognitive decline, ranging from little or no decline in cognition to more rapid decline (Fig. 3;
(Wilson et al., 2002)). A potential caveat to many cross-sectional studies on this topic is that
the largest predictor of cognitive capacity in old age is cognitive capacity in youth,
accounting for ~50% of the variance (Deary et al., 2007). With this in mind, there is good
longitudinal evidence for both genetic and environmental contributors to rates of cognitive
decline. The APOE-ε4 allele, for example, which increases risk for and lowers onset age of
AD, has been extensively studied and there is substantial evidence for association with
accelerated cognitive decline, even in the absence of AD (Anstey and Christensen,
2000;Deary et al., 2007;Deary et al., 2002;Mattay et al., 2008). There is also some evidence
for genetic contribution of COMT, BDNF, Klotho, PRNP, and DISC-1 (see also genetics
section (Deary et al., 2007;Deary et al., 2004;Mattay et al., 2008)). Environmental factors
associated with slower cognitive decline include exercise, healthy body mass index, higher
education level, good cardiovascular health, being a non-smoker, and caloric restriction.
Evidence also suggests protective effects for nutritional factors, such as antioxidant,
omega-3 fatty acids, and red wine consumption (Anstey and Christensen, 2000;Deary et al.,
2007;Fillit et al., 2002;Joseph et al., 2009;Muscari et al., 2009;Panza et al., 2004).

2.2. Functional/structural changes
What structural and functional changes potentially underlie age-related changes in cognition,
motor function, and affect? Longitudinal and cross-sectional MRI studies have demonstrated
significant grey matter loss with age at rates of 3.2–5.3 ml per year or approximately 0.5%
per year (Fig. 4) (Good et al., 2001;Smith et al., 2007;Tisserand et al., 2002;Tisserand et al.,
2004).

A striking example is a study conducted by Resnick et. al (2003), who followed
longitudinally 92 non-demented adults (ages 59–85) at baseline, 2, and 4 years out and
reported significant (p<0.001) decreases in total grey matter at each successive time point
within individuals (Resnick et al., 2003). These changes were area-specific, as frontal cortex
areas such as anterior cingulate cortex, prefrontal cortex, left and right insula, and left
inferior frontal cortex, have the most consistently reported decreases in volume with age,
whereas the hippocampus and amygdala display variable effects or unchanged volumes
between studies (Gianaros et al., 2006; Good et al., 2001; Resnick et al., 2003; Seshadri et
al., 2004; Tisserand et al., 2002; Tisserand et al., 2004). The area-specificity of these
changes is consistent with age-related cognitive changes, i.e. the most robust changes are
seen in frontal areas required for cognitive processing and working memory. Additionally,
losses of white matter integrity and changes in brain activity in response to tasks on fMRI,
such as hippocampal hypo-responsiveness and greater frontal bi-laterality in memory tasks,
are seen with age (reviewed in (Park and Reuter-Lorenz, 2009)). Finally, substantial
evidence indicates that structural and functional changes correlate with cognitive changes
(reviewed in (Park and Reuter-Lorenz, 2009)).
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2.3. Changes in cellular morphology
What underlies changes in grey-matter/white matter volumes? It was previously thought that
neuronal death occurred in the brain with age. However, better stereological techniques and
careful exclusion of subjects with neurodegenerative diseases has shown that little or no
neuronal death occurs during normal aging (Gomez-Isla et al., 1997; Haug et al., 1984)
(reviewed in: (Morrison and Hof, 1997)). Instead, grey matter volume losses appear to result
from neuronal dendritic arbor shrinkage and synaptic losses (de Brabander et al., 1998;
Scheibel et al., 1975) (reviewed in: (Dickstein et al., 2007)). For example, Duan et al (2003)
demonstrated a ~43% and ~27% loss of apical and basal cortical neuron dendritic spines,
respectively, in aged versus young macaque monkeys (Fig. 5) (Duan et al., 2003). These
reductions in synapse density may underlie cognitive deficits, as they correlate with the
degree of age-related reduction in cognitive functioning within individual primates (Peters et
al., 2008; Peters et al., 1998).

Similarly, for glial cells, older studies concluded that astrocytic gliosis and microgliosis, as
visualized by MHC-II or GFAP (glial markers) staining in brain slices, was caused by
increasing glial numbers with age, which has been shown by more recent stereological
techniques to be largely inaccurate (Conde and Streit, 2006; Finch, 2003; Unger, 1998).
Instead, glial processes thicken with age (and thus show greater glial marker staining,
termed “glial dystrophy”), perhaps to preserve correct distances from shrinking neuronal
processes for glial-neuronal exchange (Conde and Streit, 2006; Finch, 2003; Unger, 1998).

3. Molecular pathways of brain aging
In addition to cellular morphological changes, aging neurons display evidence for increasing
DNA damage, accumulation of reactive oxygen species, calcium dysregulation,
mitochondrial dysfunction, and inflammatory processes (reviewed in (Yankner et al.,
2008)). Some of these processes are cell-type specific, such as the loss of specific
neuropeptide markers of interneuron classes (Erraji-Benchekroun et al., 2005). Cell type
dissection of these processes in the human and primate brain are still largely lacking, so we
discuss changes in the context of a “generic” neuron and glia here. Underlying these cellular
phenotypes, CNS molecular aging both shares and has unique molecular pathways with
mechanisms involved in aging of peripheral somatic organs. Shared pathways include those
related to metabolism and caloric restriction, as well as those related to cellular insult,
including DNA damage, inflammation, and damage by reactive oxygen species (ROS) (see
below; reviewed in (Yankner et al., 2008)). In peripheral tissues, aging is additionally driven
by senescence-related mechanisms, such as telomere shortening and depletion of precursor
cells, which are not as pertinent in the CNS, since cellular turnover is limited. Conversely,
several molecular mechanisms may predominate in the nervous system, including those
driven by neurotrophins (BDNF) and neurotransmitters (serotonin, dopamine, glutamate
(Backman et al., 2006; Mattson, 2008; Mattson et al., 2004a, b); see below).

3.1. Metabolic changes
Caloric restriction is one of the most investigated mechanism leading to increased longevity
across species, ranging from studies in yeast to primates (Narasimhan et al., 2009). Relevant
to brain aging specifically, a primate caloric restriction model demonstrated delayed brain
atrophy (Colman et al., 2009), while short-term caloric restriction is prospectively
associated with improved memory in older humans (Witte et al., 2009). The effect of caloric
restriction may be an evolutionarily conserved means of sensing poor nutritional
environments and thus increasing reproductive lifespan to wait for richer environments. Its
mechanism is tied into and shares signaling with ROS-related mechanisms, as caloric
restriction -driven metabolic slowing results in fewer mitochondrial produced ROS and thus
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less DNA damage (reviewed in (Papaconstantinou, 2009)). Mediators of caloric restriction,
including growth hormone, insulin, insulin-like growth factor (IGF-1), the circulating
longevity hormone, Klotho, which binds to the IGF-1 receptor, as well as the Sirtuin family
of longevity genes, have been shown to modulate both organismal lifespan and healthspan
across species (Bartke, 2006; Kurosu et al., 2005; Narasimhan et al., 2009). Emerging
evidence, including causal studies in model organisms and genetic association of human
polymorphisms with brain aging (see genetics section), suggest that these mediators may
represent key players in brain aging.

