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The Douglas Mental Health University Institute, in collaboration with the McGill Centre for Studies in
Aging, organized a 2-day symposium entitled “Biological Changes Associated with Healthy Versus
Pathological Aging” that was held in 13 and 14 December 2007 on the Douglas campus. The symposium
involved presentations on current trends in aging and dementia research across several sub-disciplines:
genetics, neurochemistry, structural and functional neuroimaging and clinical treatment and
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ideas that would lead to future collaborative neuroscience research in aging and dementia. In this review
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Amyloid deposition highlight: (i) past research, and future research trends in neuroscience of aging and dementia and (ii)
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It is clear from the multidisciplinary nature of research on aging
and AD that the mechanisms contributing to healthy and
pathological aging are numerous and span different levels of
biological analysis: ranging from genetic factors to neuro-chemical
and structural neuro-anatomical factors. Thus, to improve our
ability to develop effective prevention and treatment methods for
AD and other dementias, it is necessary to conduct transdisciplinary,
collaborative, and innovative neuroscience research in aging.

The first stage in developing research programs is to promote
communication amongst neuroscientists working at different
levels of analysis who have similar research goals. With this first
stage of knowledge-transfer in mind a 2-day aging and dementia
symposium was held at the Douglas Mental Health University
Institute and McGill University in December 2007 entitled
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“Biological changes associated with healthy versus pathological
aging”. The symposium was funded by the Canadian Institutes
for Health Research, the McGill Centre for Studies in Aging, and
a number of corporate sponsors. The 2 days of presentations
were divided into five sub-topics aimed at representing
different levels of analysis within neuroscience-based geriatric
research: (1) genetics; (2) neurochemistry; (3) structural neuroi-
maging; (4) functional neuroimaging; and (5) prevention and
treatment.

153 scientists and clinical staff involved in geriatric research
and/or care in the Montreal community attended the symposium
in which presentations were made by 13 distinguished clinicians
and neuroscientists conducting research in one of the five
aforementioned areas of specialization. The presenters, their
academic affiliations and the title of their presentation were as
follows:

Dr. J. Poirier, PHD (McGill University, Canada), “Apolipopro-
tein E4: A Pharmacogenomic and Therapeutic Target for the
Treatment of Alzheimer’s Disease”
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Dr. G. D. Schellenberg, PHD (University of Washington, USA)
“Genetics of Alzheimer’s, Fronto-temporal Dementia and
Parkinson’s disease with dementia: Similarities and Differ-
ences”

Dr. E. Rogaeva, PHD (University of Toronto, Canada) “Genetic
Studies in Alzheimer’s Disease and Fronto-temporal Dementia”
Dr. S., Bastianetto, PHD (Douglas Mental Health Univ. Inst.,
MCcGill University, Canada) “Toward the Identification of Novel
Genes Involved in Memory—possible interactions with natural
products”

Dr. R. Cools, PHD (FC Donders Centre for Cognitive
Neuroimaging, Radboud University, The Netherlands)
“Dopaminergic modulation of high-level cognitive functions
in Parkinson’s Disease”

Dr. W. Song, MD, PHD (University of British Columbia,
Canada) “BACEs for Alzheimer’s Disease Pathogenesis and
Therapy”

Dr. M. N. Rajah, PHD (Douglas Mental Health Univ Inst.,
McGill University, Canada) “Age-related Changes in Prefrontal
Contributions to Episodic Memory”

Dr. C. L. Grady, PHD (Rotman Research Inst., University of
Toronto, Canada) “Age-related Differences in Cognitive and
Neural Resources Utilized During Memory Tasks.”

Dr. H. Chertkow, MD (Lady Davis Institute, McGill University,
Canada) “Functional Imaging and Alzheimer’s Disease.”

Dr. J. Pruessner, PHD (Douglas Mental Health Univ Inst.,
MCcGill University, Canada) “Structural MRI changes in the
elderly: the chicken or the egg?”

Dr. N. Raz, PHD (Wayne State University, USA) “Structural
Brain Aging: Trajectories of Change, Their Modifiers and
Cognitive Correlates”

Dr. S. Gauthier, MD (McGill Centre for Studies in Aging, McGill
University, Canada) “Current Treatments for Dementia”

Dr. M. D’Esposito, MD (UC Berkeley, USA) “A Cognitive
Neuroscience Approach Towards Developing Cognitive Therapy
Interventions for Healthy Aging”

The primary objective of the symposium was to provide a forum
for knowledge-transfer between scientists with different specia-
lizations by allowing these scientists to hear and discuss the
current, cutting edge research ongoing in different areas of
expertise within the field of neuroscience on aging and dementia.
Through these discussions we hoped to encourage cross-fertiliza-
tion of research ideas that would promote the need for future
collaborative, transdisciplinary research in aging and dementia.
The summary of the given presentations and results from round-
table discussions that occurred during this meeting are presented
in this article. We hope by presenting these discussions in the
current format we highlight: (i) past research and future research
trends in neuroscience of aging and dementia and (ii) possible
research links between different areas of specialization that can
lead to the formulation of much needed transdisciplinary research
programs that can advance our understanding of the neurobio-
logical changes associated with both healthy aging and develop-
ment of dementia.

1. Genetics

The first session of the symposium mainly discussed studies
about the genetic basis of sporadic late-onset AD from the labs of
Dr. Poirier, Dr. Rogaeva, Dr. Song, Dr. Bastianetto and Dr. Quirion.
Dr. Poirier presented work in support of the “APOE €4-allele lipid
imbalance hypothesis”(Poirier, 1994), which is based on the
observation that one of APOE’s core functions in the brain during
development and in response to brain damage or neurodegenera-
tion in adults, is to recycle cholesterol and phospholipids from

dead or dying cells to neurons undergoing terminal remodeling
and synaptic replacement (Poirier et al., 1995). According to this
model, the restoration of APOE concentrations in the brain of €4
carriers to levels found normally in €3 subjects (or €2 subjects)
would either delay disease onset or slow down the rate of
progression. Recent animal studies in Poirier’s lab have shown that
probucol, an old cholesterol lowering drug used to treat familial
hypercholesterolemia, up-regulates APOE synthesis and secretion.
A small pilot clinical trial tested probucol in a cohort of 12 mild-to-
moderate AD subjects not using acetylcholinesterase inhibitors nor
memantine. Clinical assessments revealed a concomitant stabili-
zation of the symptoms on the Alzheimer’s Disease Assessment
Scale-Cognition (ADAS-Cog) and on the Disability Assessment of
Dementia (DAD) scale over the course of the trial. The clinical
benefits on the ADAS-Cog correlated with the increase of APOE
levels in the CSF of these patients (p < 0.05). More interestingly,
there was a significant inverse relationship between the increase in
APOE levels and the reduction of total beta amyloid levels in the
CSF of the Probucol-treated AD subjects (Poirier, 2003). These
preliminary results are suggestive; but, only prospective, double-
blind placebo-controlled clinical trials with AD subjects with and
without APOE-¢4 over a long period of time will allow us to confirm
the beneficial effect of probucol in sporadic Alzheimer’s disease.

