
Introduction

mprovements in quality and accessibility of
public health measures, as well as medical interventions
for multiple diseases, have led to dramatic increases in
the average human lifespan over the last century.1 Along
with this increase in life expectancy comes increased risk
for the development of neurodegenerative and neu-
ropsychiatric disorders in late life, including significant
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The increased risk for neurodegenerative and neuropsychiatric disorders associated with extended lifespan has long
suggested mechanistic links between chronological age and brain-related disorders, including depression. Recent char-
acterizations of age-dependent gene expression changes now show that aging of the human brain engages a specific
set of biological pathways along a continuous lifelong trajectory, and that the same genes that are associated with
normal brain aging are also frequently and similarly implicated in depression and other brain-related disorders. These
correlative observations suggest a model of age-by-disease molecular interactions, in which brain aging promotes bio-
logical changes associated with diseases, and additional environmental factors and genetic variability contribute to
defining disease risk or resiliency trajectories. Here we review the characteristic features of brain aging in terms of
changes in gene function over time, and then focus on evidence supporting accelerated molecular aging in depres-
sion. This proposed age-by-disease biological interaction model addresses the current gap in research between “nor-
mal” brain aging and its connection to late-life diseases. The implications of this model are profound, as it provides
an investigational framework for identifying critical moderating factors, outlines opportunities for early interventions
or preventions, and may form the basis for a dimensional definition of diseases that goes beyond the current cate-
gorical system.
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increases in symptoms related to depression.2 This report
focuses on major depression and its associated symp-
toms as critical factors and potential modulators of a
proposed age-by-disease interaction model.  Major
depression affects subjects of all ages, increases morbid-
ity in the context of several organ diseases, and overall
causes greater disability than all other psychiatric disor-
ders.3 Major depression is a severe mental illness that is
defined by specific sets of symptoms, but low mood and
anhedonia, the two core symptom dimensions of the ill-
ness, are observed across major mental illnesses and
neurodegenerative disorders. Importantly, biological
pathways associated with depression overlap with those
frequently implicated in aging processes (eg , stress,
inflammation, immune recruitment, and metabolic syn-
drome), prompting the hypothesis of accelerated aging
in depressed subjects.4 Notably, chronic stress, a common
precipitating factor in depression, recruits similar path-
ways and has been suggested as a factor leading to accel-
erated aging.5 Conversely, while major depression per se
does not increase with older age, a constellation of
related symptoms are present in many elderly subjects,
even if not categorically diagnosed as depression.2

However, there is also a large variability in individual
susceptibility to develop depression and related symp-
toms with increasing age, and while some dysfunction
appears inevitable, successful emotional, physical, and
cognitive aging is achievable . This suggests that age-
related biological mechanisms and functional outcomes,
including vulnerability to experience depressive symp-
toms, can be slowed down under certain circumstances,
and/or that protective mechanisms may be recruited
throughout the lifespan. Hence, simultaneously investi-
gating the biological causes and reciprocal links between
brain aging and neuropsychiatric disorders may provide
novel perspectives on disease mechanisms. 
Accordingly, since evidence suggests that neural net-
works and biological mechanisms underlying mood reg-
ulation are specifically at risk across disorders and dur-
ing aging,6 our group has focused on major depression
and aging of the brain, in order to investigate age-by-
disease interactions. 
During our investigations of the molecular bases of
major depression in the human postmortem brain, we
have uncovered a large and robust effect of age on mul-
tiple genes and biological pathways.7,8 Notably, this set of
age-dependent genes broadly ov erlaps with disease-
related pathways, and the changes in gene function

observed during aging occur for the most part in direc-
tions that would otherwise promote neurological disor-
ders, including depression.8 For instance, brain-derived
neurotrophic factor (BDNF), somatostatin (SST) and
other neuropeptides are decreased in mood-related 9-14

and neurodegenerative disorders,15-16 but also lose ~50%
expression during aging in control subjects.7,17 Similar age
and disease changes are observed for numerous other
genes,8,10 together suggesting that normal brain aging may
in fact promote aspects of disease-related mechanisms.
Indeed, major depression is associated with anticipated
gene expression changes that occur during normal aging
of the brain,18 suggesting that an older molecular age of
the brain may represent an early biological event in the
disease process, and may serve as a useful marker for risk
of developing symptoms of depression.
This review summarizes findings and observations in
support of an age-by-disease biological interaction
model. This model brings together basic research on nor-
mal aging with the investigation of neuropsychiatric and
neurodegenerative diseases, and suggests that environ-
ment and genetic variability are contributing factors in
defining risk and/or resiliency trajectories. Further, iden-
tifying age-dependent biological processes and their
modulators may inform the development of new inter-
ventions for the prevention and treatment of a more
broadly-defined depressive syndrome and for related
functional outcomes in elderly subjects. Aspects of this
model and hypothesis have been previously discussed
elsewhere.19,20