The Sirtuin family of longevity genes, encompassing seven homo logous NAD-dependent
histone and protein deacetylases offer particularly promising targets for key brain aging
modulators. Related to their varied subcellular localizations, they have pleiotropic anti-aging
effects in neurons and glia, including abrogation of protein aggregates, accumulation of
misfolded proteins, enhancement of stress response, improving DNA repair, as well as
prevention of inflammatory processes in glia, cell death pathways, and mitochondrial
dysfunction (reviewed in (Gan and Mucke, 2008)). In relation to brain aging specifically,
SIRT1 has been shown to prevent Wallerian-type axonal degeneration after injury (Araki et
al., 2004) and to be a key player in neurogenesis (Libert et al., 2008). Other promising
targets in this pathway, which have been predominantly studied in model organisms and
have yet to be studied in the CNS context, include FOXO, Daf16, p66, PTEN, m-TOR, and
CLOCK-1, amongst many others (reviewed in (Narasimhan et al., 2009)), as the
investigation of mechanisms underlying the metabolic control of brain aging are only
beginning to be understood.

3.2. Cellular insult
Nuclear and mitochondrial DNA damage, predominantly single base mutations such as
ROS-induced 8-oxoguanine DNA lesions, steadily accumulate in the aging brain across
species (reviewed in (Droge and Schipper, 2007; Yankner et al., 2008)). There is
considerable support for pathways leading to diseases that are downstream of increased
DNA damage and ROS-mediated mechanisms, including accelerated brain aging and
neurodegeneration in people with progeria syndromes caused by DNA repair gene mutations
(reviewed in (Yankner et al., 2008). Moreover, the severity of age-related memory
impairment is correlated with brain and plasma levels of antioxidants (reviewed in (Droge
and Schipper, 2007)). Evidence also suggests a role for P53 in brain aging and centrally-
driven lifespan regulation, as selective brain knock-down of P53 in Drosophila results in
increased longevity and resistance to oxidative stress (Bauer et al., 2005). However, the
pathways linking DNA damage to age-related neuronal/glial morphological changes remain
poorly understood.

3.3. Neurotrophins
While there is a large literature relating neurotrophins, such as GDNF, NGF and bFGF, to
treatment and prevention of neurodegenerative disease, such as AD and PD, BDNF is the
better characterized modulator of normal brain aging (reviewed in (Tapia-Arancibia et al.,
2008)). Particularly, there is a large literature connecting the human BDNF val66met
(secretion deficient) polymorphism to brain aging in mice and humans (see genetics section
below). Additionally, it is a logical modulator of molecular aging, as it is an activity-
dependent secreted growth factor that declines steadily with age in the brain (Erraji-
Benchekroun et al., 2005), is neuroprotective against a variety of insults, and is required for
changes in spine density underlying learning and memory systems that decline with age
(reviewed in (Tapia-Arancibia et al., 2008)). Indeed, infusion of BDNF can restore age-
related impairment in long term potentiation (LTP) in middle-aged rats (Rex et al., 2006).
BDNF is also required for neurogenesis in mice and its expression is induced by exercise
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and caloric restriction, which are known to be modulators of normal brain aging (reviewed
in (Tapia-Arancibia et al., 2008)). Together, these results establish causality and biological
relevance for BDNF in several brain aging measures.

The pathways downstream of BDNF that specifically modulate cellular age-related
molecular changes are just beginning to be elucidated. Microarray experiments in
conditional BDNF KO mice have shown that gene expression changes downstream from
low BDNF correlate with normal age-related changes, but also provide evidence that BDNF
is not a “global modulator,” as the correlation was not high enough to fully account for all
age-regulated molecular changes (Glorioso et al., 2006; Sibille et al., 2007). Nevertheless,
some of the most BDNF-regulated genes display robust age-related molecular changes
(Glorioso et al., 2006), including RGS4, CCND2, APBAP2, SYN2, SST, NPY, and PENK1.
This suggests that a subset of normal age-related molecular changes in both mouse and
human are directly modulated by BDNF level and function. Together, this suggests that
BDNF and its downstream molecular pathways may be attractive targets for therapeutic
intervention, although much remains to be investigated as to the specificity of BDNF effects
for age-related changes.

3.4. Neurotransmitters
There is increasing evidence for a role for neurotransmitters, particularly serotonin,
glutamate and dopamine, in modulating normal brain aging. Because so many current
psychiatric and neurological drugs target neurotransmitter receptors, this has potentially
important implications for public health and for new treatment strategies aimed at aging and
age-related disease. Serotonin has been hypothesized to play a role in normal brain aging, as
its levels and selected receptor functions are age-regulated. Moreover, serotonin shares
signaling pathways with other known age-regulatory molecules, such as BDNF and IGF-1
(reviewed in (Mattson et al., 2004a, b), and because the selective serotonin reuptake
inhibitor antidepressants (implicitly thought of as anti-aging) can modulate neurogenesis
(Dranovsky and Hen, 2006). Additionally, serotonin blocking drugs and mutations for
serotonin synthesis (tph-1) or receptor function (ser-1, ser-4) in C. elegans delay age-related
phenotypes and/or extend longevity (Murakami et al., 2008; Petrascheck et al., 2007, 2009;
Sze et al., 2000). In mice, deletion of the serotonin 1B (HTR1B) receptor leads to cognitive
changes (Wolff et al., 2003) (reviewed in (Buhot et al., 2003)) and to anticipated locomotor
and molecular brain aging phenotypes (Sibille et al., 2007), providing causal evidence
linking genetic disruption of serotonergic signaling and aging. However, lifespan/healthspan
extension by serotonergic genetic or pharmacological modulation in higher order organisms
has not been investigated. Also lacking are prospective studies of human age-related
phenotypes in relation to exposure to serotonergic drugs.

Glutamate, the brain predominant excitatory neurotransmitter, is also a probable candidate
for modulating brain aging, as it facilitates release of BDNF, is essential for LTP, synaptic
plasticity, neurogenesis, activity-dependent neuronal survival, and neural outgrowth during
development (reviewed in (Mattson, 2008)). Through elevation of intracellular Ca2+ and
effects on CREB and NFκB mediated signaling, glutamate modulates both rapid changes in
dendritic architecture and long term transcriptional changes on a variety of genes, including
neurotrophins, through which it likely contributes to age-related morphological changes
(reviewed in (Mattson, 2008)). Glutamate is also an important player because of its role in
both protection in the context of ischemic preconditioning as well as facilitation of
excitotoxic neuronal injury and death (reviewed in (Mattson, 2008)).

