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Translational Article 

Special Issue on Cognition and Behavioral Psychology

Session II: Mechanisms of Age-Related Cognitive Change 
and Targets for Intervention: Neural Circuits, Networks, 

and Plasticity

Charles DeCarli,1 Claudia Kawas,2 John H. Morrison,3 Patricia A. Reuter-Lorenz,4 Reisa A. Sperling,5 and 
Clinton B. Wright6
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Age-related changes in neural circuits, neural networks, and their plasticity are central to our understanding of age changes in 
cognition and brain structure and function. This paper summarizes selected findings on these topics presented at the Cognitive 
Aging Summit II. Specific areas discussed were synaptic vulnerability and plasticity, including the role of different types of 
synaptic spines, and hormonal effects in the dorsolateral prefrontal cortex of nonhuman primates, the impact of both compen-
satory processes and dedifferentiation on demand-dependent differences in prefrontal activation in relation to age and perfor-
mance, the role of vascular disease, indexed by white matter signal abnormalities, on prefrontal activation during a functional 
magnetic resonance imaging-based cognitive control paradigm, and the influence of amyloid-β neuropathology on memory 
performance in older adults and the networks of brain activity underlying variability in performance. A greater understanding 
of age-related changes in brain plasticity and neural networks in healthy aging and in the presence of underlying vascular 
disease or amyloid pathology will be essential to identify new targets for intervention. Moreover, this understanding will assist 
in promoting the utilization of existing interventions, such as lifestyle and therapeutic modifiers of vascular disease.
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Neural circuits and networks, and their plasticity, 
are central to our understanding of brain function and 

changes in cognition with age. As discussed in other sections 
of this Special Issue, inflammatory, oxidative, and metabolic 
processes, genetic and epigenetic expression, and environ-
mental exposures that include social interactions and stress 
affect these systems. It is important to understand the limits 
imposed by age and also where normal aging ends and disease 
begins. For example, the circulatory system ages in ways that 
can be harmful to the brain even in those who have not suffered 
a stroke or other vascular disease. Large numbers of older 
people develop subclinical vascular damage, such as covert 
infarcts, hemorrhages, or white matter lesions of which they 
are unaware. There is evidence that this subclinical vascular 
disease may account for changes in cognition often attributed 

to normal aging (1–3). Similarly, the study of normal cogni-
tive aging in humans is complicated by the large proportion of 
people who appear to be aging successfully from a cognitive 
standpoint but have extracellular beta amyloid deposits that 
are the hallmark of Alzheimer’s disease (AD).

In this section, researchers employ a variety of 
approaches to understand age-related cognitive changes and 
possible targets for intervention. John Morrison examines 
age-related synaptic vulnerability, plasticity, and hormonal 
effects in the dorsolateral prefrontal cortex of nonhuman 
primates. His investigations show that age-related loss of 
thin synaptic spines—so-called “learning spines”—is asso-
ciated with poorer cognitive performance and that these 
changes can be partially reversed with estradiol treatment. 
Thus, endocrine senescence may be linked to neural aging, 
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and age-associated cognitive declines may be modifiable 
with hormonal targets. In human experiments, Patricia 
Reuter-Lorenz describes demand-dependent differences in 
prefrontal activation in relation to age and performance. Her 
results suggest overactivation of bilateral prefrontal cortex 
in prefrontal tasks may be compensatory in older adults but 
that when demand for cognitive resources exceeds supply, 
underactivation results and may explain some age-related 
losses of ability. In addition, dedifferentiation of circuits 
may play a role in individuals as they age and affect both 
specific and general circuits. The final two sections consider 
subclinical disease states (vascular and amyloid-related) as 
potentially modifiable factors that may contribute to age-
associated declines. Charles DeCarli presents studies of 
white matter lesions, seen on brain imaging, and dorso-
lateral prefrontal cortical dysfunction. Functional imaging 
studies of individuals with high white matter lesion burden 
show a reduction in dorsolateral prefrontal cortical activity 
and reduced functional connectivity between brain regions. 
As potentially modifiable risk factors for vascular disease 
are thought to be an important cause of white matter lesions, 
these results support the hypothesis that cerebrovascular 
disease contributes to the disconnection of cortical circuits 
and the development of cognitive losses with aging. Finally, 
Reisa Sperling shows that cerebral amyloid deposition in 
cognitively normal elderly is associated with poorer neu-
ropsychological performance compared with those without 
such deposition and that these changes are accompanied by 
alterations most evident in the default mode network.

John H. Morrison: Synaptic Correlates of Cognitive 
Performance—Implications for Cognitive Aging

In AD, cortical connections are dramatically altered as 
selectively vulnerable neurons die and circuits deteriorate. 
Many of the same cortical neurons and circuits are vulner-
able in age-associated memory impairment; however, the 
vulnerability is manifested at synapses, not in neuron death 
(4). Furthermore, steroids (eg, estradiol) impact these same 
circuits, suggesting that endocrine senescence may be linked 
not only to neural aging but also that protection against age-
related decline is feasible (5). We have been pursuing the 
synaptic basis of cognitive decline in both the dorsolateral 
prefrontal cortex (dlPFC) and hippocampus in young and 
aged rhesus monkeys that have undergone extensive behav-
ioral testing to reveal age-related decrements in cognitive 
tasks linked to dlPFC and the medial temporal lobe system, 
both of which are affected by aging in monkeys (6). With 
respect to primate dlPFC, we have been particularly influ-
enced by Earl Miller’s conceptualization of dlPFC function, 
in that it is responsible for not only “establishing the rules” 
for goal-directed behavior but also for modifying those 
rules (7). We have hypothesized that such a role in cognitive 
function would require extensive ongoing synaptic plastic-
ity, perhaps more than most cortical areas.

Recent in vivo imaging studies have shown that the thin 
spines on pyramidal cells are highly plastic and potentially 

transient, whereas the large mushroom spines are highly 
stable and likely mediate well-established synaptic path-
ways (8). From this perspective, thin spines have been 
referred to as “learning spines” and large mushroom spines 
as “memory spines” (8). Using quantitative reconstruction 
of Lucifer yellow loaded neurons in Layer 3 of dlPFC and 
electron microscopy analyses of dentate gyrus (DG), we 
have revealed several synaptic correlates of cognitive per-
formance and age-related decline. In aged rhesus monkeys 
that are impaired on acquisition of delayed non-matching-
to-sample, there is a 33% loss of spines on Layer 3 pyrami-
dal cells in area 46 of dlPFC (9). Importantly, all of this spine 
loss is accounted for by loss of thin spines, which decrease 
by 45%, whereas other spine classes like mushroom spines 
are not affected by aging (9). In addition, the thin spines are 
smaller in young animals, suggesting that generation of new 
spines is particularly robust in young animals. Furthermore, 
although the number of thin spines correlates with cogni-
tive performance in a given animal, there is no such correla-
tion with mushroom spines, suggesting that the thin spines 
play a crucial role in cognitive tasks mediated by dlPFC that 
suffer with aging(9). In contrast, the stability of mushroom 
spines with aging may help explain the often-observed 
retention of well-established skills and knowledge referred 
to as expertise. The same class of thin spines that is vulner-
able to aging is partially restored by estradiol treatment in 
ovariectomized female rhesus monkeys, suggesting that the 
loss of this spine class and associated cognitive decline may 
be preventable (5,10).