Dr. Song and Dr. Rogaeva presented some of their work aimed at
identifying novel genes linked to the incidence of late-onset AD,
which can lead to the development of novel drug therapies. Song
discussed the involvement of BACE1 enzyme expression in the
production of pathogenic AP. Overall, Song et al.'s BACE1 studies
suggest that the strict transcriptional regulation of BACE1 is
intimately involved in restricting BACE1 gene expression, as a
small increase in BACE1 protein can dramatically affect pathogenic
AP production (Christensen et al., 2004; Qing et al., 2004). This
suggests that factors which increase BACE1’s relatively weak
promoter activity can have a large impact on sporadic AD
pathogenesis. They also have shown that several risk factors
involved in AD pathogenesis, including oxidative stress and
vascular incidences leading to hypoperfusion and local hypoxia,
can be linked to upregulation of BACE1 expression and increase
pathogenic activity both in vitro and in vivo (Nicolaou et al., 2001;
Sun et al., 2006; Tong et al., 2005; Zhou and Song, 2006); together
these findings highlight a role for BACE1 in the pathogenesis of
late-onset AD.

Dr. Rogaeva discussed how the sortilin-related receptor SORL1
is functionally and genetically associated with late-onset AD
(Rogaeva et al., 2007). SORL1 protein regulates differential sorting
of APP either into the retromer recycling pathway, or into the late
endosomal pathway, where APP undergoes [3- and +y-secretase
cleavage to generate Af3. The precise identity of the genetic
mutations in SORL1 remains to be determined. However, the
results showed that there are several disease-associated allelic
variants in distinct regions of SORL1 (specifically near the 3’ and 5’
ends of the gene) that are reproducibly associated with late-onset
AD in datasets from multiple different ethnic origins (Bettens et al.,
2008; Meng et al., 2007; Rogaeva et al., 2007; Tan et al., 2007).

Apart from studying genetic polymorphisms that directly alter
the aging process, there is another mechanism by which genetics
can have an impact on healthy and successful aging: variations in
gene expression that systematically change with age. Dr. Quirion’s
lab, and others, have found several genes [transthyretin (TTR; a
retinol transporter), calcineurin, and NAD(P)H dehydrogenase
quinone 2 (NQO2)] that are differentially expressed in the
hippocampus of age-impaired (Al) versus age-unimpaired (AU)
rats. Dr. Bastianetto discussed the interaction between some
natural products and TTR genetic expression in aged rodents
(Bastianetto et al., 2006). Two animal studies have reported that
TTR gene expression was up-regulated in the hippocampus of
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rodents fed with natural extracts enriched with polyphenols such
as ginkgo biloba extract EGb 761 or grapes. These findings are of
clinical importance since TTR is thought to sequester amyloid-3
(AB) and to prevent its aggregation occurring in the brain of
patients with Alzheimer’s disease (Bastianetto et al., 2007). These
findings suggest that one mechanism whereby polyphenols may
exert their neuroprotective effects is by the activation of TTR, a key
gene whose decreased expression levels are associated with
memory deficits during aging.

The presentations and discussions on the genetics of aging and
AD focused on identifying novel genes for sporadic late-onset AD
(i.e. BACE1 and SORL1) and developing new therapies based on
these and previous findings (i.e. use of polyphenols to stave off
impairments in hippocampal function with age and use of
probucol as a potential drug therapy for APOE-€4 individuals at
risk of developing AD). We also discussed why some genetic links
to AD may have been missed in previous studies (i.e. association
between AD and the SORL1 locus). These oversights in previous
work may have been due to (1) an overly strict correction for
multiple testing in genome-wide association studies; (2) the
absence of AD-associated mutations in some datasets (locus
heterogeneity); and (3) the presence of multiple disease-related
gene variations (allelic heterogeneity), which is more problematic
in ethnically mixed datasets such as North American cohorts. Such
heterogeneity has important implications for replication studies
that would need to assess a battery of variations in the gene of
interest by using datasets with homogeneous genetic back-
grounds. Indeed, the association of disease with a single allele
(e.g. APOE e4) is a rare event for both complex and monogenic
diseases. As such, there was consensus that future research should
focus on discovering large families with causal AD mutations and
conducting longitudinal studies of multiple pre-symptomatic
mutation carriers, the investigation of which could include testing
the predictive value of neuroimaging techniques and other
potential biomarkers (see below). These studies would eventually
help detect individuals at risk while the neuronal damage is still
minor. Another essential area of future research is the study of
modifiers of age of onset for patients with dementia, that could
lead to the discovery of novel therapeutic targets. Overall, these
discussions showed that it is critical that in future studies
researchers collect large datasets with extensive clinical informa-
tion in order to investigate the genetic epidemiology of AD and
understand gene-environment interactions.