Dopamine has strong correlative and causative evidence for modulation of brain aging
(Backman et al., 2006). It is also implicated in several age-gated diseases, including PD,
HD, SCZ, and BPD. Components of the dopamine system also decline with age, including
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the dopamine transporter (DAT) as well as the D1 and D2 receptors (reviewed in (Backman
et al., 2006)). Mice fed with Levodopa, a dopamine precursor, have extended longevity by
50% and improved fertility. This effect is potentially mediated by the caloric restriction
pathway, as mice showed reduced growth despite the same amount of food intake as
controls (Cotzias et al., 1974; Cotzias et al., 1977). This cross-talk with caloric restriction
pathways is corroborated by studies in D2 receptor knock-out (KO) mice, which have
decreased levels of GH and IGF-1 (Diaz-Torga et al., 2002). In humans, pharmacological
studies in healthy volunteers have shown that D-amphetamine enhances performance on a
variety of tasks and that the D2 receptor agonist, Bromocriptine, facilitates spatial working
memory, suggesting that D2 receptor down-regulation with age may play a role in age-
related memory and cognitive decline (Backman et al., 2006). Additionally, PET studies
have demonstrated that in healthy adults, striatal D2 receptor binding correlates with
executive and motor functioning as well as perceptual speed (both of which correlated with
subject age), even when controlling for chronological age (Backman et al., 2000; Backman
et al., 2006; Volkow et al., 1998). This suggests that D2 levels may be partially responsible
for the effects of molecular aging on cognitive function. In addition to declining dopamine
signaling having cross-talk with caloric restriction pathways and directly mediating age-
related cognitive decline, dopamine pathways also have cross-talk with ROS age-related
pathways. For example, Monoamine oxidase B, which acts to inactivate dopamine, robustly
increases with age (Erraji-Benchekroun et al., 2005; Glorioso et al., 2010), generates large
numbers of free radicals, and may thus contribute to increasing ROS with age (reviewed in
(Luo and Roth, 2000)). Dopamine also regulates glial dystrophy-related pathways by
regulating NFκB and GFAP levels (reviewed in (Luo and Roth, 2000)) and interacts with
calcium-related pathways and circadian-rhythm pathways through interaction with Clock,
amongst other genes (reviewed in (Rollo, 2009)).

4. Molecular underpinnings (gene expression correlates) of normal human
brain aging

Several groups, including our own, have characterized the gene expression underpinnings of
these age-related changes using human post-mortem brain microarray (Berchtold et al.,
2008; Erraji-Benchekroun et al., 2005; Lu et al., 2004). Consistently, a selective portion of
the genome (~5–10%) has been shown to have age-regulated changes in expression levels in
the brain. The most affected genes are consistent with the age-related cellular phenotypes
they likely underlie, i.e. decreasing neurotrophic factors (BDNF, IGF-1), calcium-related
proteins (Calbindin), markers of synaptic density (SYN2), and neurotransmitter receptors
(HTR2A, DRD2), as well as increasing markers of DNA damage (BCL-2) and glial
dystrophy (GFAP, NFk-B). The mechanism(s) driving these selective age-regulated
expression changes is largely unknown. Lu et al (2004) postulated a clock mechanism
whereby accumulating DNA damage with age could selectively alter promoter regions of
age-regulated genes (Lu et al., 2004). In support of this theory, they demonstrated that genes
with age-regulated expression levels in human prefrontal cortex had promoter regions that
were more vulnerable to DNA damage than genes that were not age-regulated (Lu et al.,
2004).

At the same time, we showed that age-regulated gene expression changes were highly
conserved across two areas of prefrontal cortex (Fig. 6). These changes were so robust and
consistent that biological age (defined as molecular age and obtained from a composite score
of age-regulated gene transcript levels) could be used to predict subject chronological age
(Fig. 7; (Erraji-Benchekroun et al., 2005)). We further demonstrated that the gene
expression correlates of aging were conserved across two separate cohorts, including two
additional brain areas, amygdala and anterior cingulate cortex (Glorioso et al., 2010). These
results were so remarkably robust between any two areas (i.e., average p-value of correlation
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<10−7) that they led us to hypothesize that they do not originate from random age-related
wear and tear of the brain, but perhaps derive from a transcriptional program that is
analogous to, or that extend extending from, brain development. In support of this
hypothesis, nervous system development was consistently identified by unbiased large scale
analyses as a biological pathway most over-represented within age-related affected genes
and included numerous transcriptional regulators (transcription factors, histones, etc.)
(Glorioso et al., 2010).

What are these age-regulated changes? Fitting with these expression changes underlying
shrinking neuronal processes and glial dystrophy, age down-regulated transcripts are
predominantly of neuronal origin, whereas age up-regulated transcripts are predominantly of
glial origin ((Erraji-Benchekroun et al., 2005), Fig. 6). We further showed that genes
associated with six age-gated neurological diseases were highly over-represented within the
molecular correlates of aging. These disease-related genes almost unanimously changed in
directions that were predicted to cause disease (Table 1). This is consistent with, and also
extends using a different approach, two reports showing significant overlap between
microarray changes associated with AD and normal aging in human brain (Avramopoulos et
al., 2010; Miller et al., 2008). Particularly Miller et al. (2008) reported a significant overlap
between AD-related changes in hippocampus and the normal age-related changes previously
reported in PFC (Lu et al., 2004), despite differences in brain areas and methodologies in the
compared studies (Miller et al., 2008). Avramopoulos et al. (2010) found a more extensive
overlap between AD-related changes in temporal cortex and those PFC aging changes,
concluding that at least some aspects of molecular aging are shared between normal aging
and AD (Avramopoulos et al., 2010). These observations prompted the hypothesis that age-
regulated loss or gain of disease-related gene expression may be the gating mechanism for
age of onset across many diseases, which we further discuss below.

Additionally and consistent with the large individual variability seen in rates of age-related
cognitive decline across individuals, we observed variability in cross-sectional rates of
molecular brain aging (Fig. 7), which could not be attributed to cohort characteristics such
as body mass index ((Erraji-Benchekroun et al., 2005). This led to the hypothesis that
individual differences in molecular brain aging rates may be partially accounted for by
genetic variation. We tested this hypothesis using a candidate gene approach and identified a
single nucleotide polymorphism (SNP) in the promoter of the Sirtuin 5 gene, which
correlates with reduced expression and associated with variable rates of molecular brain
aging (Glorioso et al., 2010). See sections 5 and 6.5.

5. Genetics of normal brain aging
The genetics of brain aging has a vast associated literature, which is predominated by
genetic studies of age-related neurological diseases. Here, we briefly present candidate
genes with the most evidence for association with “normal” brain aging rates, although in
many cases, these genes are also associated with diseases. We organize them into three
broad categories: genes related to molecular pathways of aging, longevity genes, and genes
associated with age-gated neurological disease, although substantial overlap can occur
between these categories.