We used electron microscopic techniques to analyze the 
DG in the same animals, with particular attention to the per-
forant path terminal zone in the outer molecular layer (OML) 
of the DG, known to be highly vulnerable to aging (4). The 
pattern of synaptic aging differed dramatically from dlPFC, 
with no frank loss of total axospinous synapses, but instead, 
a loss of the very large, stable perforated synapses that was 
associated with menopause (11). Furthermore, the number 
of perforated synapses in the OML was predictive of perfor-
mance on the delayed non-matching-to-sample task.

These data demonstrate the following. First, synaptic 
aging is different in dlPFC and DG OML, with a high 
degree of overall synaptic preservation in DG OML and 
extensive, yet selective, axospinous synapse loss in dlPFC. 
Second, synaptic correlates of cognitive performance dif-
fer in dlPFC and DG, with the small thin spines key in 
dlPFC and large stable spines/synapses (ie, perforated) 
key in OML of DG. Third, age-related cognitive decline 
in dlPFC is likely associated with a loss of spine/synapse 
formation, turnover, and structural plasticity, whereas this 
does not appear to be a major factor in DG OML. Our 
current hypothesis, to be tested further, is that cognitive 
performance mediated by dlPFC in primates requires 
new spines and synapse turnover, whereas the memory 
demands of hippocampus are more closely related to sta-
bilization of existing synapses and molecular alterations 
of relatively stable synapses.
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Patricia A. Reuter-Lorenz: Why Compensation-Related 
Utilization of Neural Circuits Hypothesis Matters: 
Compensation-Related Utilization of Neural Circuits 
Hypothesis, Aging, and Intervention

A common finding from functional brain imaging stud-
ies of cognitive aging is that older adults show more wide-
spread activation than younger adults performing the same 
cognitive task (12,13). Such age-related overactivation is 
documented across perceptual, memory, verbal, spatial, and 
executive function tasks. Although the functional signifi-
cance of overactivation may vary depending on task domain, 
brain region, or population, for higher-order executive type 
tasks that recruit prefrontal processes, there are strong indi-
cations that overactivation may be compensatory.

Accordingly, we have proposed the Compensation-Related 
Utilization of Neural Circuits Hypothesis (CRUNCH) to 
explain demand-dependent age differences in prefrontal acti-
vation and how they relate to performance (12). CRUNCH 
builds on the initial discovery of bilateral prefrontal activation 
in older adults during both verbal and spatial working memory 
tasks, whereas younger adults show lateralized activation that 
is domain dependent (14). Bilateral activation, especially in 
ventro- and dorso-lateral prefrontal regions has been replicated 
during working memory and other higher-order tasks. We and 
others (14–16) originally favored a compensatory interpreta-
tion because prefrontal overactivation correlated positively 
with performance and its bilateral distribution characterized 
high performing seniors (12,17). Furthermore, converging 
behavioral evidence using lateralized stimulus presentations 
indicated performance benefits when older adults engage both 
hemispheres at lower levels of task demand (18).

CRUNCH recognizes, however, that even if overactiva-
tion is compensatory, the need to engage additional computa-
tional support may have a cost (12). That is, recruiting more 
resources at low levels of task demand, runs the risk of supply 
insufficiencies at high demand. CRUNCH therefore entails a 
resource ceiling and proposes a dynamic relationship between 
age and prefrontal activity that is determined by individual- 
and task-related factors (12). Figure 1 illustrates two hypo-
thetical functions relating task demand or load to prefrontal 
activation. Because older adults are shifted to the left, they will 
reach their activation maximum (red arrow) or the circuit’s 
saturation point with lower demand after which activation 

and performance decline because demand exceeds supply. 
Consequently, older adults operate within a narrower range 
of task demands compared with younger adults. Additional 
subject-related factors can be readily accommodated in this 
model. For example, high performing subgroups would be 
shifted rightward and low performers leftward with respect to 
their age group. Similarly, interventions that enhance neural 
efficiency should shift functions to the right, thereby increas-
ing the range of task demand to which a system can respond. 
CRUNCH thus offers a framework to identify targets for inter-
vention and for predicting outcomes (19). CRUNCH is in the 
tradition of cognitive resource theory and resource accounts 
of aging. However, unlike prior theories, it operationalizes 
resources in terms of specific interacting neural circuits that 
can provide new independent variables for hypothesis testing.

Several laboratories have reported results consistent with 
CRUNCH. Such data show that relative to younger adults, 
older adults overactivate at lower levels of task demand, 
where performance differences are minimal but underacti-
vate at higher levels of task demand where there is a cor-
responding drop in performance (20,21). A  recent report 
(22) has further demonstrated support for CRUNCH using 
multivoxel pattern analysis. Carp and colleagues (2010) used 
multivoxel pattern analysis to distinguish brain states associ-
ated with verbal versus spatial working memory processes 
and to assess whether these states could be distinguished with 
equal precision in younger and older adults. We found that 
for encoding and retrieval processes, which entail perceptual 
processing of the memory set and the probe item, respectively, 
older adults showed less distinct neural patterns compared 
with younger adults, consistent with age-related dedifferen-
tiation (13). In contrast, during memory maintenance, when 
perceptual and response processes were minimal, distinctive-
ness varied due to memory load and age group: Older adults 
showed greater verbal and spatial distinctiveness at lower 
loads and decreased distinctiveness at high loads. Younger 
adults showed the opposite: lower distinctiveness at lower 
loads and increasing distinctiveness with increasing demand.

These results are important for two reasons. First, they dem-
onstrate that evidence for potentially dysfunctional processes, 
like dedifferentiation, and for compensatory processes like 
CRUNCH in the same individuals. Thus both must be con-
sidered for a full account of neurocognitive aging. Second, the 
results indicate demand dependent age differences in recruit-
ment of specific (distinct spatial vs verbal circuits) and general 
(nondistinct circuits), suggesting that both classes of neural 
resources may play a role in neurocognitive alterations with age.

Charles DeCarli: Dorsolateral Prefrontal Cortex 
Dysfunction Is Associated With White Matter 
Hyperintensity Volume

A number of cognitive and biological changes occur in 
the brains of healthy older adults. Behavioral studies of 
older adults reveal striking cognitive decline in measures 
of cognitive control (23,24). It has recently been suggested 
that specific impairments in goal maintenance may be the Figure 1.Activation as a function of task demand.
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hallmark defi cit underlying these age-related differences 
( 25 ). Goal maintenance, the ability to actively maintain 
goals in order to accomplish a task, is involved in many 
cognitive tasks and is thought to involve a network of re-
gions dependent on the dorsolateral prefrontal cortex ( 26 ). 
Impairment in this network is consistent with hypotheses 
that attribute differences with cognitive aging to prefrontal 
cortex function ( 27 , 28 ). 

 Though age-related prefrontal dysfunction has been 
widely reported, the underlying mechanisms of this impair-
ment remain poorly understood ( 27 , 28 ). White matter hy-
perintensities (WMH) increase in frequency with age and 
have been linked with a selective impairment of the frontal 
lobe structure and function across a wide range of studies 
( 29  –  31 ). In a recent functional magnetic resonance imaging 
study, increasing WMH burden was associated with reduced 
prefrontal cortical activity during episodic memory retrieval 
and working memory ( 32 ). WMH burden was also associ-
ated with reduced activity in anterior cingulate cortex, a 
region functionally linked to the prefrontal cortex ( 32 ). The 
objective of this study   ( 33 )   was to extend this previous work 
by investigating cerebrovascular disease as represented by 
WMH as a potential mechanism of age-related cognitive con-
trol defi cits and prefrontal cortex dysfunction, possibly through 
altered connectivity of task-relevant cortical processing. 