2. Changes in prefrontal dopaminergic function in healthy
aging and dementia

In another session, the important changes in neurotransmitter
synthesis and release that occur in healthy aging, and which may
contribute to the cognitive deficits observed in certain age-related
disorders, were discussed. Dr. Cools presented her work on
changes in cognitive control related to levels of dopaminergic
medication administered for Parkinson’s disease. She showed how
dopaminergic medication improves some cognitive control func-
tions (e.g. well-learnt task-set switching) associated with severely
depleted neural regions (e.g. the dorsal striatum), but also impairs
other flexible cognitive control functions (e.g. reward-based
reversal learning), hypothetically by detrimentally ‘over-dosing’
relatively intact neural regions (e.g. the ventral striatum) (Cools,
2006; Cools et al., 2001, 2003, 2007). Thus, the effects of
dopaminergic medication was shown to depend on the demands
of the specific cognitive control processes under study and baseline
levels of dopamine (DA) in the neural systems underlying those
processes. The work by Cools et al. not only highlights a critical role
for subcortical DA in flexible cognitive control, but also begins to
elucidate the neurobiological factors that mediate the large

variability in dopaminergic drug effects. The data may stimulate
the re-evaluation of existing models of cognitive control, which
focus almost exclusively on the role of the prefrontal cortex.
Indeed, future research on healthy and abnormal aging should take
into account (i) the importance of striatal dopamine in cognitive
dysfunction; (ii) the potential of dopamine-enhancing drugs for
the treatment of cognitive function; and (iii) the presence of large
individual variability in cognitive deficits and dopaminergic drug
efficacy, probably reflecting quantitative variation in baseline
dopamine function.

3. Pathological changes in regional brain volumes with age

The findings of altered hippocampal (HC) volume in Alzheimer’s
disease and the availability of high-resolution magnetic resonance
imaging (MRI) have triggered a wealth of studies investigating the
potential for region-specific reductions in neural volume to serve
as an early marker of AD, prior to disease onset. At this symposium
Dr. Pruessner and Dr. Raz addressed this potential for volumetry
studies. Pruessner summarized previous work showing age-
related reduction in HC volume; with some studies reporting a
linear trend of HC volume decline with age (Jack et al., 1995, 2002;
Jernigan et al., 2001), and others reporting the presence of a non-
linear relationship between HC volume and age [“aging model”;
(Bhatia et al., 1993; Mu et al., 1999; Raz et al., 2004a)]. He also
discussed how systematic reduction in HC volume has been
reported in Alzheimer’s disease, on top of the aging effect.
However, he pointed out that it was unclear from these previous
works how much of the observed HC volume reductions were
directly related to either the AD or the aging process; and that it
was possible that some of the volume differences observed may be
due to preexisting neural conditions that put subjects at risk of
age-related neurodegeneration, thus biasing results from cross-
sectional studies investigating HC volume differences in AD and
healthy aging. This highlights the need for understanding the
directionality of the relationship between HC volume reductions
and age-related neurodegeneration. Pruessner presented work
from his lab that contributes to our understanding of the
directionality of this relationship by showing that there are
systematic gender differences in HC volume in early adulthood
(Pruessner et al., 2001), and that personality differences can also be
associated with systematic differences in HC volume (Pruessner
et al., 2005). This shows that there are individual differences in HC
volume in the absence of dementia and highlights how future
studies should qualify the effects of early-life adversity on brain
development and risk for adult psychopathology in the aim of
clarifying the directionality of the relationship between lower HC
volume and cognitive decline in the aged. Only then can we
determine if reduced HC volume can serve as a valid early marker
for dementia risk.

The HC is not the only brain region to show age-related volume
shrinkage. Dr. Raz discussed in vivo brain studies of healthy adults
that have found consistent and repeatable finding of age-related
shrinkage of the tertiary association cortices, the caudate nuclei,
the cerebellum, and the HC. In contrast, secondary association
cortices (e.g. the fusiform) show lesser if any age-related declines
and primary visual cortex appears relatively stable across most of
the adult lifespan. In addition, Dr. Raz talked about how the
observed pattern of differential brain aging is significantly
modified by multiple negative and positive factors. Vascular risk
factors such as hypertension are linked to shrinkages of the regions
that show significant age-related decline such as the HC (Raz et al.,
2005) and the prefrontal cortex and white matter (Raz et al.,
2004b). Deterioration of the white matter, expressed as prolifera-
tion of white matter hyperintensities (WMH) with aging, is
associated with advanced age but may be explained by accumula-
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tion of vascular risk (Raz et al., 2007). Genetic variations such as
presence of APOE €4 or BDNF Val66Met allele may explain some of
the individual differences in age-sensitive brain regions (e.g.
Moffat et al., 2000; Bueller et al., 2006), but the literature in that
area of research is still too sparse to allow any firm conclusions.
Recent studies have suggested that negative effects of aging on
brain and cognition may be offset by positive modifying influence
of aerobic fitness, an intervention whose impact is the clearest in
the age-sensitive regions (Colcombe et al., 2003). In addition to
(and in conjunction with) aerobic fitness, antihypertensive
treatment and hormone replacement therapy in women may
alleviate negative effects of aging on the brain structure (Raz et al.,
2004a; Erickson et al., 2005).

Overall, these presentations and discussions highlighted how
noninvasive volumetric research on healthy adults and those with
AD has produced a wealth of knowledge; however, this line of
research has also raised multiple questions. As Dr. Pruessner
highlighted, we do not know if early life events on regional volumes
bias the volumetric results obtained in aging and dementia studies
and whether these early life events increases one’s vulnerability to
age-related cognitive decline and/or dementia. We also do not have a
clearidea of the neurobiological underpinnings of the observed MRI-
derived changes in regional volumes. A longitudinal study, employ-
ing an established animal model of aging, would help clarify these
issues. Such a study should combine neuroimaging and controlled
postmortem examination at different stages of aging. Given the
relative subtlety of effects in healthy aging, such a study will require a
significantly greater number of animals than is currently deemed
acceptable in this field of inquiry. In addition, little is also known
about how specific genotypes may be linked to individual differences
in regional volumes and vulnerability to dementia. Therefore, this
session showed that to address these pertinent questions, the
desired scale of investigation requires the implementation of state of
the art imaging techniques, cognitive examination, and adequate
controls for multiple risk factors, and necessitates a collaborative
effort, across multiple disciplines and laboratories.

4. Using functional neuroimaging to interpret changes in brain
function associated with healthy aging and dementia

At this symposium Dr. Chertkow, Dr. Grady and Dr. Rajah
reviewed the clinical applications of functional neuroimaging in
studying early signs of cognitive decline in the aged and early
diagnosis of dementia. Chertkow showed how the development
and validation of the positrom emission tomography (PET)
amyloid-imaging agents, such as Pittsburgh Compound-B (PiB),
provides a break-thorough for neuroscientists interested in
studying: (i) the relationship between the degree and localization
of amyloid deposition and cognitive function; (ii) the time course
of region-specific amyloid deposition in healthy aging, MCl/early
AD and AD; (iii) individual differences in regional amyloid plaque
formation and its correlation with specific clinical and behavioral
symptoms; and (iv) in the validation of new anti-amyloid-based
therapies (Ikonomovic et al., 2008; Nordberg, 2007).

