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Abstract

Late adulthood is associated with increased hippocampal atrophy and dysfunction. Although there are multiple paths
by which hippocampal deterioration occurs in late life, the authors discuss the evidence that a single nucleotide
polymorphism in the brain-derived neurotrophic factor (BDNF) gene and age-related changes in BDNF protein or
receptor expression contribute to hippocampal atrophy. The authors conclude that few studies have tested whether
BDNF mediates age-related hippocampal atrophy and memory impairment. However, there is strong evidence
that decreased BDNF is associated with age-related hippocampal dysfunction, memory impairment, and increased
risk for depression, whereas increasing BDNF by aerobic exercise appears to ameliorate hippocampal atrophy,
improve memory function, and reduce depression. Importantly, the most consistent associations between BDNF and
hippocampal dysfunction have emerged from research on BDNF protein expression in rodents and serum and plasma
concentrations of BDNF in humans. Current research suggests that the BDNF val6émet polymorphism may be only
weakly associated with hippocampal atrophy in late adulthood. These conclusions are interpreted in relation to age-

related memory impairment and preventions for hippocampal atrophy.
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There are many common negative stereotypes of older
adults in Western culture: lonely, grumpy, slow, frail,
sickly, and cognitively feeble. These negative stereotypes
often have the unfortunate effect of perpetuating ageism
and expectations that cognitive decline is normal and
inevitable. Stereotypes of aging are also present in science.
For example, in human neuroscience, the aged brain has
historically been stereotyped as brittle and uncomform-
ing with little room for augmentation or enhancement.
Luckily, more recent investigations have begun to ques-
tion these stereotypes and to suggest that the aged brain is
considerably more plastic and responsive than previously
thought. Importantly, these breakthroughs challenge the
definition of normal aging and the amount of brain dete-
rioration or cognitive decline that should be deemed
acceptable and “normal.”

Despite the growing recognition that the aged brain
retains some capacity for plasticity, there is significant
evidence for brain atrophy with advancing age (Figs. 1
and 2). For example, longitudinal studies have reported
between 1% and 2% annual hippocampal atrophy in

adults older than 55 years without dementia (e.g., Jack
and others 1998). Other regions also atrophy in late adult-
hood, including the prefrontal cortex, caudate nucleus,
and cerebellum, at estimated rates between 0.5% and 2%
per year, whereas the striate, primary motor, and senso-
rimotor regions remain relatively preserved (Fjell and
others 2009).

Alzheimer disease (AD) is characterized by signifi-
cant tissue loss in many brain regions but most consis-
tently with the hippocampal formation (Jack and others
1998). The loss of tissue in AD occurs at a considerably
enhanced rate compared with adults without AD. For
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Figure |.The mean hippocampal volume (for both left and
right hemispheres) atrophies in late adulthood. These data
were collected using a high-resolution magnetic resonance
imaging scan and the hippocampus demarcated using an
automated segmentation algorithm (data adapted from
Erickson, Prakash, and others 2010).

example, longitudinal studies find that the hippocampus
deteriorates at 3% to 5% annually in adults with AD and
that in adults with mild cognitive impairment, smaller
hippocampal volumes are predictive of more rapid con-
version to dementia (Jack and others 1998). This sig-
nificant and rapid atrophy of hippocampal tissue is
thought to cause the characteristic memory loss associ-
ated with AD.

Discovering the molecular mechanisms contributing
to brain tissue loss in late adulthood has become an
important objective in recent years. On a cellular level,
there are manifold explanations for brain atrophy in
humans, including increased apoptosis, decreased cell
proliferation, axonal degeneration, reduced dendritic
extent and spine density, shrinkage of cells, reduced vas-
cularity, or any combination of these factors (von Bohlen
und Halbach 2010). In fact, given the nonuniformity and
nonlinearity in the rates of atrophy across the brain, it is
unlikely that changes in any single molecule or cell struc-
ture will be able to fully explain volume loss. Indeed,
rodent research suggests that increased rates of cell death
are unlikely to explain atrophy associated with normal
aging (Rasmussen and others 1996), suggesting that other
factors (e.g., loss of dendritic spines) are contributing to
increased atrophy in aged humans. Nonetheless, there are
several molecules that have generated considerable inter-
est for their putative roles in AD and cellular senescence.
These molecules include B-amyloid and t (Fjell and oth-
ers 2010), inflammatory markers such as interleukin-6
(Marsland and others 2008), and stress hormones such as
cortisol (Bruehl and others 2009). Brain-derived neuro-
trophic factor (BDNF) is another molecule found in high

concentrations in the hippocampus and cortex and is crit-
ical in cellular analogs of memory formation, plasticity,
and cell proliferation. For the remainder of this review,
we outline the evidence that changes in the BDNF system
are associated with age-related memory impairment,
depression, and atrophy of the hippocampus in humans
and the factors that might offset declining BDNF levels
in an aged population.

The BDNF Polymorphism

A functional single nucleotide polymorphism on the
BDNF gene produces an amino acid substitution of Val
to Met at codon 66 in the prodomain of the BDNF pep-
tide, with the Met allele impairing the regulated secretion
and intracellular trafficking of BDNF (Egan and others
2003). Early work on the BDNF polymorphism demon-
strated that the Met allele was associated with poorer
episodic memory, smaller hippocampal volumes, and
reduced levels of n-acetyl-aspartate in the hippocampus
of young adults and schizophrenics (Egan and others
2003). Although the association with schizophrenia
remains controversial, the BDNF Met variant has been
associated with increased risk of depression (see below)
and anxiety. Overall, these results argue that the BDNF
polymorphism explains significant individual variability
in hippocampal morphology and function, a result con-
sistent with research in rodents demonstrating that BDNF
is critical for memory formation and hippocampal plas-
ticity. Furthermore, these results lead to the prediction
that the BDNF Met variant might explain significant
variation in age-related hippocampal atrophy and mem-
ory function.