 To test this hypothesis, older individuals with high WMH 
burden, older individuals with low WHM burden, and young 
adults were assessed in an event-related functional imaging 
scan while performing the AX-Continuous Performance Task. 

 Individuals with high WMH showed a signifi cant reduction 
in dorsolateral prefrontal cortex activity during the high cogni-
tive control cue condition relative to the low WMH group and 
young individuals ( Figure 2 ). Conversely, those with high 
WMH showed greater activity in rostral anterior cingulate 
cortex compared  with  young individuals. These results are 
consistent with impaired cognitive control and a possible fail-
ure to deactivate default-mode regions in these subjects. Addi-
tionally, those with high WMH showed reduced functional 
connectivity between dorsolateral prefrontal cortex and task-
relevant brain regions including middle frontal gyri and supra-
marginal gyrus relative to young and those with low WMH.     

 The functional imaging results of this study support the 
disconnection hypothesis of aging that suggests that injury to 
white matter tracts as manifest by WMH contributes to age-
related alterations in prefrontal cortex function. Although 
inferential power is somewhat limited due to the small sam-
ple size, the functional connectivity results strengthen this 
argument by offering further evidence that WMH are associ-
ated with reduced correlations among nodes within brain 
networks activated during a cognitive control task. It is clear 
that cerebrovascular disease as manifest by WMH contrib-
utes to age-related changes in brain activation and connectiv-
ity, though not all age-related differences in our study were 
explained by WMH and other age-related effects in the brain 
are likely. A unique consequence of altered prefrontal func-

tion associated with severe WMH burden is the possibility 
that WMH may adversely affect the ability of the anterior 
cingulate to normally deactivate during evaluatory control or 
the modulation of task related systems activation and default 
network deactivation. It is therefore important to consider the 
role of cerebrovascular disease in age-related cognitive 
performance, given that it may be one of the underlying 
mechanisms of these changes and risk factors for cerebrovas-
cular disease are modifi able.   

 Reisa Sperling: Age and Amyloid-related Alterations in 
Memory Network Function 

 The ability to rapidly acquire and retrieve new episodic 
memories is thought to decline with advanced aging. Our 
work, as well as that of many other groups, has provided 
evidence of age-related, regionally specifi c, alterations in 
the brain networks supporting memory function. Our group 
has utilized a number of face-name associative memory 
paradigms to probe memory networks and to elucidate the 
changes in functional activity associated with age-related 
memory impairment. In particular, we have found that cog-

   

 Figure 2 .         Group differences in activation patterns for Dorsal Lateral 
Prefrontal (top) and Anterior Cingulate Cortex (bottom). High  white matter 
hyperintensities ( WMH )  differed signifi cantly from Low WMH and Young 
groups under both conditions   .    
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nitively normal older individuals primarily demonstrate 
functional alterations in the default network, especially the 
posteromedial cortices, during memory encoding ( 34 ). In 
contrast, we have repeatedly found that during successful 
encoding, cognitively normal older individuals engage the 
hippocampus and related regions in the medial temporal 
lobe to a similar degree as young subjects ( 34  –  36 ). 

 Recently, we have been probing the impact of amyloid-
beta (A β ) on memory network function, given the striking 
anatomic overlap between the default network and regional 
distribution of amyloid deposition seen on PET amyloid 
imaging ( 37 , 38 ). Converging evidence from PET studies, 
cerebrospinal fl uid studies, and autopsy series suggests that 
approximately one   third of clinically normal older individuals 
harbor fi brillar A β  deposition, one of the hallmark patholo-
gies of AD. Although it remains unknown whether clinically 
normal older individuals with high amyloid burden are in the 
 “ preclinical ”  stages of AD and will progress to manifest AD 
dementia, our recent studies suggest that amyloid deposition 
is associated with functional and structural changes that are 
similar to those observed in mild cognitive impairment and 
AD dementia patients ( 38  –  41 ). In particular, these studies 
have demonstrated evidence that much of the age-related 
alterations in default network function is attributable to the 
level of amyloid burden in these regions. 

 Finally, we have been investigating whether some of the 
decreases in memory performance previously attributed to 
 “ normal ”  aging, may in fact, be related to the presence of 
occult amyloid pathology. Our initial studies suggest that 
amyloid burden is related to neuropsychological test perfor-
mance, even within the range of normal older individuals but 
that cognitive reserve plays a signifi cant role in modulating 
the clinical expression of amyloid load ( 42 ). Thus, it is pos-
sible that studies of amyloid-positive older individuals in-
clude both individuals on the trajectory toward clinical AD 
and individuals who are uniquely able to withstand the 
potential effects of amyloid toxicity due to high brain and 
cognitive reserve. More sensitive episodic memory measures 
may be required to detect very subtle impairment related to 
early amyloid deposition ( 42 ). 

 In summary, our studies suggest that episodic memory is 
subserved by a distributed memory network and requires 
coordinated activity of both the default network and medial 
temporal lobe memory systems. Our studies during mem-
ory encoding processes suggest that age-related alterations 
are most evident in the default network, with preserved hip-
pocampal function, but it is also likely that these networks 
interact with attentional systems that are also affected by 
the aging process. Our future functional imaging studies in 
cognitive aging will focus on the relationship between en-
coding and retrieval processes. As a substantial proportion 
of older subjects, classifi ed as clinically normal, show evi-
dence of amyloid deposition, it will be increasingly impor-
tant to disambiguate the infl uence of early neurodegenerative 
disease from other age-related changes in the brain. Large 

longitudinal studies with more diverse cohorts will be re-
quired to fully elucidate the factors that predict cognitive 
decline in clinically normal older individuals and to better 
defi ne the preclinical stages of AD.    

 D iscussion  
 A variety of factors that impact neural networks and con-

tribute to cognitive changes in aging have been proposed. A 
common theme is the importance of decline in executive 
functions with age and the importance of prefrontal cortex 
for these cognitive abilities. CRUNCH provides a framework 
for examining age-related changes in network activity and 
may offer an endophenotype for interventional studies. These 
task-related functional magnetic resonance imaging changes 
represent relative differences (not unilateral activation) across 
older adults of varying abilities, allow comparisons of older 
with younger adults, and provide a metric for mapping the 
relative extent of activations during specifi c tasks. It would 
be of great interest to further understand the underlying 
synaptic changes that underlie differences in activation patterns 
in older compared  with  younger subjects. For example, animal 
studies could help understand if age-related decrements in 
thin spines in dlPFC are associated with overactivation at lower 
task demands and underactivation at higher task demands in 
older compared  with  younger animals. Future functional mag-
netic resonance imaging studies are needed to establish their 
role in the compensatory processes suggested by CRUNCH. 