Depression and age-related 
functional outcomes

According to the Diagnostic and Statistical Manual Of
Mental Disorders, Fourth Edition (DSM-IV) , Major
Depression is diagnosed in individuals experiencing low
mood and/or anhedonia plus five symptoms that may
include changes in sleep, feelings of guilt or worthless-
ness, low energy, poor concentration, changes in appetite,
psychomotor retardation, and thoughts of death or sui-
cide.21 Defined this way, Major Depression affects 10%
to 15% of people in the general population in their life-
time.22 The biological bases of depression are complex
and likely involve multiple interacting disruptions affect-
ing neurons and glial cells within specific brain areas, giv-
ing rise to neural network dysfunctions and depressive
symptomatology. At the molecular level there is com-
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pelling evidence for the involvement of many biological
processes in depression, including, but not limited to ,
altered monoaminergic neurotransmission, altered stress
hormone homeostasis, reduced neurotrophic support,
metabolic dysregulation, immune reaction, increased
inflammation, oxidative stress, and mitochondrial dys-
function, as well as other aspects of brain plasticity and
synaptic functions.23 Notably, similar changes have been
reported during aging, prompting the hypothesis that
major depression may be associated with “accelerated
aging” (See Wolkowicz et al4, 24 for reviews).
On the other hand, major depression and other mood
disorders per se do not necessarily increase with age, and
in fact, only approximately 1% of older individuals meet
the criteria for major depression,  a prevalence much
lower than in younger individuals.25 However, approxi-
mately 15% to 25% of individuals over the age of 65
experience depressive symptoms that, while not meeting
criteria for major depression, do cause significant dis-
tress and interfere with daily functioning.2,26 Low mood
symptoms are also common in the presymptomatic
phases of neurodegenerative disorders, and are often
misattributed to general age-related morbidity.27,28 This
discrepancy between formal diagnosis and clinically sig-
nificant depressive symptoms likely reflects the tendency
of older individuals to underreport psychiatric symp-
toms, the predominance of vegetative and somatic symp-
toms as part of their clinical presentation, the inability
to express depressive symptoms secondary to cognitive
impairment,29 and the possibility that depression in older
individuals represents a different disease entity with
unique clinical presentation and pathophysiology.2,30

Although it is difficult to untangle causal relationships,
evidence suggests that proper mood regulation—the
capacity to exert homeostatic control on emotions over
time—may represent a key component of late-life func-
tional success, and conversely, that mood symptoms may
represent not only an early marker, but also a potential
contributing factor for subsequent spiraling functional
declines.31 Indeed, studies of the functional correlates of
aging consistently report increased negative outcomes
of low mood,2 motor deficits ranging from decreased fine
motor control to impairments in balance and gait, and
continuous decline in certain aspects of cognitive func-
tions.32 This suggests that aspects of mood regulatory
mechanisms may be selectively vulnerable to early
homeostatic changes during normal and pathological
aging, or that depressive symptoms may represent a

common output for various underlying age-related brain
declines.30,33 Conversely, a proportion of older individu-
als are more resilient to the adverse effects of negative
life events and are less likely to feel remorse and guilt,2

underscoring the critical role of individual variability.

Aging of the brain

The number of individuals reaching age 65 in the United
States rose 3-fold in the 20th century, from 4.1% in 1900
to 12.4% in the year 2000, and may rise above 20% by
the middle of this century. This is equivalent to roughly
85 million people at current growth rates.1 Despite its
critical importance to a population growing older, “nor-
mal” brain aging and its association with late-life brain
disorders is an understudied area of research. This is par-
ticularly apparent when compared with the investigation
of neurodegenerative disorders, among other fields. The
lack of attention given to this important topic may be
due to the general belief that aging is inescapable, broad-
ranging, and nonspecific. 
However, in recent years , the identification of single
gene mutations affecting aging and longevity in nema-
todes, insects, and rodents has demonstrated the pres-
ence of a genetic program underlying aging, challenging
the above assumptions.34,35 In the mammalian brain, the
course of aging parallels that of peripheral tissues, but
additional mechanisms reflect the unique features of the
brain and post-mitotic differentiated neurons.19,36 For
instance, the brain has a higher metabolism level than
the rest of the body and utilizes a large proportion of
consumed oxygen, hence increasing the potential for
producing reactive oxygen species and subsequent
oxidative stress. Oxidative stress mediates specific neu-
ronal damage, including modifications to lipids, protein,
and DNA, resulting in inflammation, an increase in reac-
tive astrocytes, and altered Ca2+- and mitochondria-medi-
ated neuronal functions, which together may contribute
to the deterioration of mental capacities with age .37,38

