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Abstract
Deficits in auditory function and cognition are hallmarks of
normative aging. Recent evidence suggests that hearing-impaired
individuals have greater risks of developing cognitive impairment and
dementia compared to people with intact auditory function. Little is known
regarding the neurobiological bases underlying these associations,
partially because they are not well established in animal models of brain
aging. The experiments and analyses contained within this thesis were
designed to provide insight into the relationship between auditory, visual,
and cognitive function. First, two distinct colonies of different macaque
species completed a battery of behavioral tests designed to probe frontal
and temporal lobe-dependent cognitive functions. Auditory and visual
system function was then tested in a subset of the same animals using
auditory brainstem response and visual evoked potential
electrophysiological recordings. Finally, diffusion magnetic resonance
images were acquired from the same subset of animals used in the
assessment of auditory and visual system function. Probabilistic
tractography methods were used to evaluate the microstructural condition
of thalamocortical and corticocortical white matter projection systems
associated with sensory function and cognition. Aged monkeys performed
more poorly in the cognitive battery, although they were impaired only on
certain cognitive functions assessed in the battery, but not others. These
same monkeys showed evidence of auditory temporal processing deficits
compared with adults, despite auditory thresholds and visual system
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function not being different between the two age groups. Estimates of
auditory temporal processing were correlated with composite cognitive
scores, and these associations with behavior were selectively observed
with tasks dependent on temporal lobe brain structures. Auditory
thresholds and visual system function, on the other hand, were not
associated with higher cognitive function. Results from the diffusion
tensor imaging experiments showed striking specificity with respect to the
relationships between fractional anisotropy in distinct white matter tracts
and brain function. Together, the experiments contained within this thesis
demonstrate for the first time significant and selective relationships
between auditory brainstem responses, thalamocortical and corticocortical
connectivity as measured by diffusion MRI, and higher-order cognitive
ability. These measures obtained from nonhuman primates should
provide deeper mechanistic insights into sensory contributions to cognitive
decline in older humans.
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Chapter 1: Introduction – Cognitive Aging and
Presbycusis in Humans
1.1 – Demographic trends towards longer lives highlight the
importance of cognitive aging research

In the year 1900, the three leading causes of death in the United
States were influenza, tuberculosis, and gastrointestinal infections
(Tippett, 2014). Thanks to critical advances in medicine, improved
education, and changes in societal norms over the past century, the
incidence of such diseases has dropped substantially worldwide.
Consequently, mortality rates have also significantly declined, particularly
amongst children and older adults (Hoyert and Xu, 2012). One striking
outcome from these demographic trends is that populations across the
globe are getting older (West et al., 2014). In the year 1910, for example,
the average life expectancy of American men and women was 46.3 and
48.3 years, respectively, and only 4.1% of the United States population
was over the age of 65. By 2010 these estimates had increased to 76.2
and 81 years, and 13.7% of the population was older than 65 (NCHS,
2014; West et al., 2014; Figure 1.1). Such trends towards longer lives
reflect one of humanity’s most impressive and underappreciated cultural
achievements as the growing group of older individuals is perhaps the
only natural resource in the world not shrinking.
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Figure 1.1 – United States population over the age of 65 from the year 1900 projected to
2050. Blue bars represent the total number of individuals over the age of 65 (left y-axis).
The orange line represents the proportion of individuals older than 65 over the same time
range (right y-axis). Adapted from West et al., 2014.