 The investigations of Drs. DeCarli and Sperling raise 
important questions about the effect of vascular damage 
and amyloid deposition in people who appear to be aging 
normally on tasks of memory and executive function. Un-
derstanding the effect of the aging vascular system on dis-
tributed neural networks is important because such damage 
is highly prevalent in older people, including those who are 
not destined to become demented and may play a role in 
age-related cognitive decline. So too is amyloid deposition 
a potential mediator of responses of neural networks and 
circuits to aging. Increasing data suggest  that  ischemia and 
amyloid deposition are linked through the  “ neurovascular 
unit ”   —  the functional group of cerebrovascular cells, sup-
porting glial tissue, and neurons ( 43 ).  Although  vascular 
damage associated with WMH results in breakdown of the 
blood  –  brain barrier ( 44 ), an intact  blood – brain barrier  is 
necessary for traffi cking of A β  across the endothelium, and 
ischemia may increase A β  deposition through increased 
production and decreased vascular clearance ( 45 , 46 ). Con-
versely, A β  is a potent vasoconstrictor and impairs cerebral 
autoregulation ( 43 ). Thus, vascular and neurodegenerative 
damage interact and are likely to affect cortical and cortical  –  
subcortical networks. Such damage may be of particular 
importance to studies of age-related cognitive decline, as such 
damage likely alters the local fi eld potentials that underlie 
the  b lood- o xygen- l evel  –   d ependent changes measured with 
functional magnetic resonance imaging. The search for 
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hallmark defi cit underlying these age-related differences 
( 25 ). Goal maintenance, the ability to actively maintain 
goals in order to accomplish a task, is involved in many 
cognitive tasks and is thought to involve a network of re-
gions dependent on the dorsolateral prefrontal cortex ( 26 ). 
Impairment in this network is consistent with hypotheses 
that attribute differences with cognitive aging to prefrontal 
cortex function ( 27 , 28 ). 

 Though age-related prefrontal dysfunction has been 
widely reported, the underlying mechanisms of this impair-
ment remain poorly understood ( 27 , 28 ). White matter hy-
perintensities (WMH) increase in frequency with age and 
have been linked with a selective impairment of the frontal 
lobe structure and function across a wide range of studies 
( 29  –  31 ). In a recent functional magnetic resonance imaging 
study, increasing WMH burden was associated with reduced 
prefrontal cortical activity during episodic memory retrieval 
and working memory ( 32 ). WMH burden was also associ-
ated with reduced activity in anterior cingulate cortex, a 
region functionally linked to the prefrontal cortex ( 32 ). The 
objective of this study   ( 33 )   was to extend this previous work 
by investigating cerebrovascular disease as represented by 
WMH as a potential mechanism of age-related cognitive con-
trol defi cits and prefrontal cortex dysfunction, possibly through 
altered connectivity of task-relevant cortical processing. 

 To test this hypothesis, older individuals with high WMH 
burden, older individuals with low WHM burden, and young 
adults were assessed in an event-related functional imaging 
scan while performing the AX-Continuous Performance Task. 

 Individuals with high WMH showed a signifi cant reduction 
in dorsolateral prefrontal cortex activity during the high cogni-
tive control cue condition relative to the low WMH group and 
young individuals ( Figure 2 ). Conversely, those with high 
WMH showed greater activity in rostral anterior cingulate 
cortex compared  with  young individuals. These results are 
consistent with impaired cognitive control and a possible fail-
ure to deactivate default-mode regions in these subjects. Addi-
tionally, those with high WMH showed reduced functional 
connectivity between dorsolateral prefrontal cortex and task-
relevant brain regions including middle frontal gyri and supra-
marginal gyrus relative to young and those with low WMH.     

 The functional imaging results of this study support the 
disconnection hypothesis of aging that suggests that injury to 
white matter tracts as manifest by WMH contributes to age-
related alterations in prefrontal cortex function. Although 
inferential power is somewhat limited due to the small sam-
ple size, the functional connectivity results strengthen this 
argument by offering further evidence that WMH are associ-
ated with reduced correlations among nodes within brain 
networks activated during a cognitive control task. It is clear 
that cerebrovascular disease as manifest by WMH contrib-
utes to age-related changes in brain activation and connectiv-
ity, though not all age-related differences in our study were 
explained by WMH and other age-related effects in the brain 
are likely. A unique consequence of altered prefrontal func-

tion associated with severe WMH burden is the possibility 
that WMH may adversely affect the ability of the anterior 
cingulate to normally deactivate during evaluatory control or 
the modulation of task related systems activation and default 
network deactivation. It is therefore important to consider the 
role of cerebrovascular disease in age-related cognitive 
performance, given that it may be one of the underlying 
mechanisms of these changes and risk factors for cerebrovas-
cular disease are modifi able.   

 Reisa Sperling: Age and Amyloid-related Alterations in 
Memory Network Function 

 The ability to rapidly acquire and retrieve new episodic 
memories is thought to decline with advanced aging. Our 
work, as well as that of many other groups, has provided 
evidence of age-related, regionally specifi c, alterations in 
the brain networks supporting memory function. Our group 
has utilized a number of face-name associative memory 
paradigms to probe memory networks and to elucidate the 
changes in functional activity associated with age-related 
memory impairment. In particular, we have found that cog-

   

 Figure 2 .         Group differences in activation patterns for Dorsal Lateral 
Prefrontal (top) and Anterior Cingulate Cortex (bottom). High  white matter 
hyperintensities ( WMH )  differed signifi cantly from Low WMH and Young 
groups under both conditions   .    
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nitively normal older individuals primarily demonstrate 
functional alterations in the default network, especially the 
posteromedial cortices, during memory encoding ( 34 ). In 
contrast, we have repeatedly found that during successful 
encoding, cognitively normal older individuals engage the 
hippocampus and related regions in the medial temporal 
lobe to a similar degree as young subjects ( 34  –  36 ). 

 Recently, we have been probing the impact of amyloid-
beta (A β ) on memory network function, given the striking 
anatomic overlap between the default network and regional 
distribution of amyloid deposition seen on PET amyloid 
imaging ( 37 , 38 ). Converging evidence from PET studies, 
cerebrospinal fl uid studies, and autopsy series suggests that 
approximately one   third of clinically normal older individuals 
harbor fi brillar A β  deposition, one of the hallmark patholo-
gies of AD. Although it remains unknown whether clinically 
normal older individuals with high amyloid burden are in the 
 “ preclinical ”  stages of AD and will progress to manifest AD 
dementia, our recent studies suggest that amyloid deposition 
is associated with functional and structural changes that are 
similar to those observed in mild cognitive impairment and 
AD dementia patients ( 38  –  41 ). In particular, these studies 
have demonstrated evidence that much of the age-related 
alterations in default network function is attributable to the 
level of amyloid burden in these regions. 

 Finally, we have been investigating whether some of the 
decreases in memory performance previously attributed to 
 “ normal ”  aging, may in fact, be related to the presence of 
occult amyloid pathology. Our initial studies suggest that 
amyloid burden is related to neuropsychological test perfor-
mance, even within the range of normal older individuals but 
that cognitive reserve plays a signifi cant role in modulating 
the clinical expression of amyloid load ( 42 ). Thus, it is pos-
sible that studies of amyloid-positive older individuals in-
clude both individuals on the trajectory toward clinical AD 
and individuals who are uniquely able to withstand the 
potential effects of amyloid toxicity due to high brain and 
cognitive reserve. More sensitive episodic memory measures 
may be required to detect very subtle impairment related to 
early amyloid deposition ( 42 ). 