Some of the earliest studies to examine the association
of the BDNF gene on cognitive and brain function in
older adults examined whether the BDNF Met variant
confers an increased risk for AD. Despite several post-
mortem studies showing less BDNF protein in the hip-
pocampus of AD patients (see Murer and others 2001 for
a review), most genetic association studies find that the
BDNF Met allele is unrelated to the risk for AD (e.g.,
Combarros and others 2004). However, there might be a
sexually dimorphic effect of the BDNF gene on risk for
AD such that the Met allele confers a greater risk only in
women (Fukumoto and others 2010). In any case, these
studies are important not only in that they reduce the like-
lihood that the BDNF polymorphism is a major risk fac-
tor for AD but also because they demonstrate the critical
distinction between genetic variants and protein levels.
That is, AD is associated with lower BDNF protein lev-
els, but lower protein levels do not appear to be mediated
by the BDNF gene that regulates protein secretion. There
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Variation in Cortical Volume

Figure 2. There is significant variation in brain atrophy with advancing age, such that some older adults show little atrophy
whereas others show considerable atrophy. In this array of nine brains, we demonstrate that some of the variation can be easily
detected by the naked eye. (A) Brain images from young subjects at an average age of 22 years. (B) Brain images from older adult
subjects at an average age of 72 years. (C) Brain images from older adult subjects at an average age of 72 years. The average age
of (B) and (C) are identical yet the morphology and amount of atrophy are quite disparate between these subjects. For example,
the ventricles and sulci are enlarged in (B) compared with (C) or (A). These data showing differential trajectories of brain
atrophy support the idea that brain decay might be slowed or prevented.

are several possible explanations for this discrepancy.
First, lower BDNF levels may be a marker of neuronal
death in AD, having nothing to do with the BDNF gene
or masking any effect that the BDNF gene has on protein
levels. An alternative hypothesis is that epistasis moder-
ates the influence of the BDNF gene on mRNA expres-
sion and protein levels. Finally, a third explanation is that
there are environmental factors that influence BDNF pro-
tein levels independently of the Val66Met BDNF variant.
Evidence to support these latter two hypotheses will be
discussed in greater detail below.

One of the first studies to examine the association
between the BDNF Val66Met polymorphism and cogni-
tive function in healthy older adults found that Met
homozygotes outperformed Val carriers on a measure of
fluid reasoning (Harris and others 2006). This finding
was perplexing because prior studies in young adults,
schizophrenics, and depressed patients have consistently
shown that the Met allele was associated with poorer epi-
sodic memory function and reduced secretion of BDNF
(Egan and others 2003). Adding to this confusion, a study

with 722 elderly people without dementia found that the
Met allele was associated with poorer cognition in sev-
eral domains including fluid intelligence, processing
speed, and memory (Miyajima and others 2008), results
that were clearly inconsistent with the findings on rea-
soning (Harris and others 2006). One possible explana-
tion for this discrepancy is that the Harris and others
(2006) study tested individuals who were on average
nearly 10 years older than the individuals in the Miyajima
and others (2008) study. Within this 10-year span, the
incidence of age-related diseases increases, which may
result in decreasing the penetrance of or reversing gene-
phenotype associations (Lindenberger and others 2008).
Consistent with this explanation, a small longitudinal
study over a 10-year period with 54 elderly individuals
without dementia found that the genetic association of
BDNF with cognition changes in late life (Erickson and
others 2008). In this study, when participants were first
tested at the average age of 65 years, the Val homozy-
gotes outperformed Met carriers on an executive func-
tioning task, a result consistent with Miyajima and others
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Figure 3. Evidence for a shift in the brain-derived neurotrophic factor genotype-phenotype association in executive
function over a 10-year span in older adults. Participants in this study performed a switching task, a common measure of
executive function twice over a |0-year period. There were two conditions: a repeat condition in which two tasks of the
same type follow each other and switch conditions when the tasks switch from one trial to the next. There was a main
effect of condition such that all participants were slower on the switch condition than repeat. Although Val/Val carriers
performed faster at time |, they were the only group to show a decline in performance over a 10-year span (data adapted

from Erickson and others 2008).

(2008) and research in younger populations. However,
after a span of 10 years, the participants, now at an aver-
age age of 75 years, showed a reversal such that Met
carriers performed better than their Val homozygote
counterparts (Fig. 3). Although the sample size of this
study was small, the findings suggest that the association
between the BDNF gene and cognitive function might
change in late life because of the increasing prevalence of
other brain-related changes, age-related diseases that
might moderate the expression of the BDNF gene, or
environmental factors that influence BDNF expression or
expression of its high affinity receptor tyrosine kinase
(trkB). Consistent with this prediction, two studies have
reported that vascular risk factors might moderate the
effect of the BDNF gene on associative memory perfor-
mance in older adults (Raz and others 2008, 2009).
These data might also be interpreted in terms of the
capacity or allocation of cognitive resources (Linden-
berger and others 2008). This hypothesis suggests that
the magnitude of the genetic effect on cognitive function
should increase with increasing age because of diminish-
ing cognitive resources. In other words, the effect sizes
for gene-cognition associations should be considerably
smaller in younger cohorts compared with older cohorts
(Li and others 2009; Lindenberger and others 2008;
Nagel and others 2008). However, the gene-cognition
association might also dissipate in very late age when