One often misunderstood aspect of the normative aging process is
that the majority of individuals will not ever develop dementing
neurological illness. In fact, only 14% of people over the age of 70
present with these neurodegenerative diseases that result in dementia
(Plassman et al., 2007). The remaining 86% of elderly people show
significant inter-individual variability in the extent to which age-related
cognitive decline affects their mental function (Luo and Craik, 2008;
Plassman et al., 2007). Why some individuals appear more resilient to
cognitive decline across the lifespan than others remains poorly
understood, and one critical aim of brain aging research is to understand
the neurobiological underpinnings of this variability. Answers to this
critical question likely lie at the interface between genetics, the physiology
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of the aging brain, and the ever-changing environment that nervous
systems interact with. Decades of research in both humans and animal
models of cognitive aging have proven fruitful in increasing the
understanding of the basic biology of the aging brain (for reviews see
Bizon et al., 2012; Glisky, 2007). In all species examined brain functions
critical for cognition change across the lifespan, and age-related functional
alterations have been identified at the level of molecules, cells, circuits,
and behavior; yet no widely-accepted theory of cognitive aging exists to
date.
It is becoming more critical today than ever before to understand
the mechanisms that underlie the cognitive aging process due to several
striking societal trends. One such trend is that elderly individuals are
remaining active in the workforce longer now than in previous generations
due to a number of factors (Helman et al., 2010; Figure 1.2). Even mild
cognitive decline has the potential to severely affect an older person’s
ability to compete with younger colleagues in the high-stress and highpace environments found in many workplaces. A different societal trend
that further highlights the need for cognitive health later in life is that
people are waiting significantly longer to have children today than ever
before (AARP, 2015). By extension many older individuals are becoming
grandparents much later in life compared to previous generations, leading
them to worry whether they will be physically and mentally healthy enough
to play significant roles in the lives of their grandchildren.
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Figure 1.2 – Trends in worker retirement age in the United States between 1995 and 2010.
The black line represents individuals at each time point that retire prior to the age of 65, the
blue represents those who retire after the age of 65, and red represents those who never
retire. There has been a steady decrease in the proportion of individuals able to retire prior
to 65, and a steady increase in the proportion of people that are never able to retire. Note:
all data and figure are adapted from Helman et al., 2010.

As societies worldwide continue to trend towards longer life
expectancies it is becoming more critical to devise strategies to maintain
cognitive health so as to not burden older individuals and their families
with the frustrations associated with age-related cognitive impairment. In
not doing so, we as a species risk wasting one of our greatest
humanitarian feats in exchange for a potentially overwhelming health
crisis. In the coming years it will be critical that scientists, physicians,
caretakers, and policy makers partake in a dialogue directed towards the
common goal of cognitive welfare throughout life.
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1.2 - Age-related cognitive decline

Cognition refers to a myriad of mental operations that support the
understanding and manipulation of internal thought or sensory-driven
experience. The construct of cognition defies simple definition and has
been segregated into multiple domains, each with their own subdivisions
(e.g., Baddeley, 1996; Glisky, 2007; Verhaeghen and Cerella, 2002).
Age-associated alterations in cognitive function have been studied for
decades and are considered a hallmark of the normative aging process.
Precise behavioral testing aimed at understanding the trajectory that
distinct mental operations take across the lifespan have made it clear that
changes in cognition associated with normative aging are not uniform
across all domains or individuals (e.g., Glisky, 2007; Grady, 2008). For
instance, aged individuals experience particular difficulties in creating and
maintaining episodic memories - the conscious recall of previous events
(e.g., Glisky et al., 2001; Grady, 2012; Luo and Craik, 2008). Unlike
episodic memory, however, older individuals retain their semantic memory
- general world knowledge accumulated throughout a lifetime (see Glisky,
2007). Dissociations such as this have been observed across multiple
cognitive domains.
1.2.1 - Attentional control

Attention involves a series of complex cognitive functions that are
fundamental to virtually all other mental operations when individuals
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perform tasks that have not become habitual in nature. As a construct,
attention has been segregated into a variety of different sub-processes
that are each specialized for distinct aspects of behavior. While debate
exists as to the most appropriate ways to segment attention into its
constituent parts, the following discussion will touch upon two general
forms: selective attention and divided attention.
One critical component of goal-directed behaviors is the ability to
attend to task-relevant stimuli while ignoring irrelevant ones. This mental
process is known as selective attention (e.g., Behrmann et al., 2004;
Gazzaley and Nobre, 2012; Hanania and Smith, 2010). Some tests of
selective attention require subjects to search a visual display for a
particular target that is surrounded by multiple non-target stimuli, while
others require subjects to attend to certain dimensions of a stimulus while
ignoring others (i.e., focus on certain shapes of a particular color, and
ignore others; Figure 1.3). In general, studies using these behaviors have
shown that processing time increases as the number of distractors or
dimensions that must be attended to increases. Despite some
inconsistencies in the literature, distracting stimuli do not tend to impact
older individuals any more than they do younger people, suggesting that
selective attention is generally preserved across the lifespan (e.g., Clapp
et al., 2011; Clapp and Gazzaley, 2012; Verhaeghen and Cerella, 2002).
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Figure 1.3 – Schematic depiction of a shape-based Stroop paradigm. Here subjects must
indicate the presence of a particular shape with a particular color, while ignoring other
stimuli with just one or none of the target features Figure adapted from Shalev et al. (2011).