 In summary, our studies suggest that episodic memory is 
subserved by a distributed memory network and requires 
coordinated activity of both the default network and medial 
temporal lobe memory systems. Our studies during mem-
ory encoding processes suggest that age-related alterations 
are most evident in the default network, with preserved hip-
pocampal function, but it is also likely that these networks 
interact with attentional systems that are also affected by 
the aging process. Our future functional imaging studies in 
cognitive aging will focus on the relationship between en-
coding and retrieval processes. As a substantial proportion 
of older subjects, classifi ed as clinically normal, show evi-
dence of amyloid deposition, it will be increasingly impor-
tant to disambiguate the infl uence of early neurodegenerative 
disease from other age-related changes in the brain. Large 

longitudinal studies with more diverse cohorts will be re-
quired to fully elucidate the factors that predict cognitive 
decline in clinically normal older individuals and to better 
defi ne the preclinical stages of AD.    

 D iscussion  
 A variety of factors that impact neural networks and con-

tribute to cognitive changes in aging have been proposed. A 
common theme is the importance of decline in executive 
functions with age and the importance of prefrontal cortex 
for these cognitive abilities. CRUNCH provides a framework 
for examining age-related changes in network activity and 
may offer an endophenotype for interventional studies. These 
task-related functional magnetic resonance imaging changes 
represent relative differences (not unilateral activation) across 
older adults of varying abilities, allow comparisons of older 
with younger adults, and provide a metric for mapping the 
relative extent of activations during specifi c tasks. It would 
be of great interest to further understand the underlying 
synaptic changes that underlie differences in activation patterns 
in older compared  with  younger subjects. For example, animal 
studies could help understand if age-related decrements in 
thin spines in dlPFC are associated with overactivation at lower 
task demands and underactivation at higher task demands in 
older compared  with  younger animals. Future functional mag-
netic resonance imaging studies are needed to establish their 
role in the compensatory processes suggested by CRUNCH. 

 The investigations of Drs. DeCarli and Sperling raise 
important questions about the effect of vascular damage 
and amyloid deposition in people who appear to be aging 
normally on tasks of memory and executive function. Un-
derstanding the effect of the aging vascular system on dis-
tributed neural networks is important because such damage 
is highly prevalent in older people, including those who are 
not destined to become demented and may play a role in 
age-related cognitive decline. So too is amyloid deposition 
a potential mediator of responses of neural networks and 
circuits to aging. Increasing data suggest  that  ischemia and 
amyloid deposition are linked through the  “ neurovascular 
unit ”   —  the functional group of cerebrovascular cells, sup-
porting glial tissue, and neurons ( 43 ).  Although  vascular 
damage associated with WMH results in breakdown of the 
blood  –  brain barrier ( 44 ), an intact  blood – brain barrier  is 
necessary for traffi cking of A β  across the endothelium, and 
ischemia may increase A β  deposition through increased 
production and decreased vascular clearance ( 45 , 46 ). Con-
versely, A β  is a potent vasoconstrictor and impairs cerebral 
autoregulation ( 43 ). Thus, vascular and neurodegenerative 
damage interact and are likely to affect cortical and cortical  –  
subcortical networks. Such damage may be of particular 
importance to studies of age-related cognitive decline, as such 
damage likely alters the local fi eld potentials that underlie 
the  b lood- o xygen- l evel  –   d ependent changes measured with 
functional magnetic resonance imaging. The search for 
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preventive factors to ameliorate age-related cognitive dec-
rements are needed, and several have been suggested here. 
 Although  targeting of the amyloid pathway has been of lim-
ited success to date, vascular disease is detectable and pre-
ventable and offers the possibility of early treatment. 
Finally, decline in physiologic processes due to aging, such 
as endocrine senescence, require further study and open 
new avenues for limiting age-related cognitive decline   .    

 References  
      1.        Raz     N   ,    Rodrigue     KM   ,    Kennedy     KM   ,    Acker     JD    .   Vascular health and 

longitudinal changes in brain and cognition in middle-aged and older 
adults  .   Neuropsychology  .   2007  ;  21  :  149   –   157  .   

      2.        Wright     CB   ,    Festa     JR   ,    Paik     MC   ,   et al   .   White matter hyperintensities 
and subclinical infarction: associations with psychomotor speed and 
cognitive fl exibility  .   Stroke  .   2008  ;  39  :  800   –   805  .   

      3.        Rabbitt     P   ,    Scott     M   ,    Lunn     M   ,   et al   .   White matter lesions account for all 
age-related declines in speed but not in intelligence  .   Neuropsychology  . 
  2007  ;  21  :  363   –   370  .   

      4.        Morrison     JH   ,    Hof     PR    .   Life and death of neurons in the aging brain  . 
  Science  .   1997  ;  278  :  412   –   419  .   

      5.        Hao     J   ,    Rapp     PR   ,    Janssen     WG   ,   et al   .   Interactive effects of age and 
estrogen on cognition and pyramidal neurons in monkey prefrontal 
cortex  .   Proc Natl Acad Sci U S A  .   2007  ;  104  :  11465   –   11470  .   

      6.        Rapp     PR   ,    Amaral     DG    .   Evidence for task-dependent memory dysfunction 
in the aged monkey  .   J Neurosci  .   1989  ;  9  :  3568   –   3576  .   

      7.        Miller     EK   ,    Freedman     DJ   ,    Wallis     JD    .   The prefrontal cortex: categories, 
concepts and cognition  .   Philos Trans R Soc Lond B Biol Sci  .   2002  ;  
357  :  1123   –   1136  .   

      8.        Kasai     H   ,    Fukuda     M   ,    Watanabe     S   ,    Hayashi-Takagi     A   ,    Noguchi     J    . 
  Structural dynamics of dendritic spines in memory and cognition  . 
  Trends Neurosci  .   2010  ;  33  :  121   –   129  .   

      9.        Dumitriu     D   ,    Hao     J   ,    Hara     Y   ,   et al   .   Selective changes in thin spine density 
and morphology in monkey prefrontal cortex correlate with aging-
related cognitive impairment  .   J Neurosci  .   2010  ;  30  :  7507   –   7515  .   

      10.        Rapp     PR   ,    Morrison     JH   ,    Roberts     JA    .   Cyclic estrogen replacement 
improves cognitive function in aged ovariectomized rhesus monkeys  . 
  J Neurosci  .   2003  ;  23  :  5708   –   5714  .   

      11.        Hara     Y   ,    Park     CS   ,    Janssen     WG   ,    Roberts     MT   ,    Morrison     JH   ,    Rapp     PR    . 
  Synaptic correlates of memory and menopause in the hippocampal dentate 
gyrus in rhesus monkeys  .   Neurobiol Aging  .   2012  ;  33  :  421  .  e17   –   28  .      

      12.        Reuter-Lorenz     PA   ,    Cappell     K    .   Neurocognitive aging and the compen-
sation hypothesis  .   Curr Dir Psychol Sci  .   2008  ;  18  :  177   –   182  .   

      13.        Park     DC   ,    Reuter-Lorenz     P    .   The adaptive brain: aging and neurocognitive 
scaffolding  .   Annu Rev Psychol  .   2009  ;  60  :  173   –   196  .   

      14.        Reuter-Lorenz     PA   ,    Jonides     J   ,    Smith     EE   ,   et al   .   Age differences in the 
frontal lateralization of verbal and spatial working memory revealed 
by PET  .   J Cogn Neurosci  .   2000  ;  12  :  174   –   187  .   

      15.        Grady     CL   ,    Haxby     JV   ,    Horwitz     B   ,   et al   .   Dissociation of object and 
spatial vision in human extrastriate cortex: age- related changes 
in activation of regional cerebral blood fl ow measured with [15o] 
water and positron emission tomography  .   J Cogn Neurosci  .   1992  ;  4  : 
 23   –   34  .   