incipient dementia, cognitive impairment, or other age-
related diseases are independently influencing cognitive
function (Lindenberger and others 2008). In one of these
studies with participants at an average age of 65 years,
Met carriers performed more poorly on an episodic mem-
ory test when the association demands were highest (Li
and others 2009). However, in another study, the BDNF
gene influenced cognitive performance only by modulat-
ing the effect of the catechol-o-methyltransferase
(COMT) gene on executive function and working mem-
ory (Nagel and others 2008). Indeed, epistasis is likely in
late adulthood and could explain a significant amount of
the variation observed between studies. Nonetheless,
these studies argue that 1) the penetrance of the BDNF
gene on memory and cognition appears to change in late
adulthood such that the Met variant might be protective
against further age-related loss and 2) the association
between the BDNF gene and cognition might be moder-
ated by epistasis, linkage disequilibrium, or the comor-
bidity of vascular disease. Indeed, there are other factors
including differential mortality that might also affect
these associations.

Adding to this apparent complexity between the
BDNF gene and cognition in late adulthood, several stud-
ies have measured hippocampal volume in older adults
and have reported no differences between Met and Val
carriers (Benjamin and others 2010; Miyajima and others

Downloaded from nro.sagepub.com at UNIV OF PITTSBURGH on January 31, 2012


http://nro.sagepub.com/

86

The Neuroscientist 18(1)

Table I. Studies Examining the Association between the Brain-Derived Neurotrophic Factor (BDNF) Val6é6Met Polymorphism
and Cognitive Function in Elderly Samples

Author Year Sample Size Mean Age Finding
Harris and others 2006  Group |:471 Group |:64 Met homozyogotes outperformed Val carriers on
Group 2:433 Group 2:79 reasoning measures
Miyajima and others 2008 722 63 Val homozygotes outperformed Met carriers on
processing speed, memory, and fluid intelligence
Erickson and others 2008 53 Time 1: 66 Val homozygotes outperformed Met carriers at T |
Time 2:76 on a task-switch paradigm but performed worse
10 years later at age 76
Nagel and others 2008  Younger: |64 Young: 25 The BDNF gene was not associated with
Older: 154 Old: 65 performance on the Wisconsin Card Sort or
spatial memory but moderated the effect of the
COMT gene
Raz and others 2008 103 53 (range, 19-77) The BDNF Met polymorphism moderated the
association between blood glucose and memory
Raz and others 2009 189 54 (range, 18-82) BDNF Met carriers performed more poorly on
memory and processing speed tasks
Kennedy and others 2009 82 64 (range, 43-81) Met carriers had smaller splenium volumes
Li and others 2010  Younger: 382 Young: 25 Met carriers performed more poorly on primacy
Older: 566 Old: 65 and middle portions of backward recall; no
differences between Met and Val young adults
Karnik and others 2010 129 48 (range, 18-100)  No differences between Met and Val groups
in fluency or memory; no differences in
hippocampal volume
Benjamin and others 2010 264 70 No effect of BDNF genotype on digit span,

logical memory, word recall; no differences in
hippocampal volume

One study (Harris and others 2006) found that Met carriers outperformed Val homozygotes, three studies found that Val carriers outperformed
Met carriers (Li and others 2010; Miyajima and others 2008; Raz and others 2009), and three studies (Benjamin and others 2010; Karnik and
others 2010; Nagel and others 2008) found no differences in cognition between the genotypes. One study (Erickson and others 2008) reported
an age-related decline in executive function, but only in the Val homozygotes. In short, there is mixed evidence that the BDNF gene contributes

to neuropsychological performance or brain volume. However, the BDNF polymorphism might be moderated by illness, other genes, or

environmental factors.

2008), a result that is inconsistent with studies of the
BDNF gene on hippocampal volume in younger popula-
tions (Bueller and others 2006). However, several studies
have reported that the BDNF Met allele might be associ-
ated with reduced volume in the prefrontal cortex
(Nemoto and others 2006) and splenium (Kennedy and
others 2009). In short, the research on the association
between the BDNF gene, cognition, and hippocampal
volume in late adulthood appears inconsistent with
research on the BDNF polymorphism in other popula-
tions (e.g., younger adults, schizophrenics), suggesting
an age-related change in the penetrance of the BDNF
gene on cognitive and brain atrophy phenotypes
(Table 1).

Based on this reviewed literature, it is difficult to attri-
bute with any certainty an important role for the BDNF
Val66Met polymorphism on age-related memory impair-
ment and hippocampal atrophy. However, it is also possible

that the BDNF polymorphism moderates associations
with other genes or interacts with environmental factors
in such a way that main effects of the BDNF gene are
uninterpretable. In this case, functional effects of the
BDNF polymorphism on hippocampal volume or mem-
ory would have to be assessed in relation to other factors.
We now turn our attention to the BDNF protein to exam-
ine the evidence that variation in BDNF protein levels is
associated with cognitive function and, more specifically,
hippocampal atrophy.