A distinct attentional control process, divided attention, refers to the
simultaneous processing of more than one source of information. Driving
is a common task that requires attention splitting since one must operate a
vehicle while continuously monitoring the environment for pedestrians,
street signs, or potential hazards. In laboratory settings, divided attention
has been tested in a variety of ways. Some tasks require individuals to
inspect multiple stimuli at different spatial locations for pre-specified
changes, whereas other paradigms require individuals to perform two
distinct tasks simultaneously (e.g., Clapp et al., 2011; Clapp and
Gazzaley, 2012; Fernandes et al., 2004; Gazzaley et al., 2007; Figure
1.4A). In general, studies comparing the ability of younger and older
individuals to perform these tasks indicate that aging is associated with
significant impairments in divided attention (e.g., Clapp et al., 2011;
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Glisky, 2007; Figure 1.4B). The observation that divided attention is
impacted by aging more than selective attention highlights the fact that
attentional control is not a unitary process, and that the effects of aging
are not generalizable even across different subcomponents of a cognitive
domain.

Figure 1.4 – Deficits in divided attention in older humans. A) Pictorial depiction of a task that
has been used to assess divided attention in aged individuals. In this task, subjects must
encode a scene and determine whether a probe scene presented after a delay matches or
does not match the sample. During this delay, an image of a face is presented, and
participants are instructed to determine whether the face belongs to a male or female. This
manipulation during the delay requires subjects to switch attention from the primary sceneassociated task to encode the face before switching back to the scene representation. B)
Aged individuals perform this task more poorly than do younger people. Figure adapted
from Clapp et al., 2011.

1.2.2 - Working memory

Working memory is a cognitive system with limited storage capacity
that involves active manipulation of mnemonic information held in attention
over relatively limited time intervals (e.g., Reuter-Lorenz and Sylvester,
2005; Zacks et al., 2000). This form of memory is often confused with
short-term memory since both occur over short periods of time. The
difference between working memory and short-term memory is the active
manipulation component of working memory. For example, repeating a
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sentence or phone number verbatim is considered a short-term memory
process since this can be achieved through simple rehearsal strategies.
Repeating the same words or digits in reverse, however, requires working
memory since the information must be rearranged into a new order.
Interestingly, older adults have little trouble with tasks that require shortterm memory but are very consistently impaired when working memory
processes must be engaged (e.g., Gazzaley et al., 2007; Glisky, 2007;
Park and Reuter-Lorenz, 2009; Reuter-Lorenz and Sylvester, 2005).
Despite the fact that working memory declines are among the most
robust age-associated changes in cognition, considerable debate remains
concerning the mechanisms involved. One theory proposes attentional
deficits result in working memory decline. This view considers working
memory a form of divided attention since information must be rehearsed
as it is simultaneously manipulated. As discussed in section 1.2.1, aged
individuals tend to show deficits in divided attention, providing some
support for this theory. Another theory suggests that age-associated
reductions in inhibitory control play significant roles in working memory
impairments. Inhibitory control refers to an executive function necessary
for suppressing task-irrelevant information (e.g., D’Esposito et al., 1995;
see section 1.2.3). Under this view, working memory impairments
manifest through an increased susceptibility to interference from nonrelevant information, effectively reducing the system’s storage capacity
(see May et al., 1999). Finally, some theories suggest that a slowing of
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processing speed across the lifespan plays a substantial role in reducing
working memory capacity. In this context, processing speed refers to how
quickly a mental operation can be executed. Thus, the central hypothesis
of this theory is that cognitive performance is impaired when processing is
slow since the relevant working memory operations necessary to complete
a given task cannot be executed within an appropriate time window (e.g.,
Salthouse, 1996). Support for this idea comes from observations that
processing speed consistently slows in older people and can explain a
significant amount of variance across a wide array of cognitive tests (for
review see Salthouse, 2000).
1.2.3 - Executive function