      16.        Cabeza     R   ,    Grady     CL   ,    Nyberg     L   ,   et al   .   Age-related differences in 
neural activity during memory encoding and retrieval: a positron 
emission tomography study  .   J Neurosci  .   1997  ;  17  :  391   –   400  .   

      17.        Cabeza     R    .   Hemispheric asymmetry reduction in older adults: the 
harold model  .   Psychol Aging  .   2002  ;  17  :  85   –   100  .   

      18.        Reuter-Lorenz     PA   ,    Stanczak     L   , &    Miller     A    .   Neural recruitment and cogni-
tive aging: two hemispheres are better than one especially as you age  . 
  Psychol Sci  .   1999  ;  10  :  494   –   500  .   

      19.        Lustig     C   ,    Shah     P   ,    Seidler     R   ,    Reuter-Lorenz     PA    .   Aging, training, and 
the brain: a review and future directions  .   Neuropsychol Rev  .   2009  ;  
19  :  504   –   522  .   

      20.        Schneider-Garces     NJ   ,    Gordon     BA   ,    Brumback-Peltz     CR   ,   et al   .   Span, 
crunch, and beyond: working memory capacity and the aging 
brain  .   J Cogn Neurosci  .   2010  ;  22  :  655   –   669  .   

      21.        Cappell     KA   ,    Gmeindl     L   ,    Reuter-Lorenz     PA    .   Age differences in 
prefontal recruitment during verbal working memory maintenance 
depend on memory load  .   Cortex  .   2010  ;  46  :  462   –   473  .   

      22.        Carp     J   ,    Gmeindl     L   ,    Reuter-Lorenz     PA    .   Age differences in the neural 
representation of working memory revealed by multi-voxel pattern 
analysis  .   Front Hum Neurosci  .   2010  ;  4  :  217  .   

      23.        Hasher     L   ,    Zacks     RT    .   Working memory, comprehension and aging: a 
review and a new view  . In:     Bower     GH  ,   ed    .   The Psychology of Learning 
and Motivation  .   New York  :   Academic Press  ;   1988  :  193   –   225  .   

      24.        Light     LL    .   Memory and aging  . In:     Bjork     EL  ,     Bjork     RA  ,   eds    .   Memory  . 
  San Diego, CA  :   Academic Press  ;   1996  :  443   –   490  .   

      25.        Rush     BK   ,    Barch     DM   ,    Braver     TS    .   Accounting for cognitive aging: 
context processing, inhibition or processing speed?     Neuropsychol Dev 
Cogn B Aging Neuropsychol Cogn  .   2006  ;  13  :  588   –   610  .   

      26.        Braver     TS   ,    Barch     DM   ,    Keys     BA   ,   et al   .   Context processing in older 
adults: evidence for a theory relating cognitive control to neurobiology 
in healthy aging  .   J Exp Psychol Gen  .   2001  ;  130  :  746   –   763  .   

      27.        West     RL    .   An application of prefrontal cortex function theory to cognitive 
aging  .   Psychol Bull  .   1996  ;  120  :  272   –   292  .   

      28.        Raz     N   ,    Gunning     FM   ,    Head     D   ,   et al   .   Selective aging of the human 
cerebral cortex observed in vivo: differential vulnerability of the 
prefrontal gray matter  .   Cereb Cortex  .   1997  ;  7  :  268   –   282  .   

      29.        Schuff     N   ,    Zhang     Y   ,    Zhan     W   ,   et al   .   Patterns of altered cortical perfusion 
and diminished subcortical integrity in posttraumatic stress disorder: 
an MRI study  .   Neuroimage  .   2011  ;  54  :  S62   –   8  .      

      30.        O ’ Sullivan     M   ,    Morris     RG   ,    Huckstep     B   ,    Jones     DK   ,    Williams     SC   , 
   Markus     HS    .   Diffusion tensor MRI correlates with executive dysfunction 
in patients with ischaemic leukoaraiosis  .   J Neurol Neurosurg Psychiatry  . 
  2004  ;  75  :  441   –   447  .   

      31.        Tullberg     M   ,    Fletcher     E   ,    DeCarli     C   ,   et al   .   White matter lesions impair 
frontal lobe function regardless of their location  .   Neurology  .   2004  ;  
63  :  246   –   253  .   

      32.        Nordahl     CW   ,    Ranganath     C   ,    Yonelinas     AP   ,    Decarli     C   ,    Fletcher     E   , 
   Jagust     WJ    .   White matter changes compromise prefrontal cortex 
function in healthy elderly individuals  .   J Cogn Neurosci  .   2006  ;  18  : 
 418   –   429  .   

      33.        Mayda     AB   ,    Westphal     A   ,    Carter     CS   ,    DeCarli     C    .   Late life cognitive control 
defi cits are accentuated by white matter disease burden  .   Brain  .   2011  ; 
 134  :  1673   –   1683  .   

      34.        Miller     SL   ,    Celone     K   ,    DePeau     K   ,   et al   .   Age-related memory impairment 
associated with loss of parietal deactivation but preserved hippocampal 
activation  .   Proc Natl Acad Sci U S A  .   2008  ;  105  :  2181   –   2186  .   

      35.        Rand-Giovannetti     E   ,    Chua     EF   ,    Driscoll     AE   ,    Schacter     DL   ,    Albert     MS   , 
   Sperling     RA    .   Hippocampal and neocortical activation during repetitive 
encoding in older persons  .   Neurobiol Aging  .   2006  ;  27  :  173   –   182  .   

      36.        Vannini     P   ,    Hedden     T   ,    Becker     JA   ,   et al   .   Age and amyloid-related altera-
tions in default network habituation to stimulus repetition  .   Neurobiol 
Aging  .   In press  .      

      37.        Buckner     RL   ,    Snyder     AZ   ,    Shannon     BJ   ,   et al   .   Molecular, structural, and 
functional characterization of Alzheimer ’ s disease: evidence for a 
relationship between default activity, amyloid, and memory  .   J Neurosci  . 
  2005  ;  25  :  7709   –   7717  .   

      38.        Sperling     RA   ,    Laviolette     PS   ,    O ’ Keefe     K   ,   et al   .   Amyloid deposition is 
associated with impaired default network function in older persons 
without dementia  .   Neuron  .   2009  ;  63  :  178   –   188  .   

      39.        Dickerson     BC   ,    Bakkour     A   ,    Salat     DH   ,   et al   .   The cortical signature of 
Alzheimer ’ s disease: regionally specifi c cortical thinning relates to 
symptom severity in very mild to mild ad dementia and is detectable 
in asymptomatic amyloid-positive individuals  .   Cereb Cortex  .   2009  ;  19  :
  497   –   510  .   

      40.        Becker     JA   ,    Hedden     T   ,    Carmasin     J   ,   et al   .   Amyloid-beta associated 
cortical thinning in clinically normal elderly  .   Ann Neurol  .   2011  ; 
 69  :  1032   –   1042  .   

 NEURAL CIRCUITS, NETWORKS, AND PLASTICITY 7

      41.        Hedden     T   ,    Van Dijk     KR   ,    Becker     JA   ,   et al   .   Disruption of functional 
connectivity in clinically normal older adults harboring amyloid bur-
den  .   J Neurosci  .   2009  ;  29  :  12686   –   12694  .   

      42.        Rentz     DM   ,    Locascio     JJ   ,    Becker     JA   ,   et al   .   Cognition, reserve, and 
amyloid deposition in normal aging  .   Ann Neurol  .   2010  ;  67  : 
 353   –   364  .   