5.1. Genes related to molecular pathways of aging
5.1.1. BDNF—One of the most studied genetic variation in relation to brain aging is the
BDNF Val66Met single amino acid substitution polymorphism, which results in decreased
activity-dependent secretion of BDNF in neuronal cultures (Egan et al., 2003). The Met
allele has been associated with poorer episodic memory, abnormal fMRI-assessed
hippocampal function, accelerated age-related loss in verbal reasoning, and anticipated age-
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related grey matter volume losses by structural MRI (Egan et al., 2003; Harris et al., 2006;
Nemoto et al., 2006; Sublette et al., 2008). Causal evidence for this polymorphism being
associated with age-related functional and morphological phenotypes comes from human
val66met met allele knock-in mice, which show memory deficits, decreased hippocampal
volumes, and decreased dendritic complexity (Chen et al., 2006).

5.1.2. Serotonergic genes—The short allele of the serotonin transporter promoter
tandem repeat polymorphism (SERT, SLC6A4), most famous for its association with
depression in the context of stressful life events (Caspi et al., 2003), associates with worse
delayed recall and smaller hippocampal volumes in older adults (O’Hara et al., 2007).
Consistent with this, the long allele of this polymorphism was shown to be overrepresented
in Japanese centenarians (Gondo et al., 2005). Another study linked a second well-
characterized SERT polymorphism (VNTR2) with rates of cognitive decline, but not
baseline cognition, on a variety of measures, although failed to find association with
SLC6A4 (Payton et al., 2005). A serotonin 2A receptor (HTR2A) polymorphism has been
linked with longitudinal decrease in delayed recall (Reynolds et al., 2006). These results are
encouraging for a role of serotonin polymorphisms in brain aging, but require replication.
Additionally, causal studies in model organisms linking these genes to brain aging are
lacking, and the mechanism behind the contribution of these polymorphisms to altered rates
of brain aging remain unknown.

5.1.3. Dopaminergic genes—Among dopaminergic polymorphisms, Catechol-O-methyl
transferase (COMT) Val158Met Val allele, which is associated with decreased prefrontal
cortex dopamine levels, has been most studied in relation to brain aging. It is consistently
associated with accelerated rates age-related cognitive decline (de Frias et al., 2004;
Houlihan et al., 2009; Starr et al., 2007) and differences in longitudinal loss of grey matter
(Rowe et al., 2008). However, KO or knock-down studies of COMT establishing causation
in model organisms are still lacking. One study has linked the tyrosine hydroxylase locus to
human longevity (De Luca et al., 2001).

5.2. Longevity genes
5.2.1. Klotho—Klotho (KL), named after the Greek goddess who spun the thread of life,
was first identified as a longevity gene in 1997 by analysis of a strain of mice with reduced
longevity (lifespan around 2 months) and early onset of age-related disorders (ectopic
calcification, osteopenia, arteriosclerosis, emphysema, and insulin resistance) (Kuro-o et al.,
1997; Kurosu et al., 2005). This line of mutant mice was subsequently shown to have
accelerated age-related neuronal pathology (Uchida et al., 2001) and premature cognitive
aging (Thomson et al., 2005). KL is expressed in the distal tubule cells of the kidney and the
choroid plexus of the brain and codes for a circulating hormone that binds to the insulin-like
growth factor (IGF-1) receptor and represses intracellular insulin signaling (Kurosu et al.,
2005). KL-hypermorphs, conversely, have an approximate 20% increase in longevity and
delayed age-related disorders (Kurosu et al., 2005). The human KL-VS polymorphism
results in a two amino acid change in the protein (Arking et al., 2002) and is associated with
a heterozygous advantage for increased life span, increased risk for cardiovascular disease,
osteoporosis, and stroke (Arking et al., 2005; Arking et al., 2003; Arking et al., 2002;
Imamura et al., 2006; Ogata et al., 2002). It is also associated with decreased IQ at age 79,
although the association was no longer significant after controlling for baseline IQ at age 11
(Deary et al., 2005).

5.2.2. Insulin signaling genes—In C. elegans and Drosophila, mutation in insulin-
signaling genes can increase lifespan up to six-fold, and have thus been extensively studied
(Bonafe et al., 2003; Kenyon, 2005). In CNS tissues specifically, knock-out of daf-2
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(ortholog to the human IGF-I receptor (IGF-IR)) in only a small subset of neurons
significantly extends C. elegans lifespan (reviewed in (Kenyon, 2005)). In humans, selected
polymorphisms in the following genes were investigated: IGF-I receptor (IGF-IR), PIK3CB
(phosphoinositol 3-kinase; C. elegans AGE-1 ortholog), IRS-1 (D. melanogaster CHICO
gene ortholog), and FOXO1A (C. elegans DAF-16 ortholog). A significant association with
human lifespan was reported for IGF-IR G/A 1013 polymorphism (Bonafe et al., 2003).
Also, polymorphisms in AKT-1 and FOXO3A (Flachsbart et al., 2009) have subsequently
been associated with human longevity, including in meta-analysis study (Pawlikowska et al.,
2009). The large literature and extensive evidence linking insulin signaling polymorphisms
and human lifespan is reviewed in (Bonafe and Olivieri, 2009), however, the relation of
these polymorphisms specifically to brain aging in humans or in higher order model
organisms has not been investigated.

5.2.3. P53—Reduced expression of Cep-1 (P53 ortholog) extends lifespan in C. elegans
and overexpression of P53 reduces lifespan in mice (reviewed in (Bonafe and Olivieri,
2009)). An human arginine/proline polymorphism in codon 72 of P53 has some (albeit
conflicting) evidence for association with human lifespan (reviewed in (Bonafe and Olivieri,
2009)), which has not been investigated in relation to human or model organism brain aging.

5.2.4. Sirtuins—Overexpression of sirtuins extends longevity in C. elegans and
Drosophila (Bishop and Guarente, 2007). Additionally, several mouse KO models for
members of the sirtuin gene family show decreased longevity and accelerated age-related
phenotypes (reviewed in (Finkel et al., 2009)). However, the impact of sirtuin genetic or
pharmacological manipulation on brain age-related phenotypes has remained largely
unexplored. In humans, an association between two SIRT3 polymorphisms and longevity
was reported (Bellizzi et al., 2005; Rose et al., 2003), as well as between a SIRT1
polymorphism and cognitive function in old age (Kuningas et al., 2007). Additionally, we
showed that a low-expressing SIRT5 polymorphism is associated with accelerated human
brain molecular aging using a microarray assay (Glorioso et al., 2010). However, the link
between sirtuin polymorphisms and human brain aging has only begun to be investigated.