Further, with rare exceptions, neurons do not divide,39

and thus cellular damage tends to accumulate with
increasing age. This is paralleled by a decrease in the
capacity for cellular repair.36

Structurally, studies reveal a decrease in neuron volumes,
a small loss or no change in cell numbers,40,41 and a pro-
gressive thinning of cortical thickness, affecting both
gray and white matter.42,43 Functionally, studies indicate
a continuous decline with age in certain aspects of cog-
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nitive functions (speed of processing, working memory,
and long-term memory) beginning in the 20s.44 In con-
trast, verbal knowledge increases throughout the life-
time.32 This latter observation highlights the point that,
while studies often demonstrate a negative conceptual
bias towards aging, age-related changes can also be pos-
itive, and may represent the recruitment of protective
mechanisms against known deleterious effects of aging
(ie, oxidative stress) or uncharacterized and beneficial
late brain-maturation processes. Based on the above
observations, and supported by developments in gene
array technology, our group7,8 and others45-48 have inves-
tigated the presence of age-dependent gene expression
changes in the human brain, as molecular correlates of
affected cellular functions. 

“Molecular aging” of the human brain

It has been known for some time that robust changes in
gene expression occur with aging in peripheral tissues.49

The fact that age-related changes in gene expression
extend to the brain may not be surprising, given the body
of knowledge about changes in structure and function of
the brain with age (described briefly above). Indeed, one
might hypothesize that age-related changes in gene
expression reflect a general deterioration of the brain
and that a preponderance of genes would be affected.
This, however, does not appear to be the case. Recent
genome-wide studies demonstrate that a relatively small
number of genes exhibit age-dependent gene expression
changes. Studies in rodent, monkey, and human brains
estimate the number of genes exhibiting age-dependent
changes to represent less than 10%, and commonly less
than 5%, of the entire genome.7,50-55 In a study from our
group, the age-related changes of a large number of
genes were investigated using gene microarray technol-
ogy in prefrontal cortex samples from human subjects
aged 13 to 79 years (Figure 1).7 The data from this study
identified life-long progressive changes in expression
with age in approximately 7.5% of genes tested, while
expression levels for the large majority of genes were
strikingly unchanged throughout adult life. This set of
age-dependent genes was also very similar to those
observed in other studies, and in fact displayed a high
degree of conservation across cohorts and cortical brain
regions, despite differences in sample size, expression
platforms, and analytical methods.7,8,50-52,54,56,57 Together, this
conserved and restricted scope of transcript changes sug-

gests that specific cellular populations and biological
processes are selectively affected during aging.
Expression of genes playing a role in glial-mediated
inflammation, oxidative stress responses, mitochondrial
function, synaptic function and plasticity, and calcium reg-
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Figure 1. Continuous and pr ogressive gene expr ession changes in
human prefrontal cortex. Age-dependent changes for a core
set of exemplary genes (n=588) are presented together for
two regions of the prefrontal cortex (Brodmann area (BA9),
dorsolateral prefrontal cortex; BA47, orbital ventral prefrontal
cortex). Each gene 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.
For example, a horizontal row going from red to green indi-
cates a gene for which expression decreases with age in that
brain area. Genes are organized along the y-axis according to
similarities in expression profiles across age. This study illus-
trated several points: (i) similar numbers of genes are down-
regulated or upregulated throughout the lifetime; (ii) gene
changes display continuous and pr ogressive trajectories
throughout adult life; (iii) profiles of age-dependent changes
are conserved across the two areas; and (iv) downregulated
genes are mostly expressed in neurons, whereas upregulated
genes include most glial-enriched and some neuronal-enriched
genes, as indicated on the right hand of the figure. Columns
to the right indicate the distribution of genes with glial-(white
matter [WM]- enriched) or neuronal-enriched (gray matter
[GM]-enriched) signals.   
Adapted from ref 7: Erraji-Benchekroun L, Underwood MD, Arango V,
et al. Molecular aging in human prefrontal cortex is selective and con-
tinuous throughout adult life. Biol Psychiatry. 2005;57:549-558.
Copyright © Elsevier 2005
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ulation has now consistently been shown to be affected
by aging across multiple studies.19,36 Overall, age-upregu-
lated genes are mostly of glial origin and related to

inflammation and cellular defenses, while downregulated
genes display mostly neuron-enriched transcripts relating
to cellular communication and signaling (Figure 1).7 The