      43.        Iadecola     C    .   The overlap between neurodegenerative and vascular fac-
tors in the pathogenesis of dementia  .   Acta Neuropathol (Berl)  . 
  2010  ;  120  :  287   –   296  .   

      44.        Fernando     MS   ,    Simpson     JE   ,    Matthews     F   ,   et al   .   White matter lesions in 
an unselected cohort of the elderly: molecular pathology suggests 
origin from chronic hypoperfusion injury  .   Stroke  .   2006  ;  37  :  1391   –   1398  .   

      45.        Bell     RD   ,    Deane     R   ,    Chow     N   ,   et al   .   Srf and myocardin regulate lrp-
mediated amyloid-beta clearance in brain vascular cells  .   Nat Cell Biol  . 
  2009  ;  11  :  143   –   153  .   

      46.        Shibata     M   ,    Yamada     S   ,    Kumar     SR   ,   et al   .   Clearance of Alzheimer ’ s 
amyloid-ss(1-40) peptide from brain by ldl receptor-related protein-1 
at the blood-brain barrier  .   J Clin Invest  .   2000  ;  106  :  1489   –   1499  .      

 at O
U

P site access on A
ugust 2, 2013

http://biom
edgerontology.oxfordjournals.org/

D
ow

nloaded from
 

http://biomedgerontology.oxfordjournals.org/


	 NEURAL CIRCUITS, NETWORKS, AND PLASTICITY	 753DECARLI ET AL.6

preventive factors to ameliorate age-related cognitive dec-
rements are needed, and several have been suggested here. 
 Although  targeting of the amyloid pathway has been of lim-
ited success to date, vascular disease is detectable and pre-
ventable and offers the possibility of early treatment. 
Finally, decline in physiologic processes due to aging, such 
as endocrine senescence, require further study and open 
new avenues for limiting age-related cognitive decline   .    

 References  
      1.        Raz     N   ,    Rodrigue     KM   ,    Kennedy     KM   ,    Acker     JD    .   Vascular health and 

longitudinal changes in brain and cognition in middle-aged and older 
adults  .   Neuropsychology  .   2007  ;  21  :  149   –   157  .   

      2.        Wright     CB   ,    Festa     JR   ,    Paik     MC   ,   et al   .   White matter hyperintensities 
and subclinical infarction: associations with psychomotor speed and 
cognitive fl exibility  .   Stroke  .   2008  ;  39  :  800   –   805  .   

      3.        Rabbitt     P   ,    Scott     M   ,    Lunn     M   ,   et al   .   White matter lesions account for all 
age-related declines in speed but not in intelligence  .   Neuropsychology  . 
  2007  ;  21  :  363   –   370  .   

      4.        Morrison     JH   ,    Hof     PR    .   Life and death of neurons in the aging brain  . 
  Science  .   1997  ;  278  :  412   –   419  .   

      5.        Hao     J   ,    Rapp     PR   ,    Janssen     WG   ,   et al   .   Interactive effects of age and 
estrogen on cognition and pyramidal neurons in monkey prefrontal 
cortex  .   Proc Natl Acad Sci U S A  .   2007  ;  104  :  11465   –   11470  .   

      6.        Rapp     PR   ,    Amaral     DG    .   Evidence for task-dependent memory dysfunction 
in the aged monkey  .   J Neurosci  .   1989  ;  9  :  3568   –   3576  .   

      7.        Miller     EK   ,    Freedman     DJ   ,    Wallis     JD    .   The prefrontal cortex: categories, 
concepts and cognition  .   Philos Trans R Soc Lond B Biol Sci  .   2002  ;  
357  :  1123   –   1136  .   

      8.        Kasai     H   ,    Fukuda     M   ,    Watanabe     S   ,    Hayashi-Takagi     A   ,    Noguchi     J    . 
  Structural dynamics of dendritic spines in memory and cognition  . 
  Trends Neurosci  .   2010  ;  33  :  121   –   129  .   

      9.        Dumitriu     D   ,    Hao     J   ,    Hara     Y   ,   et al   .   Selective changes in thin spine density 
and morphology in monkey prefrontal cortex correlate with aging-
related cognitive impairment  .   J Neurosci  .   2010  ;  30  :  7507   –   7515  .   

      10.        Rapp     PR   ,    Morrison     JH   ,    Roberts     JA    .   Cyclic estrogen replacement 
improves cognitive function in aged ovariectomized rhesus monkeys  . 
  J Neurosci  .   2003  ;  23  :  5708   –   5714  .   

      11.        Hara     Y   ,    Park     CS   ,    Janssen     WG   ,    Roberts     MT   ,    Morrison     JH   ,    Rapp     PR    . 
  Synaptic correlates of memory and menopause in the hippocampal dentate 
gyrus in rhesus monkeys  .   Neurobiol Aging  .   2012  ;  33  :  421  .  e17   –   28  .      

      12.        Reuter-Lorenz     PA   ,    Cappell     K    .   Neurocognitive aging and the compen-
sation hypothesis  .   Curr Dir Psychol Sci  .   2008  ;  18  :  177   –   182  .   

      13.        Park     DC   ,    Reuter-Lorenz     P    .   The adaptive brain: aging and neurocognitive 
scaffolding  .   Annu Rev Psychol  .   2009  ;  60  :  173   –   196  .   

      14.        Reuter-Lorenz     PA   ,    Jonides     J   ,    Smith     EE   ,   et al   .   Age differences in the 
frontal lateralization of verbal and spatial working memory revealed 
by PET  .   J Cogn Neurosci  .   2000  ;  12  :  174   –   187  .   

      15.        Grady     CL   ,    Haxby     JV   ,    Horwitz     B   ,   et al   .   Dissociation of object and 
spatial vision in human extrastriate cortex: age- related changes 
in activation of regional cerebral blood fl ow measured with [15o] 
water and positron emission tomography  .   J Cogn Neurosci  .   1992  ;  4  : 
 23   –   34  .   

      16.        Cabeza     R   ,    Grady     CL   ,    Nyberg     L   ,   et al   .   Age-related differences in 
neural activity during memory encoding and retrieval: a positron 
emission tomography study  .   J Neurosci  .   1997  ;  17  :  391   –   400  .   

      17.        Cabeza     R    .   Hemispheric asymmetry reduction in older adults: the 
harold model  .   Psychol Aging  .   2002  ;  17  :  85   –   100  .   

      18.        Reuter-Lorenz     PA   ,    Stanczak     L   , &    Miller     A    .   Neural recruitment and cogni-
tive aging: two hemispheres are better than one especially as you age  . 
  Psychol Sci  .   1999  ;  10  :  494   –   500  .   

      19.        Lustig     C   ,    Shah     P   ,    Seidler     R   ,    Reuter-Lorenz     PA    .   Aging, training, and 
the brain: a review and future directions  .   Neuropsychol Rev  .   2009  ;  
19  :  504   –   522  .   

      20.        Schneider-Garces     NJ   ,    Gordon     BA   ,    Brumback-Peltz     CR   ,   et al   .   Span, 
crunch, and beyond: working memory capacity and the aging 
brain  .   J Cogn Neurosci  .   2010  ;  22  :  655   –   669  .   

      21.        Cappell     KA   ,    Gmeindl     L   ,    Reuter-Lorenz     PA    .   Age differences in 
prefontal recruitment during verbal working memory maintenance 
depend on memory load  .   Cortex  .   2010  ;  46  :  462   –   473  .   