5.3. Genes related to neurological disease
5.3.1. APOE—APOE is a lipoprotein that binds to the LDL receptor family and has three
human variants (E2, E3, and E4), each differing by a single amino acid. These
polymorphisms have been extensively studied and have strong evidence for association with
rates of morphological and functional aging. The E4 allele is consistently associated with
greater risk and earlier onset of cardiovascular disease, stroke, and AD in a dose dependent
manner, while the E2 allele has been shown to be protective (reviewed in (Deary et al.,
2004)). Carriers of the E4 allele also show greater age-related decline in cognition (reviewed
in (Deary et al., 2004)), as demonstrated by lower IQ at age 70 but not at age 11 (Deary et
al., 2002). The molecular mechanism behind the E4 allele’s association with more rapid
cognitive aging and greater risk of age-related disease appears to be threefold: an association
with increased cholesterol levels, greater Aβ accumulation, and less ability for dendritic
sprouting in E4 carriers, which has been causally related to E4 in animal models (reviewed
in (Smith, 2002)).

5.3.2. PRNP—A prion protein gene (PRNP) variant met129val is associated with risk of
Creutzfeldt-Jakob disease, AD, cognitive impairment, dementia, brain morphology, as well
as normal cognitive aging, and it interacts with the Klotho KL-VS polymorphism (Berr et
al., 1998; Kachiwala et al., 2005; Rujescu et al., 2003). The mechanism behind this effect
potentially relates to ROS pathways, as PRNP functions neuroprotectively, likely as a super
oxide dismutase (Rujescu et al., 2003).
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5.3.3. DISC-1—Disrupted in schizophrenia 1 (DISC-1), mostly investigated for its
association with SCZ and BPD, likely functions by influencing neurite extension, signal
transduction, neurotransmission, and cytoskeleton re-modeling, although these mechanisms
have not been fully elucidated (Thomson et al., 2005). A SNP in this gene that results in a
single amino acid substitution has been associated with reduced hippocampal volume and
accelerated age-related cognitive decline in humans (Thomson et al., 2005).

6. How may normal brain aging contribute to age-gated neurological
disease?

Aging imposes a robust constraint on the onset of many neurological diseases, ranging from
late onset neurodegenerative diseases, such as AD and PD (mean age at diagnosis ~70 (Van
Den Eeden et al., 2003) and ~80 years (Nussbaum and Ellis, 2003), respectively), to earlier
onset psychiatric disorders, such as SCZ and BPD (average onset 25 years) (Tsuang and
Tohen, 2002). While many studies have focused on contrasting disease brains with
chronologically age-matched controls, this strategy may be problematic, as it is becoming
increasingly evident that normal aging is an integral aspect and modulator of disease onset
and progression. Evidence for this comes from the sheer prevalence of diseases with
increasing age, such as AD, for which prevalence increases exponentially from age 65
upward, reaching nearly 45% by age 95 (Fig. 8) (Nussbaum and Ellis, 2003).

Also, genetic modulators and molecular pathways of normal brain aging share substantial
overlap with those associated with age-gated neurological diseases. For example, BDNF
Val66Met, COMT val158met, APOE4 and PRNP met129val have all been associated with
risk for AD and PD (Bialecka et al., 2008; Feher et al., 2009; Mattay et al., 2008), and the
BDNF val66met has additionally been associated with age of onset of SCZ (Numata et al.,
2006). Epidemiological studies have shown that low calorie diets are associated with
decreased risk of AD and PD (reviewed in (Joseph et al., 2009)). Caloric restriction also
delays Aβ deposition in squirrel monkeys (Qin et al., 2006) and improves functional
outcome in a monkey model of PD (Maswood et al., 2004). Additionally, BDNF
administration can delay neurodegeneration in animal models of Huntington’s disease (HD)
(reviewed in (Mattson, 2008)) and AD (reviewed in (Nagahara et al., 2009)). SIRT1 is also
implicated in disease, as overexpression can protect against neurodegeneration in both AD
and ALS model organisms (reviewed in (Kim et al., 2007)).

Additional evidence for normal aging modulating onset of age-gated disease comes from
genetic models of increased longevity, which have consistently demonstrated delays in
multiple age-related disorders. For example, mice hypermorphic for the longevity gene,
Klotho, not only live ~20% longer, but also have a corresponding delay in onset of ectopic
calcification, osteopenia, arteriosclerosis, emphysema, and insulin resistance (Kurosu et al.,
2005; Masuda et al., 2005). There is increasing evidence for age-gated neurological
diseases, as lifespan extension via reduction of insulin/insulin growth factor signaling (IIS
pathway) resulted in delayed proteotoxicity in both C. elegans and mouse AD ease models
(Cohen et al., 2006; Cohen et al., 2009).

While normal aging appears to modulate disease, it is important to point out that the
converse does not hold, i.e., not all disease-susceptibility or disease-associated genes
modulate aging. For example, the familial AD genes, PSEN1, PSEN2, and APP appear to
have no association with cognitive aging (Deary et al., 2004; Mattay et al., 2008). Also,
neuronal loss is a key feature of neurodegenerative disease, which, as previously discussed,
does not occur during normal aging.
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The modulation of a variety of neurological diseases by normal aging is potentially
promising for the creation of novel “magic bullet” type anti-aging therapeutics for treatment
of disease and age-related decline. However, understanding how aging gates neurological
diseases and what elements contribute to individual variability in age of onset will be
essential to move the field forward, but remains largely unknown. We hypothesize that a
transcriptional program that progressively pushes disease genes in disease-promoting
directions may represent the intrinsic component of normal brain aging that is necessary for
disease onset.

6.1. Molecular brain aging: a longevity gene controlled transcriptional program necessary
for age-related disease onset?

Recent studies from our group and others have led us to hypothesize that molecular brain
aging is a bona fide functional decline and a disease-promoting program. This program
appears to be analogous to or extending from development and to be under the control of
longevity genes (amongst other genetic and environmental inputs). We propose a general
mechanistic schema for how this model may work (Fig. 9). Evidence from human post-
mortem brain microarray studies in support of this model are 1) the robustness of age-
regulated gene expression changes in the human brain (Berchtold et al., 2008;Erraji-
Benchekroun et al., 2005;Glorioso et al., 2010;Lu et al., 2004), 2) the over-representation of
disease-related genes that change in disease promoting directions (Table 1), 3) the large
number of developmental genes included in the gene expression correlates of aging (i.e.,
molecular aging), and 4) the acceleration of molecular brain aging rates in subjects with a
low-expressing polymorphism of the putative longevity gene, SIRT5 (Glorioso et al., 2010).
We sequentially discuss this evidence in the next sections. Notably, this evidence is still
purely observational, correlative, and gathered in disease-free individuals. Additional
studies, particularly in disease populations and animal models, will be required to test our
hypothesis. Here, we present this hypothesis as a framework to generate hypotheses for
future studies. We believe that these studies are worthwhile from a clinical as well as basic
science perspective because if this mechanism proves to be correct, then tracking the rates of
these changes (through peripheral blood-based samples for instance) and pharmacologically
targeting this program could be a fairly straightforward approach to predict and treat many
age-related neurological diseases and functional declines.