In addition, recent studies employing blood-oxygen-level-
dependent functional magnetic resonance imaging (BOLD-fMRI)
have provided us with considerable insight about the changes in
neural activity in healthy elderly and elderly with dementia; and
how these changes in activity correlate with cognitive abilities. In
general, studies to date have found many similarities in the patterns
of activity in young and old adults, indicating that basic neural
mechanisms are maintained into older age (Grady et al., 2008;
Morcom et al., 2007; Townsend et al., 2006). Despite these overall
similarities, older adults often have less activity in some regions,
such as medial temporal areas during memory encoding or retrieval
(Daselaar et al., 2006; Grady et al., 1995), and visual regions across a

variety of cognitive domains (Cabeza et al., 2004). It seems clear that
age reductions in cognitive function can be tied, at least in part, to
these reductions in brain activity. On the other hand, older adults
typically also over-recruit some brain areas, mainly ventral or dorsal
PFC during memory tasks, and both frontal and parietal regions
during tasks engaging cognitive control processes, such as attention
(for a review see Rajah and D’Esposito, 2005). In some cases, this
over-recruitment appears to be in response to altered function in
other brain regions, such as the hippocampus or sensory cortices,
andis often seenin those older adults who perform better on the task
at hand (Grady et al., 2005). These findings have provided rather
convincing support for the idea that over-recruitment can be
compensatory in the elderly. Nevertheless, not all age increases can
be interpreted as compensatory, and some are more indicative of
neural inefficiency (Rypma et al., 2007).

At the symposium Dr. Rajah discussed some of the issues faced in
interpreting changes in BOLD-fMRI activity in older compared to
younger healthy adults and presented a framework for distinguish-
ing changes associated with compensation, dedifferentiation and
deficits in function in the aged, by correlating measures from
functional MR, structural (volume) MRI (see previous section) and
behavioral performance across mnemonic and cognitive control
tasks (see Cabeza, 2002; Greenwood, 2007; Rajah and D’Esposito,
2005). Rajah suggested in her talk that in order to accurately
interpret the observed age-related changes in brain activity it is
critical to examine how these changes relate to underlying changes
in grey and white matter volume and how this in turn correlates
with task performance. For example, if an area has increased activity
and reduced grey matter volume, then this may reflect a
compensatory response in neural activity, in reaction to volume
loss (Greenwood, 2007); particularly if it is correlated with
improved performance. However, if there is an increase in activity,
reduced volume and no correlation to performance, then this may
reflect either dedifferentiation or a failed attempt at compensation.
Other areas, in which activity and volume correlates positively with
task performance in young adults, but which exhibit age-related
reductions in both volume and activity, and reduced correlations
with task performance in older adults, may reflect structural
impairment with a primary deficit in function. Task-related regions
with no volume loss exhibiting either less/more activity in older
adults, which does not correlate with task performance, may reflect
weakening of neural representations, spurious activity, or general-
ization of function due to dedifferentiation.

Dr. Grady then presented data from experiments in her lab that
further examined the issue of interpreting both increases and
decreases in age-related brain activity, using multivariate statis-
tical techniques and brain activity-behavior correlations. In one
study, she used fMRI and a 1-back task to assess working memory
(WM) for spatial (sound location) and nonspatial (sound category)
auditory information in young and older adults (Grady et al., 2008).
A mixed block-event related design was used to measure sustained
activity during each task block, and transient activity to targets
(repetitions of location or category). Young and older adults
performed similarly in the spatial task, but older adults performed
more poorly on the category task. In both groups, there was
increased sustained activity for category WM in left anterior
temporal and inferior prefrontal cortex (PFC), and increased
activity for location WM in right inferior parietal cortex and
dorsal PFC. There were no reliable age differences in this pattern of
activity. Older adults had more sustained activity than younger
adults in left PFC during both tasks, suggesting that additional PFC
recruitment in older adults reflects non-specific engagement of
frontally mediated task monitoring processes. Although this is
indicative of dedifferentiation, one cannot rule out the possibility
that PFC activity may also be compensatory, at least during the
spatial task where there were no age differences in behavior.
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To gain insight into the effects on age on large-scale brain
networks, Grady used functional MRI to examine brain activity
during encoding and recognition tasks in young, middle aged
and older adults to identify correlations between age and brain
activity across all tasks. Across all memory tasks, at both
encoding and recognition, linear increases of activity with age
were found in areas normally decreased during task perfor-
mance (e.g., medial frontal and parietal regions), whereas
activity in regions with task-related activation (e.g. dorsolateral
prefrontal cortex) decreased with age. These results suggest
that there is a gradual, age-related reduction in the ability to
suspend non-task related, or “default mode” activity and
engage areas for carrying out memory tasks. Such an alteration
in the balance between default mode and task-related activity
could account for increased vulnerability to distraction from
irrelevant information, and thereby affect multiple cognitive
domains.

The discussions that followed these presentations raised
several issues that will need to be addressed in future work in
this field. One of these is whether cognitive training in older
adults improves performance and influences brain activity. One
might hypothesize that improving performance through training
would lead to recruitment of PFC activity, if this activity is
compensatory. However, a recent training study (Erickson et al.,
2007) indicates that improving performance through training
does not necessarily lead to increased activity in PFC, but may
actually result in less activity, thereby reducing age differences.
The result of training will probably depend on whether the
training leads to greater automaticity, in which case PFC activity
would be expected to decrease, or learning of a new way to
apply cognitive control, in which case PFC activity would be
expected to increase. Another important question is the relation
between structural and functional changes with aging. As Rajah
noted in her presentation, future fMRI studies will need to
incorporate volumetric measures, DTI measures of tract
integrity and measures of white matter damage in order to
fully characterize the complex interactions of structural and
functional changes. A few studies have utilized one or the other
of these structural measures and compared them to functional
measures (Colcombe et al., 2005; Persson et al., 2006). These
studies indicate that there is likely some influence of age-related
structural changes on functional measures obtained from older
adults, but the strength of this influence or whether it is task- or
region-specific remain to be determined. It is apparent,
however, that age reductions in grey or white matter integrity
do not necessarily translate into functional reductions. It may be
that the type of change, particularly in the white matter, may be
critical for the impact seen on the BOLD response. Finally, future
functional neuroimaging studies should explore how individual
differences in brain activity may be stratified by specific
genotypes known to be associated with dementia susceptibility
and/or specific neural processes known to change with age (i.e.
prefrontal and hippocampal function), in order to determine if
there are early changes in brain function that predict cognitive
and behavioral deficits and/or conversion to dementia. The idea
of developing a model of how specific genes relate to cognitive
phenotypes is not novel (see Greenwood and Parasuraman,
2003); and studies have shown a relationship between varia-
tions in catechol-O-methyltransferase (COMT) genotype, dopa-
minergic catabolism and prefrontal cortex function in humans
(Joober et al., 2002; MacDonald et al., 2007; Meyer-Lindenberg
et al., 2006). Associations between genes coding for nicotinic
receptor subunits and memory and attention functioning have
also been shown (Greenwood and Parasuraman, 2003); how-
ever, few studies have systematically examined gene-brain
function interactions in healthy aging and in dementia. Such