Figure 2. Age-dependent biological changes in neurons and glia. Known age-related cellular phenotypes are highlighted for neurons and glia. Blue,
pyramidal cells; Purple, interneurons; Orange, astrocyte; Green, microglia; Brown, oligodendrocyte. Not shown are changes in brain white
matter track and blood vessel integrity. Many neuronal phenotypes (such as DNA damage) occur in neuron and glia. In parentheses are
single representative examples (amongst many) of age-regulated gene expression changes, which may contribute to the particular cellu-
lar phenotypes. CRF, Corticotropin-releasing hormone; CALB-1, calbindin 1; SOD2, superoxide dismutase 2; BCL-2, B-cell CLL/lymphoma
2; DRD1, Dopamine receptor D1; SYN2, synapsin II; GFAP, glial fibrillary acidic protein; NF-KB, nuclear factor kappa B; CNP, 2',3'-cyclic
nucleotide 3' phosphodiesterase; MHC, myosin heavy chain   
Adapted from ref 19: Glorioso C, Sibille E. Between destiny and disease:genetics and molecular pathways of human central nervous system aging. Prog
Neurobiol. 2011;93:165-181. Copyright © Pergamon Press 2011
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specificities of genes and cellular functions affected dur-
ing aging of the brain are briefly summarized in Figure 2,
and have been reviewed in detail elsewhere.19,36

Together, the consistency and specificity of age-related
changes fulfill criteria for aging biomarkers.
Accordingly, we have shown that the predicted age for
a particular individual, based on regression analysis of
age-related trajectories for age-dependent genes, is
highly correlated with the chronological age of that
individual.7,8 Hence, we have proposed the concept of
“molecular age” (ie, predicted age, based on gene
expression profile), as a functional assay to m easure
biological aging of the brain and to assess individual
deviation from chronological age and moderators of
aging processes.7,8 Using this assay, deviations from
expected trajectories were also observed, in which indi-
vidual subjects displayed greater or lower molecular
ages compared with their chronological ages. These
deviations did not covary with body mass index, sex,
race, or death by cardiovascular accidents. Importantly,
one could speculate that individuals with older or
younger biological brains may have displayed corre-
sponding functional changes before death. Moreover,
identifying factors underlying deviations either in mol-
ecular age or in sets of age-dependent genes (See sec-
tion on BDNF and SST) may provide insight into mod-
ulators of age and age-by-disease interactions, hence
providing targets for potential therapeutic approaches
and preventive strategies. Modulators may include envi-
ronmental components (diet, disease, exercise, drug
exposure, etc), but evidence also suggests a genetic com-
ponent into functional age trajectories . Here, before
reviewing specificities of molecular aging in depression
and potential genetic contributions, we review molec-
ular aging and associated genes in the context of disease
pathways.

Molecular aging of the brain overlaps 
with biological pathways 

implicated in multiple 
brain disorders

Specific ages of onset are core features of many neu-
ropsychiatric disorders, ranging from late-onset neu-
rodegenerative diseases such as Alzheimer’s and
Parkinson’s diseases58 to earlier onset psychiatric dis-
orders such as schizophrenia and bipolar disorder. Yet,
despite their importance, the mechanism(s) underly-

ing age thresholds are largely unknown. Studies have
shown that slowing normal aging in model organisms
(through genetic or environmental means) results in
delayed onset of age-related disorders. For example,
mice hypermorphic for the longevity gene, Klotho, live
~20% longer and have a corresponding delay in onset
of disease59,60 and calorie-restricted primates demon-
strated delayed incidence of diabetes, cancer, cardio-
vascular disease, and brain atrophy.61 Together, these
observations suggest an overlap between age- and dis-
ease-related biological pathways. Following a broad
survey of genes affected during aging and in diseases,
we have now reported a large over-representation of
neurological-related genes within the human molecu-
lar signature of aging.8 In fact, up to a third of genes
affected during aging have also been associated in the
literature with neuropsychiatric or other brain disor-
ders. Conversely, only 4% of non-age-regulated genes
are brain disease-related. For instance, age- and mood
disorder-related genes include genes coding for neu-
ropeptides (SST, NPY, CCK, CRF), trophic factors
(BDNF, IGF1, FGF), receptors ( HTR2A, DRD1,
CB1R, GABRAA5, FGF2R) and numerous other
genes associated with diseases, including neurodegen-
erative disorders ( MAOB, PER3, CLU, SYN, HTT,
NRG1, RLN, TAU, PARK, PINK1, NFKB, SOD2,
RGS4, etc).8