The BDNF Protein

The BDNF protein is found in high concentrations in the
hippocampus, hypothalamus, cortex, and cerebellum,
where it can be visualized in dendrites, soma, and termi-
nals (see Murer and others 2001 for a review). Although
there is high overlap between mRNA and protein levels
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Figure 4. Mediation models for how (A) reductions in hippocampal volume mediate age-related decline in memory function
and (B) reductions in brain-derived neurotrophic factor (BDNF) signaling result in reduced hippocampal volume (e.g., dendritic
branching and cell proliferation), which in turn results in poorer memory function. Note that in both of these models, there are
additional direct paths between age and memory function because hippocampal volume most likely only makes up one node in

a network of brain structures that are leading to memory impairment. Furthermore, in (B), a direct path is modeled between
age and hippocampal volume because changes in many different molecules besides BDNF are probably contributing to decreased

hippocampal volume and function.

in most brain regions, BDNF can be transported (antero-
grade or retrograde) to other regions and either stored in
vesicles or immediately released. Transcription of the
BDNF gene results in the production of proBDNF, a pre-
cursor molecule that is converted by plasmin activators to
its mature form (mBDNF). ProBDNF and mBDNF influ-
ence neuronal function by binding to separate receptors
and activating different signaling pathways. mBDNF
binds with a high affinity to trkB, which is coexpressed
with BDNF. Activation of trkB induces genesis of den-
dritic spines, whereas selective inhibition of trkB pre-
vents dendritic spine outgrowth. Furthermore, activation
of trkB promotes cell growth and survival of serotonergic
neurons, which decline in number in AD and are criti-
cally involved in the pathophysiology of depression. On
the other hand, proBDNF binds to a p75N°® receptor that
induces an apoptotic cascade and induces long-term depres-
sion (LTD) and dendritic retraction. In short, proBDNF
and mBDNF have opposing actions on both neuronal
morphology and physiology, with mBDNF promoting
dendritic growth, cell survival, and long-term potentia-
tion (LTP) and proBDNF inducing dendritic retraction,
LTD, and apoptosis (see Lu and others 1995 for areview).
This difference could be critical in interpreting the effect
of BDNF on age-related atrophy.

Given the neural signaling cascades of BDNF and its
putative role in cellular analogs of memory formation,
decreases in BDNF signaling have been hypothesized to
contribute to memory impairment in aging. However, it
is important to consider the ways in which changes in
BDNF signaling could influence age-related impair-
ments. First, age-related memory impairments could be
mediated by reduced production of BDNF, suggesting

that methods that increase the production and/or secre-
tion of BDNF could improve memory and elevate hip-
pocampal function. Second, if production and secretion
of BDNF do not change throughout the life span, age-
related memory impairments might still be mediated by a
reduction in cleavage molecules that convert proBDNF
to mBDNF or in the concentration of trkB receptors (see
Silhol and others 2007 for a discussion on full and trun-
cated forms of the trkB receptor on age-related impair-
ments). That is, if the concentration of trkB receptors
declines with advancing age, as has been shown in rodent
models (Silhol and others 2005), mBDNF will be unable
to elicit neuronal growth and LTP cascades. Alterna-
tively, if conversion of proBDNF to mBDNF is disrupted
with aging, then greater proBDNF levels might elicit
greater cell death and dendritic retraction in a neuronal
system already weakened by other cellular changes asso-
ciated with aging. According to these scenarios, methods
that increase the production or secretion of BDNF might
have very little benefit to memory function and may even
have the consequence of elevating memory impairment.
Finally, it is also possible that other factors that are either
downstream from BDNF or work in concert with BDNF
(e.g., estrogen) could be altering the efficacy of the BDNF
signaling pathway, thereby mediating memory and cog-
nitive deficits with age. Given that each of these three
possible scenarios could result in memory impairment, it
remains a challenge for researchers to directly link, in a
causal fashion, one of these scenarios with age-related
memory impairment while excluding the possibility of
the others (Fig. 4).

Despite these challenges, there has been growing
evidence that alterations to the BDNF system influence
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Figure 5. Serum brain-derived neurotrophic factor levels
decline with advancing age (P < 0.05; data adapted from
Erickson, Prakash, and others 2010).

hippocampal function and memory in aged adults and
rodents (Tapia-Arancibia and others 2008). For example,
both rodent and monkey studies have found that BDNF
levels in the hippocampus decline in older ages (Silhol
and others 2005). The trkB protein is also reduced in aged
rodents (Silhol and others 2005) but can be rescued by
extensive cognitive training (Silhol and others 2007).
BDNF-induced LTP is reduced in aged rodents, but
exogenous administration of BDNF rescues LTP and
improves spatial memory performance (Rex and others
2006). Peripheral administration of BDNF can also
reduce depression-like symptoms and induce neurogene-
sis in rodents (Schmidt and Duman 2010). In humans,
older adults have lower serum (Erickson, Prakash, and
others 2010; Ziegenhorn and others 2007) and plasma
(Lommatzsch and others 2005) BDNF as determined by
enzyme-linked immunosorbent assays (ELISAs; Fig. 5).
ELISA techniques do not currently differentiate between
mBDNF and proBDNF, so any age-related changes in
BDNF detected by this method cannot be attributed to
any one form of the molecule. Furthermore, because
BDNF is produced and secreted by peripheral tissues,
changes in serum or plasma BDNF might not reflect cen-
tral changes in BDNF.

There is also evidence that BDNF plays an important
role in AD-related pathophysiology. For example, in
humans, lower levels of both BDNF and trkB have been
found in postmortem brains of individuals with AD
(Murer and others 2001). Furthermore, cells containing
neurofibrillary tangles, one of the putative causes of AD,
do not contain measureable amounts of BDNF, whereas

cells with high levels of BDNF are free from neurofibril-
lary tangles (Murer and others 1999). Also in humans,
lower serum levels of BDNF are found in more severe
stages of AD (Laske, Stellos, and others 2006; however,
see Ziegenhorn and others 2007). Furthermore, acetyl-
cholinesterase treatments for AD increase serum levels
of BDNF to a level equivalent to that of healthy con-
trols, and higher serum levels of BDNF in AD are pre-
dictive of slower rates of decline (Laske, Stellos, and
others 2010). Overall, the evidence from humans with
AD suggests that there is a link between BDNF and
AD and that at the very least, BDNF could be consid-
ered a biomarker for memory impairment. However,
studies in humans are inherently limited in determining
whether BDNF mediates age-related memory impair-
ments or AD pathology.