Goal-directed behaviors allow individuals to deliberately select
actions that accomplish specific objectives, differentiating them from
habitual behaviors, which are executed regardless of context. The
appropriate execution of goal-directed behaviors requires planning,
coordination, implementation, and evaluation of distinct behavioral
options. Executive function is an umbrella term used to define the multicomponent mental construct that organizes cognition, particularly when
individuals encounter novel tasks for which previous strategies have not
been established (e.g., Baddeley, 1996a, 1996b; D’Esposito et al., 1995).
A number of theories have been proposed to account for the diversity of
mental operations considered to be involved in executive function (e.g.,
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Chatham et al., 2011; Friedman et al., 2006; Miyake et al., 2000). Miyake
et al., (2000), for example, suggests that executive processes can be
divided into at least three separate components: attentional updating and
monitoring, set shifting, and inhibition of pre-potent responses. In support
of a multi-component model of executive function, lesion and functional
imaging studies have clearly shown that different regions of the prefrontal
cortex operate independently to give rise to these distinct sub-components
of executive function (Clapp et al., 2011; Clapp and Gazzaley, 2012;
D’Esposito et al., 1995; Godefroy et al., 1999; Robbins et al., 1996).
Deficits in executive function are commonly observed during
normative aging, although distinct executive processes change at different
rates within and between people (e.g., Fernandes et al., 2004; Glisky,
2007). These patterns suggest that distinct prefrontal networks
experience age-related neurobiological alterations at least in part
independently. Additionally, deficits in executive function may be a
primary driver of age-related changes in numerous other aspects of
cognition not considered to be part of the central executive. A good
example of this concept was discussed earlier in the ‘working memory’
section (section 1.2.2). Two main theories concerning the mechanisms
involved in age-related working memory decline suggest that these
impairments may arise due to changes in attentional-resource allocation
and/or the ability to inhibit task-irrelevant stimuli since both could
effectively minimize the encoding space available for a given mnemonic
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event. By extension, age-related working memory impairments may not
entirely be the result of changes in neural networks specific to working
memory, but rather a by-product of deficits in executive control that
emerge with age.
1.2.4 - Long-term memory

Like attentional control and executive functioning, long-term
memory is not a unitary construct, and similarly, some components of
long-term memory remain intact in older individuals while others decline.
The effects of aging on long-term memory capacities have been
particularly well studied, largely because changes in long-term memory
function are particularly relevant in conditions of pathological brain aging
such as Alzheimer’s disease (e.g., Glisky, 2007; Zacks et al., 2000). At
least six different sub-components of long-term memory are thought to
exist and have been studied in the context of brain aging (e.g., Bird and
Burgess, 2008; Glisky, 2007; Figure 1.5). The following discussion will
focus on just two, episodic memory and semantic memory.
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Figure 1.5 – Schematic depiction of the different subdivisions of long-term memory. Generally
speaking, long-term memory is differentiated into explicit and implicit subdivisions. Explicit
memories are further divided into episodic and semantic memories, which refer to memories for
experienced events and for general knowledge or concepts, respectively. Implicit memory is
differentiated into procedural memories and emotional conditioning. From Bird and Burgess, 2008.