This observation that brain disorder-related genes are
overrepresented among age-dependent genes, combined
with the finding that the observed effects of aging on
gene expression are mostly (>90%) in brain disorder-
promoting directions, together suggest that the pathways
to depression and other brain disorders in late life are
aspects of normal molecular aging and may represent
one mechanism by which aging precipitates their onset.
Notably, these findings came from subjects who were
free of neurodegenerative disorders,8 so the observed
changes were not sufficient to cause disorders. Instead,
normal age-related changes in gene function may rep-
resent latent vulnerability factors that are promoted by
aging, and that may directly contribute in the disease
process (ie, causing or associated with disease) in the
context of additional genetic and/or environmental risk
factors, which exacerbate age-dependent trajectories.
Conversely, moderating factors that delay age-depen-
dent trajectories may promote resiliency not only against
age-related declines but also against multiple brain-
related disorders.
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Figure 3. Dendritic inhibition, a biological module at the intersection of age and psychiatric disorders. A) Excitatory pyramidal neurons (PYR) are
regulated by different types of inhibitory γ-aminobutyric acid (GABA) neurons. Somatostatin (SST)-, neuropeptide Y (NPY)- and cortistatin
(CORT)-positive GABA neurons (red) target PYR distal dendrites. Parvalbumin- (PV) and cholecystokinin- (CCK) positive GABA neurons tar-
get PYR cell body and axon initial segment (blue). Calretinin-(CR) positive GABA neurons (green) regulate other GABA neurons. B) Markers
of interneurons that target PYR dendrites show decreased expression with age, and great effect or statistical significance of changes in sub-
jects with major depression. C) Brain-derived neurotropic factor (BDNF) expression, measured by quantitative polymerase chain reaction
(qPCR), is significantly and inversely correlated with chronological age in control and depressed subjects. Values are in arbitrary units of qPCR
signal intensity. Respective to age-matched control subjects, subjects with major depression display greater BDNF downregulation (-22%;
P<0.05). D) Age-regulation of BDNF- and depression-related genes. The average relative age effects for each individual subject are shown
for the set of BDNF-related genes that display significant depression-related effects. Microarray-based gene expression values were nor-
malized to the group means of each gene and averaged per subject. The BDNF-related gene set was split based on the effect of age on
those genes in control subjects (top panel, age-upregulated; bottom panel, age-downregulated). The results show that age effects are
systematically in the same direction, and of greater effect sizes in subjects with major depression (red squares) compared with controls (blue
circles). Values are Pearson correlation factors. *, P<0.05; **, P<0.01. Data in B is from Erraji et al,7 Glorioso et al,19 and Guilloux et al.14

Figures C and D are adapted from ref 18: Douillard-Guilloux G, Guilloux JP, Lewis DA, Sibille E. Anticipated brain molecular aging in Major Depression. Am J
Geriatr Psychiatry. 2012. Oct 31 [epub ahead of print]. Copyright © American Psychiatry Press 2012
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Molecular interaction between depression
and aging: the cases of BDNF, SST, 

and dendritic inhibition

An example of a putative interaction between age and
disease is provided by the investigation of BDNF and
BDNF-dependent genes. BDNF is a signaling neu-
ropeptide that is critical during development and adult-
hood, specifically in maintaining plasticity and proper
functioning of many targeted neuronal cells. Reduced
BDNF levels and/or functions have been implicated in
multiple brain-related disorders, including major depres-
sion,10,13,14 bipolar depression, schizophrenia, Huntington’s
disease, and Alzheimer’s disease.9-16 Interestingly, BDNF
is also downregulated with increasing age. A normal
non-psychiatric control subject may lose as much as 60%
of BDNF expression between the ages of 20 and 60
years.7,17 We have reported evidence of decreased BDNF
levels and/or signaling in the amygdala and anterior cin-
gulate cortex of subjects affected with depression com-
pared to controls.10,14,62 We have also reported reduced
expression of SST, cortistatin (CORT), and neuropep-
tide Y (NPY) in the same cohorts. SST, CORT, and NPY
are neuropeptides that are expressed in subtypes of γ-
aminobutyric acid (GABA) interneurons, which specif-
ically target the dendrites of pyramidal neurons (Figure
3a). SST, CORT, and NPY expressions are dependent on
BDNF signaling, as demonstrated by reduced levels in
mice with genetically-induced reduction in BDNF func-
tions.14,62,-63 Together, these findings have suggested the
presence of a depression-related pathogenic mechanism
linking reduced BDNF function to reduced markers of
GABA interneurons that provide dendritic inhibition.
Given that not all elderly subjects develop depression,
additional factors must be at play. Indeed, the cross-sec-
tional slope of decrease in BDNF expression in subjects
with depression appears to parallel that of control sub-
jects, but at a lower level, demonstrating reduced expres-
sion at most ages (Figure 3b). However, the fact that low
expression in young depressed subjects overlaps with
levels that are reached at older ages in control subjects
demonstrates that low BDNF by itself is not sufficient.
Rather, this suggests that the molecular context of these
reductions are critical contributing factors to developing
pathophysiology. Notably, age-related changes for mul-
tiple BDNF-dependent genes, including SST, NPY, and
to some extent CORT, display increasing rates of change
with age compared with BDNF (ie, steeper slopes) and