Animal models have the ability to measure and manip-
ulate the molecular pathways and connections between
the putative causes of AD, memory impairment, and BDNF
and can therefore make stronger claims about the causal
mechanisms of BDNF. These studies find that B-amyloid
disrupts BDNF signaling, including the expression of
trkB receptors and NMDA and glutamatergic processes
(Tapia-Arancibia and others 2008). Furthermore, BDNF
protects against B-amyloid toxicity via trkB signaling
in a dose-dependent manner (Tapia-Arancibia and oth-
ers 2008). Interestingly, entorhinal administration of
BDNF reverses synaptic loss, regulates gene expression,
improves neuronal signaling, and enhances learning
and memory in transgenic mouse models of AD, aged
rats, and aged monkeys (Nagahara and others 2009).
Overall, these data argue for a critical role of BDNF in
regulating -amyloid toxicity and suggest that disrup-
tions in the BDNF pathway, including protein and recep-
tor expression, contribute to age-related hippocampal
dysfunction, loss of dendrites, and AD-related memory
impairment.

The link between BDNF and hippocampal impairment
in humans is more tenuous, but two recent studies have
shed some light on the associations. In one study, BDNF
was measured in cerebrospinal fluid (CSF) and cognitive
function assessed by a comprehensive neuropsychologi-
cal battery (Li and others 2009). CSF BDNF levels were
reduced in older adults and in adults with AD, and lower
BDNF levels were predictive of poorer memory perfor-
mance at baseline and after a longitudinal assessment of
3 years. Interestingly, this effect remained significant
even after controlling for potentially confounding vari-
ables including the BDNF Val66Met genotype, t, and
B-amyloid. This study demonstrates that CSF levels of
BDNF are a marker of AD and cognitive dysfunction and
that these correlations occur independently of the BDNF
genotype.
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Figure 6. Serum brain-derived neurotrophic factor is
positively correlated with hippocampus volume in older
adults. Although this association is a relatively small effect,
it is significant (P < 0.05) and remains so after controlling
for potentially confounding factors such as sex and years
of education (data adapted from Erickson, Prakash, and
others 2010).

The research findings from humans, monkeys, and
rodents suggest an important link between BDNF protein
and age-related memory impairment. However, an
important question remaining from this research was
whether serum BDNF levels would be associated with
memory function and hippocampal atrophy in aged
humans. One recent study set out to assess these associa-
tions. In 142 older adults without AD, the size of the hip-
pocampus was acquired using an automated segmentation
algorithm from magnetic resonance images (Erickson,
Prakash, and others 2010). Serum BDNF levels were
obtained using an ELISA and memory function evaluated
using a spatial memory paradigm known to be sensitive
to hippocampal atrophy. In this study, serum BDNF lev-
els declined with advancing age and mediated age-related
decrements in spatial memory performance. Furthermore,
hippocampal volumes declined with age, but higher
BDNF levels were associated with larger hippocampal
volumes (Fig. 6). These results demonstrate that BDNF
plays a pivotal role in age-related memory impairments
and provide an important link between age-related atro-
phy of the hippocampus and serum levels of BDNF.

Overall, this literature unequivocally argues that
BDNF plays an important role in memory impairment
and hippocampal atrophy, although very few studies
have tested a direct causal role for BDNF in age-related
memory impairment (Tapia-Arancibia and others 2008).
As discussed above, there might be several paths by

which disruptions in BDNF signaling could mediate age-
related impairments, including factors that moderate
BDNEF signaling such as environmental and hormonal fac-
tors. In the next sections, we describe results that focus
on the role of depression and exercise on hippocampal
atrophy in late adulthood and the evidence that BDNF
plays a pivotal role in these associations.

BDNF, Depression,
and Hippocampal Atrophy

Medical illness, physical pain, bereavement, financial
insecurity, and death anxiety have all been associated with
increased risk for geriatric depression. Furthermore, the
interaction of depression and mild cognitive impairment is
considered a risk factor for AD (Butters and others 2008),
but whether depression is more likely to precede, follow,
or covary with nascent dementia remains a matter of debate.
Among the multiple paths by which depression may influ-
ence the risk for AD (Butters and others 2008), changes in
BDNF pathways and hippocampal deterioration are two
routes by which geriatric depression and age-related cog-
nitive impairment might be linked.

Major depressive disorder is associated with smaller
hippocampal volumes in both young and older popula-
tions (Steffens and others 2000), a finding similar to the
outcomes of research reviewed above showing an
increased risk for dementia due to smaller hippocampal
volume. Smaller hippocampal volumes are also predic-
tive of poorer long-term outcomes of antidepressant
treatment such as increased relapse rates (Hsieh and oth-
ers 2002). Associations between depression and decreased
hippocampal volume, reviewed below, are especially dis-
concerting because hippocampal deterioration and resul-
tant age-related memory impairment might exacerbate
depression and vice versa.

There are several lines of evidence that link BDNF to
the hippocampal atrophy seen in depression. First, post-
mortem examinations of depressed patients and suicide
victims have found decreased levels of BDNF protein in
several brain regions including the hippocampus, but
individuals receiving antidepressant therapy do not show
the same reduction in BDNF protein levels (Duman and
Monteggia 2006). In fact, serum levels of BDNF are
lower in depression but can be rescued by antidepressant
therapy. Antidepressants appear to block or reverse hip-
pocampal shrinkage associated with depression (Schmidt
and Duman 2007). These results suggest a significant
degree of hippocampal plasticity that can be manipulated
with antidepressants and a possible mediating role for
BDNF in that process.