6.2. Brain age-regulated expression changes: a transcriptional program?
A few groups have investigated human molecular brain aging using microarray and found
remarkably consistent results in number and identity of age-regulated changes (Berchtold et
al., 2008; Erraji-Benchekroun et al., 2005; Lu et al., 2004). Most convincingly, we
correlated age-regulated changes from separate cohorts, university brain donation programs,
different microarray chip platforms, and brain areas, demonstrating a remarkable (R ~ 0.6 to
0.9; p<10−7) conservation of age-regulated changes (Glorioso et al., 2010). Furthermore, for
the most age-regulated of genes (GFAP and CALB-1, for example), subject age and
expression level were so tightly correlated that regression lines assessed using only ~35
subjects reach significance at the ~10−13 p-value levels. Together, this suggests that these
highly consistent and selective gene expression changes may result from a tightly controlled
age-regulated transcriptional program. Current alternative hypotheses, including wear and
tear throughout lifespan, oxidative stress, etc., can only partially explain the selectivity of
the observed changes.
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6.3. This putative age-related transcriptional program has the potential to be the
mechanism underlying how normal brain age may gate age-of-onset of diseases and
functional declines

The evidence for this putative transcriptional program having the potential to gate the age-
of-onset of several diseases comes first from the preferential regulation of neurological
disease-related genes. In fact, we have shown that ~34% of age-regulated genes (>1,000) in
the human brain have been somewhat associated throughout the literature to one or more of
six age-gated neurological diseases (AD, PD, HD, ALS, BPD, SCZ) (Glorioso et al., 2010).
Conversely, very few genes associated with these diseases have expression levels that do not
vary significantly with chronological age. This is an impressive and unexpected contrast,
given that only ~5–10% of the genome is age-regulated. Moreover, the direction of
expression changes that occur with increasing age for genes otherwise associated with
diseases is almost unanimously in the direction known to cause or promote disease (Table
1). This is consistent with two reports showing significant overlap between microarray
changes associated with AD and normal aging in human brain (Avramopoulos et al., 2010;
Miller et al., 2008). It would be interesting to combine both approaches and investigate
whether AD subjects demonstrate older molecular brain ages compared to their
chronologically age-matched controls, as would be predicted by a model of normal age by
disease interaction.

By way of example, it seems very likely that the observed ~15–35% drops in expression of
six different familial PD genes between age 20 to 80 in the human brain (Table 1) (Glorioso
et al., 2010) would significantly contribute or even drive “the gating mechanism” for age-of-
onset of PD in genetically vulnerable individuals. Framed differently, one could conceive
that a loss of function mutation or a low-expressing promoter polymorphism in one copy of
a protective disease-related gene, such as familial PD gene, PINK1, could be insufficient to
cause disease in early adulthood. However, this genetic vulnerability may synergize with the
significant loss of expression of the other wild-type PINK1 allele and other familial PD
genes during the course of normal aging, and be sufficient to cause onset of symptoms or
disease. From an evolutionary perspective, it may thus make sense to look at the preferential
age-regulation of neurological disease genes from a different point of view, i.e., the genes
underlying age-gated neurological diseases that are present in the population may represent
age-modulated genes with insufficient or partial loss-of-function polymorphisms. Since the
deleterious effects of these robust age-regulation or polymorphisms may only become
evident after the aging process synergistically affect the expression of those genes, this
would provide a mechanism for these polymorphisms to survive evolutionary selection
forces. Conversely, this would also suggest that all age-regulated genes may be valid
candidates for previously unidentified age-gated neurological disease genes.

6.4. This putative age-related transcriptional program may be analogous to or extend from
development

Development-related functions were identified as top age-regulated pathways by unbiased
Ingenuity software functional analysis in our human array datasets (Glorioso et al., 2010). It
seems likely that genes associated with developmental transcriptional programs may have a
dual role in promoting the aging process, especially as some developmental processes, such
as synaptic pruning mirror aging phenotypes (synapse loss), and thus could extend from the
same programs. Also, this may partially explain why so many genes related to diseases
thought to be developmental (BPD, SCZ) are also age-regulated (Table 1). More
specifically, we observed robust age-regulated expression changes in transcriptional
regulators, such as histones (H1 and H3), methylation-related proteins (MECP2 and
CHMP2), and transcription factors (DR1, TFEB, and FOXO1), which may function as
potential mediators in this putative transcriptional program (Fig. 9). In support of this,
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FOXO1 is well established transcriptional regulator of longevity in C. elegans (Daitoku and
Fukamizu, 2007), and histone targeting drugs (such as HDAC inhibitors) (Dang et al., 2009;
Kawahara et al., 2009; Zhao et al., 2005) have recently been revealed as longevity
modulators in model organisms. However, their causal modulation of brain aging remains to
be investigated.

6.5. Longevity gene modulation of brain molecular aging: the case of SIRT5
If molecular aging were to reflect an underlying age-related transcriptional program, one
could hypothesize that this program may itself be under genetic control. We have started the
investigation of this hypothesis by testing whether rates of human brain molecular aging
were associated with polymorphisms in candidate longevity genes (Glorioso et al., 2010).
We selected a few polymorphisms in candidate genes and found the greatest association
with a polymorphism (prom2) in a predicted promoter region of the putative longevity gene,
SIRT5. As discussed above (section 3.1, 5.2.4) there is mounting evidence for a role for
sirtuins in brain aging, however this has not been definitively established in either model
organisms or in human association studies. This polymorphism was associated with lower
SIRT5 expression levels in the anterior cingulate cortex (ACC) (Fig. 11), but not amygdala.
In agreement with this brain-area specific lower SIRT5 expression, these same subjects had
older molecular brain ages than predicted in ACC (Fig. 11) but not amygdala (data not
shown). Together, this suggests that rates of molecular brain aging (at least in a cross-
sectional manner), and thus perhaps disease susceptibility, age-of-onset, and functional
decline, may associate with, or be regulated by, longevity gene polymorphisms.