Episodic memory refers to an individual’s recollection of a particular
event, which by nature makes it a subjective experience. It is quite
common for different people to have unique recollections of the same
event since a variety of factors can influence an episodic memory over
time. For example, an individual’s prior knowledge and emotional context
at the time of encoding can influence an episodic memory, as can the
recollection and reconsolidation of a given event ( e.g., Klingmüller et al.,
2017; Shields et al., 2017; Smeets et al., 2008). It is this inherent
unreliability of episodic memory that has led the legal system to downplay
the role of any individual eyewitness testimony (Jenkins, 2017). Despite
its flaws, episodic memory is considered the most advanced form of
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memory, and some even suggest it might be uniquely human.
Unfortunately, episodic memory also appears to be most vulnerable to
brain damage and the effects of normative brain aging.
Age-related deterioration in episodic memory can arise to due to
problems at the level of encoding, consolidation, or retrieval. Encoding
failures likely arise due to suboptimal encoding strategies that result in
less distinct memory traces susceptible to interference from competing
events. Selecting an encoding strategy heavily depends on executive
function, which, as discussed earlier, is among the first aspects of
cognition to decline with age ( e.g., Bizon et al., 2012; Moore et al., 2006,
2003; Verhaeghen and Cerella, 2002; section 1.2.3). Thus, many agerelated deficits in episodic memory are likely a by-product of these
changes. Consolidation, on the other hand, involves binding multiple
aspects of a given event into a single, more distributed memory trace.
Regions in the medial temporal lobe, and in particular the hippocampus,
are critical for binding spatial and temporal context to an event. The
medial temporal lobe undergoes considerable structural and functional
alterations
across the lifespan that likely contribute to episodic memory impairment in
older people (for review see Hara et al., 2012). Finally, memory retrieval
is also impacted by the normative aging process, although these deficits
likely are partially due to differences at the level of encoding. Older
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individuals are most impaired in tests of free recall, which is an effortful
recall process, but not cued recall or recognition memory.
Semantic memory refers to an individual’s collection of facts,
words, or concepts. A critical difference between semantic memories and
episodic memories is that the former in not bound to contextual
information of space or time during the encoding process. As such, the
involvement of medial temporal lobe structures such as the hippocampus
is less critical to this form of memory. Instead, semantic memory storage
is thought to depend on distributed networks across the posterior
neocortex, anterior temporal lobes, and lateral prefrontal cortices (Martin
and Chao, 2001). In stark contrast with episodic memory, semantic
memory processes are generally preserved across the lifespan ( e.g.,
Glisky, 2007). In fact, older individuals often display a greater breadth in
their world knowledge compared to young people. These findings indicate
that access to and the organization of information does not dramatically
change during normative aging ( e.g., Light, 1996; Luo and Craik, 2008).
1.2.5 - Inter-individual variability of cognitive decline

The majority of the cognitive aging research highlighted above is
cross-sectional in nature, and therefore reflects group averages in
cognitive function. While cross-sectional studies are able to illuminate
clear trends and common principles of cognitive aging, they often are
unable to depict the trajectory that distinct aspects of cognition take across
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the lifespan in different individuals. The relatively fewer longitudinal
studies that exist clearly show vast heterogeneity amongst older people in
their cognitive trajectories across the lifespan (e.g., Baer et al., 2013;
Dufouil et al., 1996; McArdle, 2011; Figure 1.6). These studies
demonstrate that some people maintain exquisite cognitive function well
into their eighties, sometimes even outperforming younger adults,
whereas others experience profound deficits much earlier in life. Thus,
cognitive decline is not an inescapable fate for older individuals, and our
understanding of why some people appear more vulnerable than others to
age-associated changes in cognition is far from complete (see Luo and
Craik, 2008; Plassman et al., 2007). Together these observations highlight
a major challenge in cognitive aging research of understanding each
individual’s unique behavioral and neurobiological profiles.

Figure 1.6 – Cognitive scores over time in a random sample of 500 adults over the age of 60.
Lines connect dots that represent the performance of the same individual at different ages.
The orange line represents the average score for all individuals at a given age, and blue lines
indicate 1 standard deviation above and below the mean. Source McArdle, 2011.
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In addition to the inter-individual variability in cognitive function that
exists across the lifespan, there is also substantial variability in the
trajectories that different cognitive domains take within any given older
person ( e.g., Fernandes et al., 2004; Fisk and Sharp, 2004; Glisky et al.,
2001, 1995). For example, an older individual with impaired working
memory may be relatively unimpaired in their ability to form episodic
memories, whereas a different individual may show an opposite pattern of
impairment. Numerous factors, including genetics, socioeconomic status,
education, and health status all contribute to this variability. From a
neurobiological perspective, observations that different cognitive functions
are impacted independently between people indicates that the neural
substrates that drive distinct brain operations are not equivalently
impacted by the aging process.
1.2.6 - Specialization of brain function across cognitive domains and
evidence for compensation in aged brains