Research with rodents provides a second line of evi-
dence that describes the molecular mechanisms by which
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Figure 7. Hypothetical mediation models for (A) the association between brain-derived neurotrophic factor (BDNF) signaling,
serotonin fibers and neurotransmission, hippocampal volume, and depressive symptoms. Depressive symptoms are modeled here
as a latent cluster of symptoms. In this model, BDNF signaling has a reciprocal relationship with serotonin such that reductions
in both lead to decreased hippocampal volume. There is a circular path between decreased hippocampal volume, increased
depressive symptoms, and decreased serotonin fibers and neurotransmission. Thus, in this model, it appears as if decreased
hippocampal volume precedes depressive symptoms, but increased depressive symptoms might have compounding effects on
decreased hippocampal volume by magnifying the loss of serotonergic fibers. In model (B), we hypothesize that increased aerobic
exercise leads to increased production of BDNF, which in turn leads to increased hippocampal volume (e.g., dendritic branching
and cell proliferation) and improved memory function. However, similar to model (A), we predict that exercise influences
hippocampal volume through several pathways, BDNF being only one of them. Furthermore, exercise could also improve
memory function by influencing several different molecules and brain networks in addition to the hippocampus.

BDNF might be linked to depression. Animal models of
depression have demonstrated loss of serotonergic fibers
and a reduction in dendritic spine density in the hippo-
campus, yet BDNF works through trkB signaling cas-
cades to enhance the growth and survival of serotonergic
neurons (Mattson and others 2004). Interestingly, antide-
pressant therapy increases hippocampal BDNF mRNA
expression and BDNF immunoreactivity in both young
and aged rodents (Garza and others 2004). Antidepressant
medications also activate trkB receptors, which have
downstream effects on serotonergic neurotransmission
and neuronal arborization. In short, animal models and
postmortem research show that impaired 5-HT and BDNF
signaling is central to depression and that the mechanism
of action of antidepressants may involve normalizing
BDNF activity and reversing hippocampal atrophy.
Finally, a third line of evidence linking depression,
BDNF, and hippocampal volume emerges from research
examining the association between the BDNF Val66Met
polymorphism and risk for depression. Presence of the
Met variant has been associated with childhood (Strauss
and others 2005) and geriatric depression (Benjamin and
others 2010), but any potential moderating effect of the
Met variant on hippocampal atrophy in depression has
not been firmly established. In one study with younger
adults, the Met variant was associated with smaller hip-
pocampal volumes in depressed individuals (Frodl and
others 2007), but other studies have failed to demonstrate
this association (Benjamin and others 2010). Therefore,
the genetic associations between the BDNF Met variant

and risk for depression are relatively well established, but
the link between BDNF and hippocampal atrophy in the
etiology of depression remains questionable. This may be
explained by evidence supporting an interaction between
BDNF genotype and both hippocampal volume and phys-
ical activity in predicting risk for depression (Gonul and
others 2010; Lau and others 2010).

In sum, there is growing evidence that changes in
BDNF signaling underlie several neurobiological charac-
teristics of depression, including hippocampal shrinkage
and the efficacy of antidepressants. Because the causal
links between BDNF and depression are difficult to
establish in human studies, it is not yet clear if BDNF is a
causal factor leading to depression or a correlate of
depression and hippocampal volume (Fig. 7A). Nonethe-
less, the research on the links between BDNF, depres-
sion, and hippocampal atrophy are intriguing and could
be critical for a greater understanding of the risk factors
for both depression and cognitive impairment in late
adulthood. Unfortunately, at this point, we can only spec-
ulate about the possible mediating role of serum BDNF
on hippocampal volume in depressed older adults or the
additional links to cognitive impairment and AD (Box 1).

Exercise and Hippocampal Atrophy

It is clear that age-related changes in the BDNF system
might play an important mediating role in hippocampal
atrophy. However, if BDNF levels could be manipulated
over time and hippocampal atrophy and memory function
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Box |. Depression and Exercise

Epidemiological studies have reported that a greater amount of physical activity is associated with reduced depres-
sive symptoms in older adults (Lampinen and others 2000). However, observational studies are inherently limited
in determining causality between activity and depression. Therefore, several interventions have been conducted
that more conclusively demonstrate that physical activity is effective at treating depressive symptoms. In these
interventions, older adults with major depressive disorder are assigned to receive monitored regimens of moderate-
intensity exercise for several weeks to several months, whereas control groups receive antidepressant therapy,
social contact, or educational treatments. These studies have consistently shown therapeutic effects of exercise on
depressive symptoms. In fact, one study conducted over a 16-week period demonstrated that moderate-intensity
exercise was as effective as antidepressant medication at reducing depressive symptoms and was more effective at
reducing relapse (Blumenthal and others 1999). Exercise is also effective at reducing depressive symptoms in
medically ill older adults (Emery and others 1998). Although intriguing, the mechanisms by which exercise influ-
ences mood and depressive symptoms remain unknown. Given the role of brain-derived neurotrophic factor
(BDNF) in both depression and exercise, it is possible that exercise reduces depressive symptoms through BDNF

pathways (Laske, Banschbach, and others 2010).