In this particular study, we further investigated which age-regulated changes were most
affected in correlation with the presence of the SIRT5 risk-allele (Fig. 11, B). In agreement
with SIRT5’s mitochondrial localization, the pathway most associated with both the SIRT5
risk allele and age-regulated changes was mitochondrial dysfunction. Indeed, many of these
gene products are localized to the mitochondria, including familial PD genes, Pink-1 and
DJ-1 (Fig. 12). We conjecture that these changes may increase risk or gate disease onset in
the context of other genetic and/or environmental risk factors. Indeed, a study comparing
array findings in striatum of PD brains to age-matched controls found decreases in many of
the same genes that were affected in correlation with the presence of SIRT5prom2, including
multiple components of the electron transport chain, PINK-1 and DJ-1, but often to a greater
extent (1.2–8.6 fold decreases) than we observed (Simunovic et al., 2009). For example,
they observed a ~2.2 and 8.6 fold decrease of PINK-1 and DJ-1 in striatum of PD subjects
compared to age-matched controls (Simunovic et al., 2009), compared with our ~1.5 fold
decreases seen in these genes at the oldest ages in SIRT5prom2 risk-allele subjects. Another
consideration is that the ages of the subjects in our study only extended to age 71,
approximately the mean onset age of PD, and thus some of these neurologically normal
subjects may have developed PD if they had lived to older ages. Also, some of these
subjects may have been protected from PD by other unidentified factors, despite the
potential increased risk conferred by the SIRT5prom2 risk allele. Indeed, the SIRT5prom2 risk
allele cannot be a sole determinant of PD, as it is too prevalent in the population (~43–50%)
compared with the prevalence of PD (~1–3% in persons over 80 (Tanner and Goldman,
1996)). Thus, we speculate that it may only be one of many genetic and environmental
factors that alters risk or age of onset of PD, congruent with the “common disease - common
variant” hypothesis of disease.

While these results need to be replicated in independent cohorts and in brain areas most
relevant to PD (i.e. in subtantia nigra), they suggest that causality studies should be
performed in model systems and tested in at-risk and disease populations. Here, we conclude
that SIRT5prom2 should be investigated as a potential risk factor or modulator of age-of-
onset for PD and other mitochondrial-dysfunction related diseases, through this unique
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mechanism of accelerated age-regulated expression changes in mitochondrial genes. It more
generally leads us to speculate that longevity genes may selectively modulate segments of
molecular brain aging. This may contribute to the selective vulnerability seen in people for
certain age-related neurological diseases but not others. We propose a model (derived from
the case of SIRT5 as an example) depicting how this process may work in Fig. 13.

6.6. Summary and further investigations needed in relation to an age-by-disease
interaction hypothesis

We hypothesize that functional declines and age-gating of neurological diseases may
commonly result from a genetically controlled transcriptional program extending from
developmental programs. If true, then tracking rates of disease-related gene expression
changes (in conjunction with genetic risk-allele testing) may allow prediction of disease
onset in at-risk populations before irreversible changes occur (loss of dopaminergic neurons
in PD, for example). It may also provide a read-out for determining whether new
interventions are working. This may be possible by using peripheral blood expression levels
as a proxy of central function; however in-depth comparison of blood and brain age-
regulated expression profiles would first need to be performed. Also, the relationship
between age-related expression level changes of disease-related genes and disease risk
would need to be established. For example, is lower PINK-1 expression or faster rates of
PINK-1 age-regulated expression decline a risk factor for PD or earlier age-of-onset of PD
in living human cohorts? Additionally, investigating the breadth of genetic molecular brain
aging modulators (such as SIRT5prom2) may identify many new targets for disease and age-
related functional decline intervention, some of which may be fairly straightforward drug
targets. Drugs targeting specific sirtuins, for example, are already in development
(http://www.sirtrispharma.com/) and may be fairly easy targets for treatment of PD.

On a more basic level, many aspects of this proposed mechanism remain to be investigated.
For example, causal links between changes in modulator levels, selected histones or
transcription factors, and downstream changes in disease gene expression have not been
established. These logical next steps will require more reductionist approaches in cell lines
and animal models. Importantly, the upstream “clock input” (i.e., what counts days and
years of life and translates them into declining function or levels of a molecular aging
modulator/longevity genes) is largely unknown and is perhaps the “holy grail” to
understanding basic molecular brain aging mechanisms. Groups have hypothesized that this
could be the result of steadily accumulating DNA damage in sensitive promoter regions (Lu
et al., 2004), drifting developmental programs (Budovskaya et al., 2008), or even cell-cycle
and circadian rhythm related mechanisms (Glorioso et al., 2010). Developmental drift
(Budovskaya et al., 2008) is a particularly appealing clock mechanism for brain aging as so
many developmental genes are age-regulated; and since continuation of developmental
synaptic pruning programs could explain the deleterious losses of dendritic spines seen
during aging.

7. Overall summary and conclusion
Normal brain aging is associated with robust progressive changes in select domains of
cognition, emotion, and mood throughout adulthood. Mirroring these changes are
progressive grey matter volume losses due to shrinking dendritic arbors, and cellular
phenotypic changes, such as progressive DNA damage accumulation and calcium
dysregulation. Mirroring these changes on a molecular level are progressive gene expression
changes in a selected group of genes (~5–10% of the genome), which contain many
neurological disease-related genes and developmental genes. Normal aging and its genetics
have been shown to modulate and be necessary for disease onset and functional declines.
We optimistically speculate that tracking and targeting our hypothesized “genetically-
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controlled age-related transcriptional program” represents an effective and fairly
straightforward avenue to predicting, delaying, treating, and preventing many age-related
diseases and declines. However, further studies are first required, specifically the molecular
dissection of this putative program in model systems, as well as the establishment of
association between expression changes and disease onset age, risk, and functional declines
in living human cohorts.

Research highlights

• Molecular mechanisms and genetic underpinnings of normal age-related brain
changes share some overlap with peripheral mechanisms, but are also unique to
the largely non-mitotic brain

• Overview of age-related functional and structural changes, their molecular and
genetic underpinnings

• Brain molecular aging is remarkably conserved across cohorts and brain areas

• Neurological disease pathways largely overlap with molecular aging

• Genetic control of molecular aging: Subjects carrying a low-expressing
polymorphism in a putative longevity gene (Sirtuin5) have older brain molecular
ages

• Molecular aging and genetic/environmental influences suggests a putative
“common mechanism” for age of onset across several neurological diseases