inter-disciplinary research will significantly contribute to our
understanding of aging and dementia.

5. Summary and outlook

Overall, the discussions at this symposium highlighted that
advancement in aging and dementia neuroscience research would
greatly benefit from integrating research across different dis-
ciplines. In his presentation on novel remediation methods for
treating cognitive decline in the aged, Dr. D’Esposito discussed how
integrating knowledge gained from neuroimaging studies of
prefrontal cortex contributions to cognitive function, with
neurochemical studies of dopamine function, has the potential
to lead to significant developments in targeted rehabilitation
methods. He proposed that goal-directed behavior, at the core of
what we consider human, depends critically on the function of the
frontal lobes, and, specifically, the prefrontal cortex (PFC). There is
anatomical, physiological and neuropsychological evidence of
decline in PFC function with normal human aging and in dementia
clients exhibiting deficits in cognitive control. Thus, D’Esposito
suggested that development of cognitive rehabilitation strategies
for treating the cognitive deficits associated with aging should be
aimed at those processes mediated by the PFC. However, cognitive
deficits resulting from PFC damage have been particularly
challenging to rehabilitate (D’Esposito and Gazzaley, 2006).
Despite considerable effort by clinicians and researchers to
develop rehabilitation strategies for such individuals, attempts
to treat such individuals have often yielded disappointing results.
It has been challenging to develop such therapeutic interventions
for several reasons. First, a solid theoretical basis on which to
develop interventions has been lacking. Such a foundation is
crucial not only for designing therapies, but also for deciding how
to measure and test the efficacy of therapies. Inappropriate
outcome measures, for example, are as likely to result in ‘negative’
treatment trials as inappropriate treatments. Second, there is a
significant range of cognitive processes that may be altered by PFC
dysfunction (e.g. deficits in planning, response inhibition, initia-
tion, self-awareness). This seemingly diverse array of processes
makes for a confusing array of therapeutic targets.

Thus, further insight into the neural mechanisms underlying
normal PFC function can serve as the theoretical foundation to
develop effective therapeutic interventions for elderly exhibiting
cognitive complaints. Derived from the vast literature of studies of
PFC function (Miller and Cohen, 2001), several common themes
have been put forth regarding the role of the PFC in cognitive
function. Of these core cognitive processes that have been
attributed to the PFC, some of them show decline in normal
aging. For example, it has been found that during working memory
encoding, healthy older adults exhibit a deficit in top-down
suppression of task-irrelevant information, while top-down
enhancement of task-relevant information is preserved (Gazzaley
et al., 2005). Furthermore, this suppression-specific attention
deficit correlates with impairments in working memory. Therefore,
D’Esposito and other presenters at the symposium argued that
future cognitive therapy interventions for healthy aging and
dementia should be aimed at developing therapies that target not
only memory-related HC function, but also PFC-related cognitive
control processes that exhibit age-related decline. For example,
goal-management training is a theory-driven, clinically relevant
approach to treating patients with deficits in cognitive control
(Levine et al., 2002; Levine et al., 2000). This protocol is based on
principles of the control functions important for goal-directed
behavior that have been validated for rehabilitation training
(Duncan et al., 1996). There is now good evidence for the efficacy of
this approach in remediating functional deficits relating to poor
executive control in both traumatic brain injury (Levine et al.,
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2000) and healthy aging (Levine et al., 2007; van Hooren et al.,
2007). A theory-driven, brain-based and ecologically relevant
approach to cognitive remediation should provide the architecture
necessary to translate performance improvements into real-world
functional gains.

The symposium discussions also highlighted how important it
is to find early biomarkers for identifying individuals at risk of
exhibiting cognitive deficits leading to dementia, be it through the
identification of novel genetic risk factors or identification of
structural or functional neuro-imaging markers of cognitive
change (assessed by PET, fMRI or EEG). The discussions also
highlighted the need to use theory-based outcome measures to
examine the efficacy of rehabilitation treatments. For example,
D’Esposito proposed that after effective rehabilitation training
aimed at enhancing PFC function, activity within the PFC should
become better integrated, and there should be evidence of
increased anterior-posterior functional connectivity. As evidence
of improved functional integration, there should be increased task-
relevant modulation of posterior brain activity as measured by
fMRI (Chen et al., 2006). Examining plasticity in PFC function at this
level of theoretical detail is a new frontier that bridges cognitive
neuroscience and clinical rehabilitation. The same approach could
also be used to examine how treatments benefit hippocampal
function, and the function of other impacted brain regions. In
general, presentations at the symposium encouraged the use of
theoretical frameworks, incorporating an understanding of genetic
and other neural mechanisms underlying brain function to develop
cognitive rehabilitation, and combining training with neurophy-
siologic outcome measures as a powerful approach for improving
the treatment of cognitive deficits in normal aging and dementia.

6. Conclusions

The Aging and Dementia Symposium, which took place at
Douglas Mental Health University Institute in December 2007,
contributed to a critical area of research: it brought together 13
internationally renowned scientists from four different research
areas and engaged them in intensive discussions over a 2-day
period. It thus has directly addressed the need for more
interdisciplinary research efforts, with the goal to integrate the
currently diverse theorems and axioms in aging and dementia
research. This integration is not a trivial task: while some of the
represented disciplines regard the dementias and the aging
pathology as a dichotomy (e.g., Genetics), others consider the
changes associated with normal and abnormal aging and
pathology to be located on a continuum. The future will have to
show whether it is the one or the other; however, recent
developments (e.g., Epigenetics) inspire hope that these formerly
extreme opposites do not have to remain incompatible forever. The
resulting research possibilities are indeed promising.