greater overall effect sizes in the context of depression
(Figure 3c),18 suggesting an age-by-disease interaction
that further and negatively affects gene function in dis-
ease-promoting directions, in addition and potentially
independently of changes in BDNF function. 
Together, these findings have suggested the presence of
a BDNF/GABA-related biological module that is
responsible for principal neuron dendritic inhibition, and
that is positioned at the intersection of age and depres-
sion-related mechanisms. In this module, the interaction
of both factors may potentially determine if and when
decreased function reaches a certain threshold, under
which pathophysiological output occurs. These findings
also suggest three important aspects of a potential age-
by-disease interaction: (i) age-dependent changes in
expression of disease-related genes may represent latent
vulnerability factors for diseases and associated symp-
tom dimensions; (ii) BDNF and its associated age-
dependent changes may represent an upstream media-
tor for age-dependent changes of disease-related genes;
and (iii) additional factors must be at play in establish-
ing initial changes in upstream disease-related gene
changes (ie, low BDNF) and in moderating the appar-
ent “acceleration” of age-dependent trajectories in dis-
ease-promoting directions. Here, we next review addi-
tional findings relating to depression and accelerated
aging, before discussing a broade r age-by-disease-
interaction model. 

Depression is associated with 
“accelerated” molecular aging

Based on the above-described putative interaction
between age- and depression-related mechanisms affect-
ing BDNF and BDNF-dependent genes, and in order to
more formally test the hypothesis of accelerated aging
in depression, we have investigated changes in broader
patterns of age-dependent gene expression in the brains
of individuals specifically affected with major depres-
sion.18 Results confirmed that affected subjects showed
greater changes for BDNF and BDNF-dependent gene
expression than the normal age-related changes
observed in control subjects. That study also reported
that most depression-related genes were frequently age-
regulated in both case and control subjects, and that the
effects of major depression and age on individual genes
were positively correlated. Conversely, most genes that
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were age-dependent in control subjects displayed
greater age effects in subjects with major depression, and
the increased prevalence of age effects in depression
often corresponded to similar effects in controls ,
although of reduced magnitude and significance (ie ,
trend levels). This latter point suggested that the overall
increase in number of age-affected genes in depressed
subjects may not correspond to de novo age effects, but
rather to amplified subthreshold events that were
already present in control subjects. So, while that study
provided molecular evidence in support of an acceler-
ated brain aging hypothesis in depression, the observed
combination of robust (eg, BDNF pathway) and more
modest effects on different sets of genes and biological
pathways also suggest a heterogeneous impact of age
and disease effects on cellular functions. Alternatively,
the molecular correlates of aging may represent variable
sets of biological age-dependent events, each with their
own mediators and modulators and with potential speci-
ficities in rates of age-related changes. 

Proposed model for age-by-disease 
molecular interactions

The physiological and functional output of any biologi-
cal system represents the integration of events occurring
at the levels of genes, molecules, cells, microcircuits, and
neural networks, and constant feedback across these bio-
logical scales contributes to the maintenance of home-
ostasis in the face of a changing environment. In the con-
text of aging, it is not known which changes represent
primary adaptive events that are necessary to maintain
homeostasis, and which represent reactive processes and
reduced capacity for repair against deleterious events,
such as increased oxidative damage, inflammation and
accumulation of damaged macromolecules, specifically
affecting non-dividing neurons. However, the nature of
age-dependent genes and the directions of their expres-
sion change with age strongly suggest that the human
brain progressively moves with advancing age towards
a state that is biologically more consistent with those
observed in the context of neuropsychiatric and neuro-
logical disorders.20 However, the relative rates of occur-
rence of psychopathology in elderly subjects also
demonstrate that the age-dependent and disease-pro-
moting changes in the expression of disease-related
genes are not sufficient to induce overt pathophysiology
and associated disease symptoms. For instance, extrapo-