For decades, lesion and functional imaging studies have made
clear that different aspects of cognition involve distinct cortical brain
regions and neuromodulatory systems. One of the earliest, and perhaps
most striking examples of specialization of brain function comes from a
man that simply became known as patient HM. Due to severe epilepsy,
patient HM underwent a bilateral medial temporal lobectomy, which
removed the anterior two thirds of his hippocampi, parahippocampal
cortices, entorhinal cortices, piriform cortices, and amygdalae (Scoville
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and Milner, 1957; Squire, 2009). This operation resulted in profound
retrograde amnesia and an inability to form novel episodic memories.
Remarkably, however, patient HM did not exhibit deficits in short-term
memory or procedural memory, indicating that these forms of memory did
not require the brain regions removed in his lobectomy (Figure 1.7).
These observations from patient HM, as well as observations from
numerous other studies of lesion patients, led to a fundamental principle in
cognitive neuroscience: the neural substrates governing distinct brain
operations reside in anatomically separate regions.
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Figure 1.7 – Patient HM. A) Magnetic resonance images from two distinct anterior-posterior
locations from a normal, intact individual and from patient HM. The top panel depicts the
anterior-posterior location of the example shown in the bottom panels. Note that patient
HM is lacking most of his hippocampus (H), entorhinal cortex (EC) and parahippocampal
cortex (PH). Cer = cerebellum. B) Schematic depiction of the retrograde and anterograde
amnesia experienced by patient HM. C) Despite profound amnesia, patient HM retained
many other forms of memory including procedural memory. Procedural memory was
assessed in HM through a task that required him to learn to trace a star only with the
guidance of a mirror, which flips the visual scene (top image). HM learned to complete this
task as fast as age-matched, neurologically-intact controls. Image adapted from Biological
Psychology 7e Figure 17.1; the neurobiology of learning and memory 2e, figure 15.2.

The advent of functional brain imaging has profoundly enhanced
the ability of cognitive neuroscientists to localize brain activity patterns
associated with different behaviors. As a whole, these studies clearly
confirm the hypothesis that distinct cognitive functions arise through
network activity in anatomically distinct brain networks. A good example
of this concept comes from the pattern of brain activity associated with
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attentional control. In particular, the middle frontal gyrus of the
dorsolateral prefrontal cortex becomes engaged during tasks that require
attention shifts between visual stimuli (Clapp et al., 2011), whereas
suppression of non-relevant stimuli through top-down attentional
modulation arises from the medial prefrontal cortex (Birrell and Brown,
2000; Clapp et al., 2011; Clapp and Gazzaley, 2012; D’Esposito et al.,
1995). Dissociations such as this are relatively commonly observed.
Within the field of cognitive aging, functional imaging studies
performed in both younger and older individuals have provided invaluable
insights into differences in brain activation patterns across the lifespan.
For example, functional connectivity analyses in human subjects shifting
attention between multiple task-relevant stimuli indicate that the brains of
aged subjects are less able to dynamically switch between functional brain
networks compared to younger adults (Clapp et al., 2011; Figure 1.8).
Instead, the brains of older subjects effectively become stuck in non-task
relevant activity patterns. This idea might be explained by the concept of
backwards inhibition, or the inability to disengage from a recently
completed task, since aged humans have been shown to be impaired on
tasks that require this process ( e.g., Hasher et al., 1999; Hübner et al.,
2003; Mayr and Keele, 2000).
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Figure 1.8 – Older brains are less able to dynamically switch between distinct, task-relevant
activity patterns. Clapp et al., (2011), from which this figure is derived, demonstrated that
the middle frontal gyrus (blue volume on brain image to the left) functionally connects with
the parahippocampal place area (PPA) when young subjects attend to scenes. Young brains
then switch to functionally connect with the fusiform face area (FFA) when faces become
relevant before disengaging in favor of the PPA representation later in the task (left panel).
Older brains, on the other hand, are able to switch from the PPA to the FFA representation,
but then are unable to switch back to the PPA representation to complete the task (right
panel). This study indicates that older brains may become more rigid when dynamic
switches in attention become necessary in service of a particular task. Figure adapted from
Clapp et al., (2011).