Conflicts of interest

All authors disclose that there are no actual or potential
conflicts of interest.

Acknowledgments

The organizers of this symposium kindly acknowledge grants
from the CIHR Inst. of Aging and Knowledge Translation and
support from McGill Centre for Studies in Aging, Geriatric Division
of Douglas Hospital, Douglas Research Centre and Dr. Nair, for this
symposium. Dr. Rajah’s and Dr. Pruessner’s work was supported by
CIHR’s New Investigator Award program and NSERC grants. Dr.
Bastianetto, Dr. Poirier, and Dr. Quirion work was supported by
CIHR grants. Dr. Cools work was supported by MRC, Wellcome

Trust and by NIH grants. Dr. D’Esposito’s work was supported by
NIH and NIA. Dr. Grady’s work was supported by CIHR, NSERC and
CFI grants and a CRC award. Dr. Raz’s work was supported by NIA.
Dr. Rogaeva’'s work was supported by CIHR grants and the
Alzheimer Society of Ontario. Dr. Bromley-Brits and Dr. Song’s
work was supported by CIHR grant and a CRC award. The
symposium organizers would also like to acknowledge the chairs
of symposium sessions: Dr. V. Nair, Dr. A. Dagher, Dr. S. Lupien, Dr.
C. Whattamough, Dr. R. Desautels. Additional thanks are given to L.
Valiquette, R. Languay, D. Crane and S. Pinto, for help in organizing
the symposium. Finally, all speakers and attendees are thanked for
their participation in this symposium.

References

Bastianetto, S., Brouillette, J., Quirion, R., 2007. Neuroprotective effects of natural
products: interaction with intracellular kinases, amyloid peptides and a pos-
sible role for transthyretin. Neurochem. Res. 32 (10), 1720-1725.

Bastianetto, S., Yao, Z.X., Papadopoulos, V., Quirion, R., 2006. Neuroprotective effects
of green and black teas and their catechin gallate esters against beta-amyloid-
induced toxicity. Eur. ]. Neurosci. 23 (1), 55-64.

Bettens, K., Brouwers, N., Engelborghs, S., De Deyn, P.P., Van Broeckhoven, C.,
Sleegers, K., 2008. SORL1 is genetically associated with increased risk for
late-onset Alzheimer disease in the Belgian population. Hum. Mutat. 29 (5),
769-770.

Bhatia, S., Bookheimer, S.Y., Gaillard, W.D., Theodore, W.H., 1993. Measurement of
whole temporal lobe and hippocampus for MR volumetry: normative data.
Neurology 43 (10), 2006-2010.

Bueller, J.A., Aftab, M., Sen, S., Gomez-Hassan, D., Burmeister, M., Zubieta, J.K., 2006.
BDNF Val66Met allele is associated with reduced hippocampal volume in
healthy subjects. Biol Psychiatry 59 (9), 812-815.

Cabeza, R., 2002. Hemispheric asymmetry reduction in older adults: the HAROLD
model. Psychol. Aging 17 (1), 85-100.

Cabeza, R., Daselaar, S.M., Dolcos, F., Prince, S.E., Budde, M., Nyberg, L., 2004. Task-
independent and task-specific age effects on brain activity during working
memory, visual attention and episodic retrieval. Cereb. Cortex 14 (4), 364-375.

Chen, AJ., Abrams, G.M., D’Esposito, M., 2006. Functional reintegration of prefrontal
neural networks for enhancing recovery after brain injury. J. Head Trauma
Rehabil. 21 (2), 107-118.

Christensen, M.A., Zhou, W., Qing, H., Lehman, A., Philipsen, S., Song, W., 2004.
Transcriptional regulation of BACE1, the beta-amyloid precursor protein beta-
secretase, by Sp1. Mol. Cell. Biol. 24 (2), 865-874.

Colcombe, SJ., Erickson, K.I., Raz, N., Webb, A.G., Cohen, N.J., McAuley, E., Kramer,
A'F., 2003. Aerobic fitness reduces brain tissue loss in aging humans. ] Gerontol
A Biol Sci Med Sci 58 (2), 176-180.

Colcombe, SJ., Kramer, A.F., Erickson, K.I., Scalf, P., 2005. The implications of cortical
recruitment and brain morphology for individual differences in inhibitory
function in aging humans. Psychol. Aging 20 (3), 363-375.

Cools, R., 2006. Dopaminergic modulation of cognitive function-implications for L-
DOPA treatment in Parkinson’s disease. Neurosci. Biobehav. Rev. 30 (1), 1-23.

Cools, R., Barker, R.A., Sahakian, B.J., Robbins, T.W., 2001. Enhanced or impaired
cognitive function in Parkinson’s disease as a function of dopaminergic med-
ication and task demands. Cereb. Cortex 11 (12), 1136-1143.

Cools, R., Barker, R.A., Sahakian, B.J., Robbins, T.W., 2003. L-Dopa medication
remediates cognitive inflexibility, but increases impulsivity in patients with
Parkinson’s disease. Neuropsychologia 41 (11), 1431-1441.

Cools, R., Lewis, SJ., Clark, L., Barker, R.A., Robbins, T.W., 2007. L-DOPA disrupts
activity in the nucleus accumbens during reversal learning in Parkinson’s
disease. Neuropsychopharmacology 32 (1), 180-189.

Daselaar, S.M., Fleck, M.S., Dobbins, 1.G., Madden, D.J., Cabeza, R., 2006. Effects of
healthy aging on hippocampal and rhinal memory functions: an event-related
fMRI study. Cereb. Cortex.

D’Esposito, M., Gazzaley, A., 2006. Neurorehabilitation and executive function. In:
Selzer, M.E.,Cohen, L.,Gage, F.H.,Clarke, S.,Duncan, P.W. (Eds.),Neural Rehabilita-
tion and Repair. Cambridge University Press, Cambridge, UK, pp. 475-487.

Duncan, J., Emslie, H., Williams, P., Johnson, R., Freer, C., 1996. Intelligence and the
frontal lobe: the organization of goal-directed behavior. Cognit. Psychol. 30 (3),
257-303.