lating for studies in postmortem subjects , reduced
BDNF, and markers of dendritic inhibition are probably
common in many elderly subjects . One can speculate
that these changes may actually be appropriate for the
biological landscape of an elderly subject, but similar
changes in a younger biological context may induce
neural network dysfunctions and deficiencies in infor-
mation processing and mood regulation, resulting in
depression in midlife subjects, for instance. Hence, devi-
ations from predicted trajectories and associated bio-
logical context may be more critical than expression
changes per se.
Based on these observations and supported by the fact
that gene changes during aging occur in disease-pro-
moting directions, our proposed model is that aging rep-
resents an intrinsic vulnerability to pathophysiological
changes leading to symptom dimensions (eg, cognitive
decline, low mood) and brain disorders, and that addi-
tional factors determine if and when critical pathophys-
iological thresholds are reached (Figure 4). More specif-
ically, loss (or gain) of expression of disease-related
genes below or outside expected trajectories and home-
ostatic range may mark the onset of cellular deficits,
leading to disturbances in higher biological scales
(microcircuitry, brain region, neural network), in turn
promoting the onset of symptoms as the emerging prop-
erties of a deregulated system. In this model, factors that
affect the trajectory of these age-related changes will
determine the timing and potential severity of the initial
molecular deficits (Figure 4). The identification of mod-
erators, which place individuals on “at-risk” trajectories,
may provide critical information on mechanisms of dis-
ease onset. Conversely, factors that delay age-related
changes, or that place individuals on “protected” trajec-
tories, may provide critical information on the nature of
resiliency, and may offer insight into designing preven-
tive strategies. In short, biological moderators of age-
dependent trajectories of gene function may represent
candidate targets for therapeutic approaches and for
promoting resiliency against brain disorders, including
psychiatric disorders.

Implications for future investigations 
of mechanisms of age and 

brain-related disorders

Environmental and genetic factors are obvious candi-
date moderators of an age-by-disease interaction, but
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identifying their impact on biological aging of the brain
may require new experimental strategies. Differences in
molecular ages can be assessed in the mid-life range
using postmortem brain samples (Figure 4, green shad-
ing) since molecular aging displays continuous, life-long,
and mostly linear trajectories in adult subjects.7,46 In con-
trast, when conducting studies to demonstrate associa-
tions of biological moderators with functional outcomes
in live subjects, it is important to note that brain reserve
capacity may buffer functional changes from occurring
until years later. The presence of functional declines
(emotionality, cognition, health) may be better assessed
during later age periods of reduced reserve (ie, over 60

to 65 years of age; Figure 4, yellow shading), where at-
risk subjects may start experiencing variable rates of
functional declines, while protected individuals may be
experiencing more successful aging. 
In view of the restricted scope of the molecular profile
of aging (ie, less than 10% of expressed genes), studies
of genetic factors affecting biological aging are predicted
to reduce the number of candidate genes and associated
DNA variants to reasonable levels for analytical pur-
poses, hence addressing some of the problems of
genome-wide association studies. In a proof-of-concept
experiment, we have shown that individual subjects car-
rying a specific DNA variant located upstream from a
candidate gene from the sirtuin family of longevity-
related genes (Sirtuin 5),8 displayed increased molecu-
lar ages compared with carriers of the “protective” DNA
variant, as measured in anterior cingulate cortex post-
mortem brain samples. These postmortem genetic stud-
ies will need to be followed by studies demonstrating
associations of those DN A variants with putative
changes in functional trajectories or with altered disease
risk ratios in live subjects. 
Genetic associations with functional outcomes can be
performed using resources from large-scale epidemio-
logical studies, such as the health and body composition,
cardiovascular health study or Framingham heart stud-
ies, which were specifically designed to investigate crit-
ical factors at the vigor-to-frailty age period. These stud-
ies may also facilitate the investigation of the
moderating effects of the environment (ie , exercise,
caloric restriction, nutritional factors such as antioxi-
dants and omega-3 fatty acids, medication, etc), which
are more difficult to assess in postmortem conditions
due to smaller cohort sizes and reduced antemortem
information.

Conclusion

In summary, the considerable overlap between the
molecular correlates of brain aging and biological
pathways implicated in several neuropsychiatric and
neurodegenerative disorders, combined with the
potential for a continuum of risk for psychopathology
(or conversely resiliency) along life-long trajectories,
together suggest a model for age-by-disease molecular
interaction in which brain aging promotes biological
changes associated with diseases. The implications of
a proposed age-by-disease biological interaction model
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Figure 4. A proposed age-by-disease molecular interaction model. The
graph depicts the age-dependent change in expression that is
frequently observed for genes that are otherwise implicated
in brain-related disorders (a decr ease is shown her e).
Progression below a threshold (horizontal red line) marks the
onset of disease symptoms. Changes in the trajectory of age-
related changes in expression of disease-related genes (Y-axis)
determine the age (X-axis), or even if, an individual develops
disease symptoms (vertical red arrows). Per this model, mod-
ulators (black arrows), genetic or environmental, place sub-
jects on an “at risk” or protected trajectory for developing
symptoms or brain-related disorders LLD (late-life depression).    
Adapted from ref 8: Glorioso C, Oh S, Douillard GG, Sibille E. Brain mol-
ecular aging, promotion of neurological disease and modulation by
Sirtuin5 longevity gene polymorphism. Neurobiol Dis. 2011;41:279-
290. Copyright © Blackwell Science 2011; ref 19: Glorioso C, Sibille E.
Between destiny and disease:genet ics and molecular pathways of
human central nervous system aging. Prog Neurobiol. 2011;93:165-
181. Copyright © Pergamon Press 2011 
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are profound, as it provides an investigational frame-
work for identifying critical moderating factors, out-
lines opportunities for early interventions or preven-
tions, and finally may form the basis for a dimensional
definition of diseases that goes beyond the current cat-
egorical system. ❏
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Envejecimiento molecular del cerebro, 
neuroplasticidad y vulnerabilidad para la
depresión y otros trastornos cerebrales 