Changes in brain activation patterns across the lifespan have not
always been interpreted as negative as the previous discussion may
suggest. Indeed, older subjects often display greater activations than
younger individuals, both in the extent and the number of regions
recruited, when completing identical cognitive tasks ( e.g., Cabeza et al.,
2002; Grady, 2008; Grady et al., 2003; Reuter-Lorenz, 2002; Ryan et al.,
2012). One such pattern that has emerged in several studies is that older
individuals often show bilateral activation of cognitive brain regions when
performing tasks that result in a unilateral activation in younger
participants ( e.g., Cabeza et al., 2002; Grady et al., 2003; Reuter-Lorenz,
2002 Figure 1.9). Intriguingly, the auxiliary recruitment of both
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hemispheres is most pronounced in higher-functioning older individuals
compared to aged participants with lower cognitive function, which has led
these extra activations to be interpreted as compensatory in service of the
task at hand. Conversely, increased task-associated brain activations
may not reflect compensatory mechanisms at all, but rather may depict
inefficiencies or a generalization in cognitive processing in older adults
(see Logan et al., 2002).

Figure 1.9 – Example functional magnetic resonance images from young and old adults
demonstrating bilateral activation of cognitive brain regions in older participants when
performing tasks that results in a unilateral activation in younger participants. Images in the
left column show activation patterns during a word-pair cued-recall task, the middle panel
during a word-stem cued-recall task, and the right column during a word recognition task.
Figure adapted from Reuter-Lorenz et al., 2002.

It has almost become ‘dogma’ to study neural processes
associated with any given behavior in isolation rather than appreciating
the reality that most brain functions arise through distributed activity
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across the brain that overlaps with regional activity patterns associated
with other brain functions. Under this framework, changes in one network
will almost certainly impact others. As an extension, the field of cognitive
aging too often considers age-associated physiological changes in the
brain as vulnerabilities that compromise brain function. While age-related
vulnerabilities certainly exist and do lead to dysfunction (e.g., Burke and
Barnes, 2006), there are other processes at play in normally aged brains
that engage mechanisms of plasticity that can serve to buffer the negative
outcomes of these changes. An ‘adaptive view’ of brain aging is not
meant to replace the reality that some brain processes become vulnerable
with age, but rather to emphasize that neural networks are dynamic, and
many age-related alterations in the brain make use of these plastic
mechanisms to adjust functionality. This framework is meant to
emphasize that it could be difficult to distinguish a ‘primary pathology’ from
a change that is adaptive. The conceptual disentanglement of positive
and negative age-related alterations is crucial when interpreting brain and
cognitive aging data, and thus remains a major challenge for the future of
aging research.
1.3 - Age-related hearing loss/presbycusis

Age-related hearing loss, or presbycusis, is the third most common
chronic medical condition in older adults, impacting nearly eighty percent
of individuals over the age of 80 to some degree ( e.g., Gopinath et al.,
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2009; Helzner et al., 2005b; Wattamwar et al., 2017). Presbycusis results
in morphological and physiological changes at multiple levels of the
auditory system that progress over the course of years and decades. As
with cognitive decline, there is a great deal of inter-individual variability in
the extent and form of presbycusis that any one person develops. While
much of this variability can be attributed to differences in noise-induced
trauma or exposure to ototoxic compounds, much of it is genetic (e.g.,
Wingfield et al., 2007) or idiopathic. Numerous epidemiological studies
have successfully identified risk factors associated with presbycusis.
From these studies, four distinct categories of risk factors that significantly
contribute to the trajectory of presbycusis within any given individual have
been identified. These are cochlear pathologies, exposure to
environmental noise or ototoxic compounds, genetic predispositions, and
health co-morbidities. Each risk factor will be discussed in turn below.
1.3.1 - Age-related changes in the human cochlea