• Molecular aging of the brain may contribute to age-related neurological disease
vulnerability.
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Fig. 1. “Normal” age-related molecular changes in neurons and glia, and putative modulators,
mediators, and functional consequences
(A) Known age-related cellular phenotypes in neurons (blue) and glia (red). Cells are
depicted as a generic neuron and glia for simplicity, but some information is known about
class-specific changes in neurons and glia. Also not shown are changes in brain white matter
tract and blood vessel integrity. Many neuronal phenotypes (such as DNA damage) also
occur in glia, but are not depicted here for clarity. In parentheses are single representative
examples (amongst many) of age-regulated gene expression changes seen by human brain
microarray that may contribute to/underlie a particular cellular phenotype. (B) Schematic of
putative modulators, mediators, and consequences of brain aging.
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Fig. 2. Differential effects of aging on cognitive processes
Adapted from (Park and Reuter-Lorenz, 2009). Z-score (y-axis) is a measure of distance
from the mean in standard deviations ((value- mean)/stdev) in the respective cognitive
ability listed at the right.
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Fig. 3. Individual differences in rates of cognitive decline
Adapted from (Wilson et al., 2002). Graphs are organized according to the age of the
participant at each evaluation; the length of each line relative to the x-axis indicates the
years of longitudinal observation for that individual. Values on the y-axis are z-scores.
Overall, substantial heterogeneity is evident in each cognitive domain, with a few people
exhibiting a precipitous decline and most people remaining stable, declining, or improving
slightly. These are underestimates of change rates, as they are not corrected for practice
effects, which were significant.
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Fig. 4. Grey matter volume decreases linearly with age throughout adulthood
Adapted from (Good et al., 2001). Scatter plot of total grey matter volume versus subject
age. Grey matter volumes are presented as fractions of total intracranial volume (TIV) to
correct for differences in head size. Linear regression lines for males and females are
superimposed. It is evident that large losses in grey matter volume (~20% from age 20 to 80)
occur during adulthood. No large male/female differences are observed.
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Fig. 5. Age-related loss of dendritic spine density
(A–D), adapted from (Dickstein et al., 2007). (C–D), originally adapted from (Duan et al.,
2003). Representative images of spine densities on neocortical pyramidal neurons from
young and aged rhesus monkeys are presented. Panels A and B show confocal laser
scanning images of apical dendritic segments in a young (10–12 yrs) (A) and aged (24–25
yrs) (B) rhesus monkey (scale bar = 8 μm). Note the increased spine density in the young
monkey compared to the old monkey. Panels C and D show examples of a retrogradely
traced neuron, filled with Lucifer Yellow, and reconstructed in 3-dimensions using
NeuroZoom and NeuroGL software applications. The neuron in (C) is from a young animal
and the neuron in (D) is from an aged animal. The arrow points to the dendritic segments
analyzed in A and B.
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Fig. 6. Molecular aging is conserved in the prefrontal cortex
Adapted from (Erraji-Benchekroun et al., 2005). An age-related expression cluster
representation is depicted for 588 core age-affected genes. Note the continuous progression
and similar effects in two areas of the prefrontal cortex (Brodman areas, BA9 and BA47).
Each probeset is represented by a row, each array or brain area per subject by a column.
Samples are organized left to right by brain area and increasing age. Green and red bars
indicate decreased and increased gene expression, respectively, versus the averaged signal
for these genes across all samples. Along the Y-axis, probesets are clustered according to
similarities in expression profiles across age. In this cohort, a similar number of probesets
were downregulated (n=291, upper panel) and upregulated (n=297, lower panel) throughout
lifetime. Columns to the right indicate the distribution of genes with glial- (WM) or
neuronal-enriched (GM) origin of gene transcripts. Notice the high concentration of glial-
enriched genes with increased expression with age, while most, but not all, neuronal-
enriched genes appeared to be downregulated with age.
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Fig. 7. Molecular age predicts chronological age
Adapted from (Erraji-Benchekroun et al., 2005). The “molecular” age represents a summary
number for each individual that is defined by age-regression analysis of expression levels for
core age-affected genes when compared to transcript changes in all other subjects. Overall,
there is a high correlation between “molecular” and chronological ages (BA9: r=0.65;
BA57, r=0.73). A few samples demonstrated larger deviation than average at both young
and older ages. These subjects did not correspond to any identifiable clinical, demographic,
or experimental parameters.
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Fig. 8. Increasing prevalence of Alzheimer’s disease (AD) by age
Adapted from (Nussbaum and Ellis, 2003). For unknown reasons, women demonstrate
greater prevalence of AD than men at all ages after 75 years.
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Fig. 9. Proposed molecular/cellular pathways underlying molecular aging and its functional
consequences
Modulation of this pathway by genetic and/or environmental factors is hypothesized to
underlie molecular mechanism(s) behind the gating of disease onset and variable functional
declines by normal brain aging.
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Fig. 10. Representative examples of age-regulated expression change trendlines (in disease-
promoting directions) for two familial PD genes in four human brain areas
Adapted from (Glorioso et al., 2010). Regression lines of cross-sectional scatter plots of
subject age versus gene expression (from human post-mortem array data) are depicted for
two PD genes in four brain areas (anterior cingulate cortex (red), amygdala (grey), prefrontal
cortex (PFC), BA9 (royal blue), and PFC BA47 (turquoise)). Individual subject data points
were removed for visual clarity. Uncorrected p-values associated with regression lines
(expression vs. age) are displayed in the lower left of graphs. Substantial ~15–35% drops in
expression from age 20 to age 80 can be seen in each area and are directionally conserved
across areas and studies. The direction of these changes are predicted to be promoting PD.
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Fig. 11. SIRT5 genetic variant and molecular aging in cingulate cortex
Adapted from (Glorioso et al., 2010). (A) Top: schematic representation of promoter
localization of the C/C polymorphism (rs9382222). Decreased SIRT5 expression of both
splice variants in C/C promoter polymorphism carriers was measured by qPCR. (B) Venn
diagram of age- and SNP-related gene transcript changes. In blue are predicted changes in
molecular aging for SIRT5 C/C allele carriers, based on the respective gene groups. (C)
These changes predict increased molecular ages and cross-sectional age trajectories in C/C-
allele carriers (top). This effect is greatly accelerated when considering only genes that
display significant transcript changes in association with both age and the SIRT5 C/C risk
allele (i.e., diagram intersection).
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Fig. 12. SIRT5 genotype accounts for age-related changes for two genes associated with familial
Parkinson’s disease (PD)
Adapted from (Glorioso et al., 2010). Expression of mitochondrial PD-related genes Pink-1
(left) and DJ-1 (right) vs. subject age in SIRT5prom2 C/C low-expressing subjects (blue) and
C/T normal expressing subjects (black). Only Sirt5prom2 C/C subjects show age-related
decreases in PD gene expression; p-values of age-regression lines are in lower left-hand
corner.
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Fig. 13. Model of age by disease interaction
Adapted from (Glorioso et al., 2010). As loss of expression of disease-related genes below
homeostatic threshold (horizontal red line) marks the onset of symptoms, we hypothesize
that changes in the trajectory of age-related changes of disease-related genes (Y-axis)
determine at what age (X-axis), or if, an individual may develop symptoms (vertical red
arrows), manifested as functional declines. Modulators (blue arrows) may thus place
individuals on “at risk” or “protected” trajectories. For instance, SIRT5 C/C-allele carriers
are on an accelerated trajectory (i.e., older molecular ages) compared to C/T-allele carriers
particularly for mitochondrial PD-related genes (Fig. 11, 12). The net result is that risk-allele
carriers may cross threshold for disease onset and/or functional declines at earlier ages.
Alternate trajectories not shown include lower expression levels of disease-related genes at
all ages, or upward trajectories for genes with gain of function in disease and aging (i.e.,
upregulated Clusterin in aging and AD (Calero et al., 2000; Erraji-Benchekroun et al.,
2005)).
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