El mayor riesgo para los trastornos neurodegenerati-
vos y neuropsiquiátricos asociados con el aumento de
la expectativa de vida ha sugerido hace tiempo aso-
ciaciones mecanicistas entre la edad cronológica y los
trastornos cerebrales, incluyendo la depresión.
Recientes caracterizaciones en los cambios en la expre-
sión génica dependiente de la edad han mostrado
que el envejecimiento del cerebro humano requiere
de un conjunto específico de vías biológicas en un con-
tinuo a través del curso de toda la vida, y que los mis-
mos genes que están asociados con el envejecimiento
normal se implican frecuentemente y de igual forma
en la depresión como en otros trastornos cerebrales.
Estas sucesivas observaciones sugieren un modelo de
interacciones moleculares de enfermedades por la
edad, en las cuales el envejecimiento cerebral pro-
mueve cambios biológicos asociados con las enferme-
dades, y en forma adicional los factores ambientales
y la variabilidad genética contribuyen a definir el
riesgo de enfermar o de tener una evolución con resi-
liencia. En este artículo se revisan las características dis-
tintivas del envejecimiento cerebral en términos de
cambios en la función génica a lo largo del tiempo, y
luego se enfoca en la evidencia que sustenta un ace-
lerado envejecimiento molecular en la depresión. Este
modelo que propone la interacción biológica de
enfermedades por la edad le da una dirección a la
actual brecha en la investigación entre el envejeci-
miento cerebral “normal” y su conexión con enfer-
medades del final de la vida. Las sugerencias de este
modelo son profundas y proporcionan un marco de
investigación para identificar factores moderadores
críticos, delinear oportunidades para intervenciones o
prevención precoces y poder formar las bases para una
definición dimensional de las enfermedades que vaya
más allá del actual sistema de categorías . 

Vieillissement moléculaire cérébral, 
neuroplasticité et vulnérabilité à la 
dépression et autres troubles neuro-
psychiatriques

L’augmentation du risque de troubles neurodégé-
nératifs et neuropsychiatriques associé à l’allonge-
ment de la durée de vie évoque depuis longtemps
l'existence de liens mécanistes entre l’âge chronolo-
gique et les troubles cérébraux, dont la dépression.
Des mises en évidence récentes de modifications
d’expression des gènes en fonction de l’âge suggè-
rent maintenant que le vieillissement cérébral
humain met en jeu un ensemble spécifique de voies
biologiques sur une trajectoire continue tout au
long de la vie. Or, les gènes associés au vieillissement
normal du cerveau sont aussi impliqués de façon fré-
quente et identique dans la dépression ainsi que
dans d’autres troubles cérébraux. Ces observations
proposent un modèle d’interaction moléculaire âge-
maladie, dans lequel le vieillissement cérébral favo-
rise des modifications biologiques associées aux
maladies et dans lequel des facteurs environne-
mentaux supplémentaires et la variabilité génétique
contribuent à définir le risque pathologique ou celui
des trajectoires de résilience. Nous passons en revue
ici les traits caractéristiques du vieillissement céré-
bral en termes de modification de la fonction des
gènes au cours du temps. Puis nous nous intéressons
aux arguments en faveur de l’accélération du vieillis-
sement moléculaire dans la dépression. Cette pro-
position de modèle d’interaction biologique âge-
maladie aborde le décalage actuel dans la recherche
entre le vieillissement cérébral normal et ses
connexions aux maladies de la vieillesse. Les impli-
cations de ce modèle sont importantes, en termes
de cadre d’investigation pour l’identification des fac-
teurs de modération déterminants, d’opportunités
pour une prévention ou un traitement précoce et de
création d’une définition dimensionnelle des mala-
dies allant au-delà du système catégoriel actuel.
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