Erickson, K.I., Colcombe, S.J., Raz, N., Korol, D.L., Scalf, P., Webb, A., Cohen, N.J.,
McAuley, E., Kramer, A.F., 2005. Selective sparing of brain tissue in postmeno-
pausal women receiving hormone replacement therapy. Neurobiol Aging 26 (8),
1205-1213.

Erickson, K.I., Colcombe, S.J., Wadhwa, R., Bherer, L., Peterson, M.S., Scalf, P.E., Kim,
].S., Alvarado, M., Kramer, A.F., 2007. Training-induced plasticity in older adults:
effects of training on hemispheric asymmetry. Neurobiol. Aging 28 (2), 272-
283.

Gazzaley, A., Cooney, ].W., Rissman, ., D’Esposito, M., 2005. Top down suppression
deficit underlies working memory impairment in normal aging. Nat Neurosci 8
(10), 1298-1300.

Grady, C.L., McIntosh, A.R., Craik, F.I., 2005. Task-related activity in prefrontal cortex
and its relation to recognition memory performance in young and old adults.
Neuropsychologia 43 (10), 1466-1481.



146 M.N. Rajah et al. /Ageing Research Reviews 8 (2009) 140-146

Grady, C.L.,, McIntosh, A.R., Horwitz, B., Maisog, ].M., Ungerleider, L.G., Mentis, M.J.,
Pietrini, P., Schapiro, M.B., Haxby, J.V., 1995. Age-related reductions in human
recognition memory due to impaired encoding. Science 269, 218-220.

Grady, C.L, Yu, H., Alain, C., 2008. Age-related differences in brain activity under-
lying working memory for spatial and nonspatial auditory information. Cereb.
Cortex 18 (1), 189-199.

Greenwood, P.M., 2007. Functional plasticity in cognitive aging: review and hypoth-
esis. Neuropsychology 21 (6), 657-673.

Greenwood, P.M., Parasuraman, R., 2003. Normal genetic variation, cognition, and
aging. Behav. Cogn. Neurosci. Rev. 2 (4), 278-306.

Ikonomovic, M.D., Klunk, W.E., Abrahamson, E.E., Mathis, C.A., Price, ].C., Tsopelas,
N.D., Lopresti, BJ., Ziolko, S., Bi, W., Paljug, W.R,, et al., 2008. Post-mortem
correlates of in vivo PiB-PET amyloid imaging in a typical case of Alzheimer’s
disease. Brain 131 (Pt 6), 1630-1645.

Jack]Jr., C.R, Dickson, D.W., Parisi, J.E., Xu, Y.C., Cha, R.H., O’Brien, P.C., Edland, S.D.,
Smith, G.E., Boeve, B.F., Tangalos, E.G., et al., 2002. Antemortem MRI findings
correlate with hippocampal neuropathology in typical aging and dementia.
Neurology 58 (5), 750-757.

Jack]r., C.R., Theodore, W.H., Cook, M., McCarthy, G., 1995. MRI-based hippocampal
volumetrics: data acquisition, normal ranges, and optimal protocol. Magn.
Reson. Imag. 13 (8), 1057-1064.

Jernigan, T.L., Archibald, S.L., Fennema-Notestine, C., Gamst, A.C., Stout, ].C., Bonner,
J., Hesselink, J.R., 2001. Effects of age on tissues and regions of the cerebrum and
cerebellum. Neurobiol. Aging 22 (4), 581-594.

Joober, R, Gauthier, ], Lal, S., Bloom, D., Lalonde, P., Rouleau, G., Benkelfat, C.,
Labelle, A., 2002. Catechol-O-methyltransferase Val-108/158-Met gene variants
associated with performance on the Wisconsin Card Sorting Test. Arch. Gen.
Psychiatry 59 (7), 662-663.

Levine, B., Cabeza, R., McIntosh, A.R., Black, S.E., Grady, C.L, Stuss, D.T., 2002.
Functional reorganisation of memory after traumatic brain injury: a study with
H(2)(15)0 positron emission tomography. ]J. Neurol. Neurosurg. Psychiatry 73
(2), 173-181.

Levine, B., Robertson, L.H., Clare, L., Carter, G., Hong, ]J., Wilson, B.A., Duncan, J.,
Stuss, D.T., 2000. Rehabilitation of executive functioning: an experimental-
clinical validation of goal management training. J. Int. Neuropsychol. Soc. 6 (3),
299-312.

Levine, B., Stuss, D.T., Winocur, G., Binns, M.A., Fahy, L., Mandic, M., Bridges, K.,
Robertson, I.H., 2007. Cognitive rehabilitation in the elderly: effects on stra-
tegic behaviorinrelation to goal management. J. Int. Neuropsychol. Soc. 13 (1),
143-152.

MacDonald 3rd, A.W., Carter, C.S., Flory, ].D., Ferrell, R.E., Manuck, S.B., 2007. COMT
val158Met and executive control: a test of the benefit of specific deficits to
translational research. ]J. Abnorm. Psychol. 116 (2), 306-312.

Meng, Y., Lee, ].H., Cheng, R., St George-Hyslop, P., Mayeux, R., Farrer, L.A., 2007.
Association between SORL1 and Alzheimer’s disease in a genome-wide study.
Neuroreport 18 (17), 1761-1764.

Meyer-Lindenberg, A., Nichols, T., Callicott, J.H., Ding, J., Kolachana, B., Buckholtz, J.,
Mattay, V.S., Egan, M., Weinberger, D.R., 2006. Impact of complex genetic
variation in COMT on human brain function. Mol. Psychiatry 11 (9) 867-77,
797.

Miller, E.K., Cohen, ].D., 2001. An integrative theory of prefrontal cortex function.
Ann. Rev. Neurosci. 24, 167-202.

Moffat, S.D., Szekely, C.A., Zonderman, A.B., Kabani, N.J., Resnick, S.M., 2000. Long-
itudinal change in hippocampal volume as a function of apolipoprotein E
genotype. Neurology 55 (1), 134-136.

Morcom, A.M., Li, ]., Rugg, M.D., 2007. Age effects on the neural correlates of episodic
retrieval: increased cortical recruitment with matched performance. Cereb.
Cortex 17 (11), 2491-2506.