assessed in relation to changes in BDNF, we could be
more convinced about the causal pathways linking BDNF
to hippocampal atrophy. There are several factors shown
to influence BDNF including caloric restriction, environ-
mental enrichment, and estrogen administration, all of
which are challenging to manipulate for extended periods
in human populations. However, aerobic exercise has
been shown to elevate BDNF levels in the hippocampus
and other brain regions and can be more easily manipu-
lated and measured in a laboratory setting in both humans
and rodents. In this section, we will briefly describe the
evidence linking aerobic exercise to hippocampal func-
tion and the putative role of BDNF in this association.
Research in rodents suggests that exercise is capable
of improving hippocampal function, even in aged ani-
mals. For example, aged mice that had voluntary access
to a running wheel for 45 days demonstrated greater cell
proliferation in the dentate gyrus than age-matched sed-
entary controls, but the genesis of new cells was attenu-
ated relative to the levels reached by younger animals
(van Praag and others 2005). Furthermore, cell prolifera-
tion in the dentate gyrus was associated with enhanced
learning rates on the Morris water maze, suggesting an
important behavioral link to enhanced cell proliferation
and survival. This effect was similar to another study that
found that voluntary exercise reversed age-related decline
in precursor cell activity but failed to maintain cell prolif-
eration at the level of younger animals (Kronenberg
and others 2006). These results suggest that exercise
increases neural growth and survival in the hippocampus
of both young and adult rodents but that there might be

Hippocampus volume

o ™
in o~ in

w

Volume (cm3)
& :: LT

e
in

w
[
o

15 20 25 30 a5 40
Cardiorespiratory fitness (VO,,,,,)

Figure 8. Greater mean hippocampus volume (across

left and right hemispheres) is associated with higher
cardiorespiratory fitness levels as quantified by VO, peak, the
gold standard measure of aerobic fitness, in 165 older adults
without dementia (data adapted from Erickson and others
2009).

limitations to the degree to which exercise can reverse
age-related losses.

In humans, aerobic fitness has also been associated
with hippocampal volume in both children and older
adults. For example, in one study with 165 older adults
without dementia, greater aerobic fitness levels were
associated with larger hippocampal volumes even after
controlling for potentially confounding factors including
age, sex, and years of education (Fig. 8). Furthermore,
hippocampal volume mediated fitness-related performance
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Box 2. Long-Term Effects of Physical Activity

The effect of physical activity on hippocampal volume might endure for several years and be predictive of subse-
quent conversion to dementia according to a recent longitudinal study (Erickson, Raji, and others 2010). In this
study, physical activity was quantified by the total number of blocks walked per week in 299 adults without
dementia. After a span of nine years, magnetic resonance imaging scans were taken, and voxel-based morphom-
etry was used to estimate tissue volume. After controlling for several potentially confounding factors (e.g., mobil-
ity, age, sex, years of education), individuals reporting greater amounts of physical activity nine years earlier had
greater gray matter volume in several regions, including the hippocampus. Interestingly, this effect was dependent
on the amount of physical activity obtained. Those walking at least 72 blocks per week, or roughly one mile per
day, were the only group to show significant sparing of brain tissue after nine years (Fig. 9). Furthermore, after a
follow-up period of four more years, greater brain volume in the hippocampus, inferior frontal gyrus, and supple-

mentary motor area was associated with a two-fold reduced risk for cognitive impairment. These results are impor-
tant in that they link, for the first time, physical activity patterns earlier in life and brain volume and cognitive

impairment later in life.

on a spatial memory task (Erickson and others 2009). These
results in humans are consistent with research in rodents
and suggest that aerobic exercise might be an effective
method for enhancing or reversing hippocampal volume
in late adulthood (Box 2).

Exercise unequivocally influences the morphology
and physiology of the hippocampus in both young and
old animals. However, to what extent do changes in the
BDNF system mediate the effect of exercise on the hip-
pocampus? Could exercise enhance hippocampal func-
tion by increasing the production of BDNF? In fact, many
studies in rodents find that exercise consistently increases
BDNF expression in several regions including the hip-
pocampal formation and cerebral cortex (Cotman and
Berchtold 2002). Interestingly, the amount of voluntary
running is positively associated with the amount of
BDNF detected in the hippocampus, suggesting a dose-
dependent effect of exercise on BDNF production. In an
important set of studies, BDNF mediated the exercise-
enhancing effect on Morris water maze acquisition, sug-
gesting a pivotal role of BDNF in hippocampal-dependent
learning and memory (Vaynman and others 2004). Exer-
cise has also been shown to enhance cell signaling by
increasing the expression of trkB receptors. For example,
in AD transgenic mice, APOE 4 mice had 50% fewer
trkB receptors than APOE e3 mice, but exercise increased
the expression of trkB to those levels shown by APOE 3
mice (Nichol and others 2009). In short, increased BDNF
and trkB expression is one of the most consistent effects
of exercise on brain function. It is clear from this research
that not only is exercise very effective at enhancing neu-
roplasticity especially in the hippocampus but also that
BDNF is critically involved in this process.

Recent evidence suggests that exercise might also be
effective at increasing BDNF levels in humans. For
example, moderate-intensity endurance training increases
BDNF in serum and plasma (Zoladz and others 2008).
However, other studies have reported inverse associa-
tions between basal serum BDNF and cardiorespiratory
fitness or have failed to detect changes in BDNF after
exercise or strength training (Goekint and others 2010).
There are several reasons for this variation, including dif-
ferences between acute versus long-term exercise, cross-
sectional versus randomized designs, the length and
intensity of exercise trials, the timing and methods by
which BDNF is assessed, and the specific population
being studied. In fact, few studies have measured BDNF
after exercise in older adults (Baker and others 2010),
and no studies to date have examined the association
between exercise, hippocampal atrophy, and BDNF in an
aged sample (Fig. 7B).

In sum, exercise improves hippocampal function and
is associated with decreased hippocampal atrophy, which
in turn might be mediated by increased BDNF. Convinc-
ing evidence for these associations emerges from animal
research, but more research is needed in humans to con-
firm or refute these claims.