      22.        Carp     J   ,    Gmeindl     L   ,    Reuter-Lorenz     PA    .   Age differences in the neural 
representation of working memory revealed by multi-voxel pattern 
analysis  .   Front Hum Neurosci  .   2010  ;  4  :  217  .   

      23.        Hasher     L   ,    Zacks     RT    .   Working memory, comprehension and aging: a 
review and a new view  . In:     Bower     GH  ,   ed    .   The Psychology of Learning 
and Motivation  .   New York  :   Academic Press  ;   1988  :  193   –   225  .   

      24.        Light     LL    .   Memory and aging  . In:     Bjork     EL  ,     Bjork     RA  ,   eds    .   Memory  . 
  San Diego, CA  :   Academic Press  ;   1996  :  443   –   490  .   

      25.        Rush     BK   ,    Barch     DM   ,    Braver     TS    .   Accounting for cognitive aging: 
context processing, inhibition or processing speed?     Neuropsychol Dev 
Cogn B Aging Neuropsychol Cogn  .   2006  ;  13  :  588   –   610  .   

      26.        Braver     TS   ,    Barch     DM   ,    Keys     BA   ,   et al   .   Context processing in older 
adults: evidence for a theory relating cognitive control to neurobiology 
in healthy aging  .   J Exp Psychol Gen  .   2001  ;  130  :  746   –   763  .   

      27.        West     RL    .   An application of prefrontal cortex function theory to cognitive 
aging  .   Psychol Bull  .   1996  ;  120  :  272   –   292  .   

      28.        Raz     N   ,    Gunning     FM   ,    Head     D   ,   et al   .   Selective aging of the human 
cerebral cortex observed in vivo: differential vulnerability of the 
prefrontal gray matter  .   Cereb Cortex  .   1997  ;  7  :  268   –   282  .   

      29.        Schuff     N   ,    Zhang     Y   ,    Zhan     W   ,   et al   .   Patterns of altered cortical perfusion 
and diminished subcortical integrity in posttraumatic stress disorder: 
an MRI study  .   Neuroimage  .   2011  ;  54  :  S62   –   8  .      

      30.        O ’ Sullivan     M   ,    Morris     RG   ,    Huckstep     B   ,    Jones     DK   ,    Williams     SC   , 
   Markus     HS    .   Diffusion tensor MRI correlates with executive dysfunction 
in patients with ischaemic leukoaraiosis  .   J Neurol Neurosurg Psychiatry  . 
  2004  ;  75  :  441   –   447  .   

      31.        Tullberg     M   ,    Fletcher     E   ,    DeCarli     C   ,   et al   .   White matter lesions impair 
frontal lobe function regardless of their location  .   Neurology  .   2004  ;  
63  :  246   –   253  .   

      32.        Nordahl     CW   ,    Ranganath     C   ,    Yonelinas     AP   ,    Decarli     C   ,    Fletcher     E   , 
   Jagust     WJ    .   White matter changes compromise prefrontal cortex 
function in healthy elderly individuals  .   J Cogn Neurosci  .   2006  ;  18  : 
 418   –   429  .   

      33.        Mayda     AB   ,    Westphal     A   ,    Carter     CS   ,    DeCarli     C    .   Late life cognitive control 
defi cits are accentuated by white matter disease burden  .   Brain  .   2011  ; 
 134  :  1673   –   1683  .   

      34.        Miller     SL   ,    Celone     K   ,    DePeau     K   ,   et al   .   Age-related memory impairment 
associated with loss of parietal deactivation but preserved hippocampal 
activation  .   Proc Natl Acad Sci U S A  .   2008  ;  105  :  2181   –   2186  .   

      35.        Rand-Giovannetti     E   ,    Chua     EF   ,    Driscoll     AE   ,    Schacter     DL   ,    Albert     MS   , 
   Sperling     RA    .   Hippocampal and neocortical activation during repetitive 
encoding in older persons  .   Neurobiol Aging  .   2006  ;  27  :  173   –   182  .   

      36.        Vannini     P   ,    Hedden     T   ,    Becker     JA   ,   et al   .   Age and amyloid-related altera-
tions in default network habituation to stimulus repetition  .   Neurobiol 
Aging  .   In press  .      

      37.        Buckner     RL   ,    Snyder     AZ   ,    Shannon     BJ   ,   et al   .   Molecular, structural, and 
functional characterization of Alzheimer ’ s disease: evidence for a 
relationship between default activity, amyloid, and memory  .   J Neurosci  . 
  2005  ;  25  :  7709   –   7717  .   

      38.        Sperling     RA   ,    Laviolette     PS   ,    O ’ Keefe     K   ,   et al   .   Amyloid deposition is 
associated with impaired default network function in older persons 
without dementia  .   Neuron  .   2009  ;  63  :  178   –   188  .   

      39.        Dickerson     BC   ,    Bakkour     A   ,    Salat     DH   ,   et al   .   The cortical signature of 
Alzheimer ’ s disease: regionally specifi c cortical thinning relates to 
symptom severity in very mild to mild ad dementia and is detectable 
in asymptomatic amyloid-positive individuals  .   Cereb Cortex  .   2009  ;  19  :
  497   –   510  .   

      40.        Becker     JA   ,    Hedden     T   ,    Carmasin     J   ,   et al   .   Amyloid-beta associated 
cortical thinning in clinically normal elderly  .   Ann Neurol  .   2011  ; 
 69  :  1032   –   1042  .   

 NEURAL CIRCUITS, NETWORKS, AND PLASTICITY 7

      41.        Hedden     T   ,    Van Dijk     KR   ,    Becker     JA   ,   et al   .   Disruption of functional 
connectivity in clinically normal older adults harboring amyloid bur-
den  .   J Neurosci  .   2009  ;  29  :  12686   –   12694  .   

      42.        Rentz     DM   ,    Locascio     JJ   ,    Becker     JA   ,   et al   .   Cognition, reserve, and 
amyloid deposition in normal aging  .   Ann Neurol  .   2010  ;  67  : 
 353   –   364  .   

      43.        Iadecola     C    .   The overlap between neurodegenerative and vascular fac-
tors in the pathogenesis of dementia  .   Acta Neuropathol (Berl)  . 
  2010  ;  120  :  287   –   296  .   

      44.        Fernando     MS   ,    Simpson     JE   ,    Matthews     F   ,   et al   .   White matter lesions in 
an unselected cohort of the elderly: molecular pathology suggests 
origin from chronic hypoperfusion injury  .   Stroke  .   2006  ;  37  :  1391   –   1398  .   

      45.        Bell     RD   ,    Deane     R   ,    Chow     N   ,   et al   .   Srf and myocardin regulate lrp-
mediated amyloid-beta clearance in brain vascular cells  .   Nat Cell Biol  . 
  2009  ;  11  :  143   –   153  .   

      46.        Shibata     M   ,    Yamada     S   ,    Kumar     SR   ,   et al   .   Clearance of Alzheimer ’ s 
amyloid-ss(1-40) peptide from brain by ldl receptor-related protein-1 
at the blood-brain barrier  .   J Clin Invest  .   2000  ;  106  :  1489   –   1499  .      

 at O
U

P site access on A
ugust 2, 2013

http://biom
edgerontology.oxfordjournals.org/

D
ow

nloaded from
 

http://biomedgerontology.oxfordjournals.org/