Mu, Q., Xie, J., Wen, Z., Weng, Y., Shuyun, Z., 1999. A quantitative MR study of the
hippocampal formation, the amygdala, and the temporal horn of the lateral
ventricle in healthy subjects 40 to 90 years of age. AJNR 20 (2), 207-211.

Nicolaou, M., Song, Y.Q., Sato, C.A., Orlacchio, A., Kawarai, T., Medeiros, H., Liang, Y.,
Sorbi, S., Richard, E., Rogaev, E.I, et al.,, 2001. Mutations in the open reading

frame of the beta-site APP cleaving enzyme (BACE) locus are not a common
cause of Alzheimer’s disease. Neurogenetics 3 (4), 203-206.

Nordberg, A., 2007. Amyloid imaging in Alzheimer’s disease. Curr. Opin. Neurol. 20
(4), 398-402.

Persson, J., Nyberg, L., Lind, ]., Larsson, A., Nilsson, L.G., Ingvar, M., Buckner, R.L.,
2006. Structure—function correlates of cognitive decline in aging. Cereb. Cortex
16 (7), 907-915.

Poirier, ]., 1994. Apolipoprotein E in animal models of CNS injury and in Alzheimer’s
disease. Trends Neurosci. 17 (12), 525-530.

Poirier, J., 2003. Apolipoprotein E and cholesterol metabolism in the pathogenesis
and treatment of Alzheimer’s disease. Trends Mol. Med. 9 (3), 94-101.

Poirier, J., Delisle, M.C., Quirion, R., Aubert, L., Farlow, M., Lahiri, D., Hui, S., Bertrand,
P., Nalbantogly, J., Gilfix, B.M., et al., 1995. Apolipoprotein E4 allele as a
predictor of cholinergic deficits and treatment outcome in Alzheimer disease.
Proc. Natl. Acad. Sci. U.S.A. 92 (26), 12260-12264.

Pruessner, J.C., Baldwin, M.W., Dedovic, K., Renwick, R., Mahani, N.K,, Lord, C.,
Meaney, M., Lupien, S., 2005. Self-esteem, locus of control, hippocampal
volume, and cortisol regulation in young and old adulthood. Neuroimage 28
(4), 815-826.

Pruessner, ].C., Collins, D.L., Pruessner, M., Evans, A.C., 2001. Age and gender predict
volume decline in the anterior and posterior hippocampus in early adulthood. J.
Neurosci. 21 (1), 194-200.

Qing, H., Zhou, W., Christensen, M.A., Sun, X., Tong, Y., Song, W., 2004. Degradation
of BACE by the ubiquitin-proteasome pathway. FASEB J. 18 (13), 1571-1573.

Rajah, M.N., D’Esposito, M., 2005. Region-specific changes in prefrontal function
with age: a review of PET and fMRI studies on working and episodic memory.
Brain 128 (Pt 9), 1964-1983.

Raz, N., Rodrigue, K.M., Head, D., Kennedy, K.M., Acker, ].D., 2004a. Differential aging
of the medial temporal lobe: a study of a five-year change. Neurology 62 (3),
433-438.

Raz, N., Gunning-Dixon, F., Head, D., Rodrigue, K.M., Williamson, A., Acker, J.D.,
2004b. Aging, sexual dimorphism, and hemispheric asymmetry of the cerebral
cortex: replicability of regional differences in volume. Neurobiol Aging 25 (3),
377-396.

Raz, N,, Lindenberger, U., Rodrigue, K.M., Kennedy, K.M., Head, D., Williamson, A.,
Dahle, C., Gerstorf, D., Acker, ].D., 2005. Regional brain changes in aging healthy
adults: general trends, individual differences and modifiers. Cereb Cortex 15
(11), 1676-1689.

Raz, N., Rodrigue, K.M., Haacke, E.M., 2007. Brain aging and its modifiers: insights
from in vivo neuromorphometry and susceptibility weighted imaging. Ann N Y
Acad Sci 1097, 84-93.

Rogaeva, E., Meng, Y., Lee, ].H., Gu, Y., Kawarai, T., Zou, F., Katayama, T., Baldwin, C.T.,
Cheng, R.,Hasegawa, H., etal.,2007. The neuronal sortilin-related receptor SORL1
is genetically associated with Alzheimer disease. Nat. Genet. 39 (2), 168-177.

Rypma, B., Eldreth, D.A., Rebbechi, D., 2007. Age-related differences in activation—
performance relations in delayed-response tasks: a multiple component ana-
lysis. Cortex 43 (1), 65-76.

Sun, X., He, G., Qing, H., Zhou, W., Dobie, F., Cai, F., Staufenbiel, M., Huang, L.E., Song,
W., 2006. Hypoxia facilitates Alzheimer’s disease pathogenesis by up-regulat-
ing BACE1 gene expression. Proc. Natl. Acad. Sci. U.S.A. 103 (49), 18727-18732.

Tan, EK, Lee, ]., Chen, C.P,, Teo, Y.Y., Zhao, Y., Lee, W.L., 2007. SORL1 haplotypes
modulate risk of Alzheimer’s disease in Chinese. Neurobiol. Aging.

Tong, Y., Zhou, W., Fung, V., Christensen, M.A., Qing, H., Sun, X., Song, W., 2005.
Oxidative stress potentiates BACE1 gene expression and Abeta generation. J.
Neural Transm. 112 (3), 455-469.

Townsend, J., Adamo, M., Haist, F., 2006. Changing channels: an fMRI study of aging
and cross-modal attention shifts. Neuroimage 31 (4), 1682-1692.

van Hooren, S.A., Valentijn, S.A., Bosma, H., Ponds, RW., van Boxtel, M.P., Levine, B.,
Robertson, I, Jolles, J., 2007. Effect of a structured course involving goal
management training in older adults: a randomised controlled trial. Patient
Educ. Couns. 65 (2), 205-213.

Zhou, W., Song, W., 2006. Leaky scanning and reinitiation regulate BACE1 gene
expression. Mol. Cell. Biol. 26 (9), 3353-3364.



	Biological changes associated with healthy versus pathological aging: A symposium review
	Genetics
	Changes in prefrontal dopaminergic function in healthy aging and dementia
	Pathological changes in regional brain volumes with age
	Using functional neuroimaging to interpret changes in brain function associated with healthy aging and dementia
	Summary and outlook
	Conclusions
	Conflicts of interest
	Acknowledgments
	References