Conclusions and Future Directions

The prefrontal cortex and hippocampus deteriorate in
late adulthood, preceding and leading to deficits in exec-
utive and memory function. We examined in this review
the evidence that age-related changes in BDNF might at
least partially explain hippocampal atrophy and increased
risk for memory impairment. We can conclude that 1)
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Effect of greater walking distances

Effect of walking > 72 blocks

Figure 9. (A) Over a nine-year period, greater amounts of physical activity in the form of walking are associated with greater
gray matter volume in several regions including prefrontal, temporal, and hippocampal areas. (B) The effect of walking on greater
gray matter volume was dependent on the amount of walking. Those individuals walking at least 72 blocks or roughly 6 to

9 miles per week showed the greatest amount of gray matter volume. Given the association between exercise and brain-derived
neurotrophic factor (BDNF), it is possible that these effects are at least partially mediated by BDNF (data adapted from Erickson,

Raji, and others 2010).

decreases in BDNF protein expression are associated
with poorer hippocampal function and increased rates of
geriatric depression and AD. 2) Hippocampal atrophy
occurs independently from the BDNF gene. That is, the
BDNF Val66Met polymorphism appears to have incon-
sistent and weak effects on hippocampal size in late
adulthood and may exert its effects only as a moderator
of other polymorphisms, diseases, or environmental fac-
tors. 3) Aerobic exercise enhances executive and mem-
ory function and reduces hippocampal atrophy in late
adulthood, and this may be partially mediated through a
BDNF pathway.

Despite these conclusions, there is also an important
limitation that has been alluded to throughout this
review. Only studies in rodents have manipulated BDNF
and examined the effect that the manipulation has on
memory and hippocampal physiology in aged animals.
This research has convincingly shown that BDNF plays
an important role in age-related hippocampal decline.

However, in humans, determining whether BDNF is
simply a biomarker for cognitive decline and hippocam-
pal atrophy or instead is causally associated with hippo-
campal atrophy is methodologically difficult, if not
impossible (Fig. 10). The conceptual difference between
a biomarker and a mediator is critical for understanding
the role that BDNF has on hippocampal morphology and
physiology. For example, both AD and depression are
associated with reductions in BDNF protein expression
in the hippocampus, but we cannot conclude from these
associations that decreases in BDNF cause hippocampal
atrophy or symptoms of AD or depression. It may be that
changes in some other set of molecules or cellular struc-
tures (e.g., dendritic branches) are causing both depleted
BDNF levels and increased memory impairment. There-
fore, at this point, we can argue that there is an associa-
tion between hippocampal atrophy and BDNF, but
we cannot currently differentiate between a biomarker
model of BDNF and a causal mechanism for BDNF in
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Figure 10. Hypothetical biomarker models of brain-derived neurotrophic factor (BDNF) signaling, hippocampal volume, and
memory function. In model (A), increased age is associated with decreased BDNF signaling and decreased hippocampal volume,
but these paths run parallel with each other such that reductions in BDNF signaling are viewed as a liability for decreased
hippocampal volume but not a mechanistic pathway. Similarly, in model (B), reciprocal connections between BDNF and serotonin
exist, and reductions in BDNF signaling only indirectly influence the risk for depressive symptoms. In this model, changes in
BDNF and hippocampal volume would be correlated with depressive symptoms but would not by themselves be sufficient for
causing depressive symptoms. In model (C), an increase in the amount of exercise results in improvements in memory but does
so independently of changes in BDNF or hippocampal volume. Again, BDNF and hippocampal volume might be correlated with
exercise-related improvements in memory function but would not be causally related.

age-related hippocampal atrophy. Nonetheless, animal
research has shown that BDNF and its corresponding
trkB receptor and signaling cascades are fundamentally
involved with AD, memory impairment, hippocampal
atrophy, depression, and the ameliorating effect of exer-
cise. Similar associations in humans provide transla-
tional support for a fundamental role of BDNF in these
associations.

Major depressive disorder is considered a risk factor
for AD and memory impairment and is associated with
less BDNF and greater hippocampal atrophy, possibly
through a BDNF pathway. On the other hand, exercise is
an effective treatment for geriatric depression, increases
BDNEF levels, increases serotonergic fibers, is associated
with greater hippocampal volumes, and reduces the risk
for AD. Is it coincidental that depression and exercise
have opposing effects on the aging hippocampus and
serotonergic system and are both at least partially medi-
ated by BDNF? We can speculate that aerobic exercise

could be a treatment for depression by increasing BDNF
and hippocampal volume. In fact, consistent with this
hypothesis, two recent studies found that exercise increased
serum BDNF in elderly women with remitted major
depression (Laske, Banschbach, and others 2010) and in
patients with panic disorder (Strohle and others 2010).
However, although BDNF is a possible mechanistic path-
way for the therapeutic effects of exercise on depression,
it is also likely that exercise works through alternative
paths (e.g., hypothalamic-pituitary-adrenal axis) as well.
In short, more research is needed to determine the ways
in which exercise exerts its therapeutic effects on hippo-
campal morphology and depressive symptoms.

In summary, we conclude from this review that there
is mounting evidence that BDNF protein expression
plays an important role in age-related hippocampal atro-
phy and that geriatric depression magnifies hippocam-
pal atrophy and risk for AD through BDNF pathways
while exercise enhances hippocampal morphology and
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physiology by elevating the production of BDNF.
Future research is needed to determine the extent to
which BDNF mediates hippocampal atrophy and mem-
ory impairment or is a biomarker for other cellular and
molecular changes.
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