Presbycusis, like most conditions associated with nervous system
aging, is characterized by a progressive decline in hearing function (for
review see Huang and Tang, 2010). A question that then arises is
whether the progressive changes in auditory function seen within an
individual can be attributed to similarly progressive changes in cochlear
function. Many audiometric deficits are thought to result from insults to the
cochlea that diminish this sensory organ’s capacity to transduce sound
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information ( e.g., Ryan, 2000; Schmiedt, 2010; Schuknecht, 1964, 1955).
Studies dating back to the 1950s have noted that 4 main cochlear
pathologies that exist can produce audiometric deficits: inner hair cell loss,
outer hair cell loss, spiral ganglion cell loss, and changes in
vascularization of the stria vascularis, a capillary bed that is essential in
maintaining the endocochlear potential ( e.g., Han et al., 2016; Perez and
Bao, 2011; Ramadan and Schuknecht, 1989; Salt et al., 1987;
Schuknecht, 1964, 1955; Tasaki and Spyropoulos, 1959; Figure 1.10).
Importantly, only one of these four pathologies can increase an
individual’s audiometric threshold, and most studies suggest that there is a
compounding effect on hearing function as multiple cochlear pathologies
accumulate within an individual.
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Figure 1.10 – The four primary cochlear pathologies associated with presbycusis. A) A cross
section of a macaque cochlea. Labelled are the basal (B1 and B2), middle (M1 and M2), and
apical (A1 and A2) turns of the cochlea. Image from Engle et al., 2013. B) Electron
micrograph images of inner and outer hair cells from a younger adult and aged human
subject. Note the loss of both inner and outer hair cells in the older individual. Images
adapted from Ryan, 2000. C) Bright-field images of the spiral ganglion from a young and aged
rat. Note the reduction in afferent cell packing density in the spiral ganglion of the aged
animal. Images adapted form Perez and Bao, 2011. D) Images of the stria vascularis (see
arrows) from an adult and aged rodent. Note the marked thinning in the stria vascularis in
the older animal. Images adapted from Han et al., 2016.

Relatively recently, a fifth cochlear pathology was found in the form
of synapse loss between inner hair cells and spiral ganglion cell afferent
fibers (Kobel et al., 2017; Kujawa and Liberman, 2015, 2006; Liberman,
2017; Sergeyenko et al., 2013; Figure 1.11). Intriguingly, individuals with
these cochlear synaptopathies often display normal audiometric
thresholds and otoacoustic emission amplitudes, indicating that these
pathologies can exist independently from other cochlear pathologies (for
review see Kujawa and Liberman, 2015). Auditory processing deficits that
result from cochlear synaptopathies emerge at supratheshold sound levels
through impairments in temporal envelope processing of acoustic
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information (Kujawa and Liberman, 2015; Schaette and McAlpine, 2011).
The neurobiological basis for these deficits stem from a selective
vulnerability of synaptic contacts between inner hair cells and a subtype of
afferent fiber characterized by low spontaneous firing rates, high
thresholds, and narrow tuning bandwidths that are responsible for the
majority of temporal processing in the cochlea (for review see Kobel et al.,
2017).
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Figure 1.11 – Cochlear synaptopathies result in temporal envelope processing deficits. A)
Schematic depiction of the two primary types of afferent spiral ganglion cell fibers that
form synaptic contacts with inner hair cells of the cochlea and comprise the eighth cranial
nerve. The darker, thick fiber represents the high spontaneous rate (SR) fibers, and the
lighter, thin fiber represents the low-SR fibers. B) High-SR and low-SR are differentiated
by their response threshold to acoustic stimuli, as well as by the broadness of their tuning
curve functions. A and B adapted from Kobel, 2017. C) Interest in developing
electrophysiological tests able to detect cochlear synaptopathies have come from
observations derived from forward masking paradigms where auditory brainstem
response waveform latencies are known to increase as the time interval between a
masker and probe sound decreases. D) Remarkably, such latency shifts only occur if the
masking acoustic stimulus is played at sufficiently loud intensity levels (shown here, the
70 dB acoustic masker resulted in a latency shift, whereas the 35 dB acoustic masker did
not). This implicates the low-SR fibers (B) in this response property. E) The extent of the
latency difference in the masking paradigms correlate with performance on an acoustic
gap detection task, a perceptual test of auditory temporal processing capacity. This final
observation suggests that auditory brainstem response waveform latency shifts could
serve as an electrophysiological proxy for auditory temporal processing. C, D, and E
adapted from Mehrai et al., 2017.
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1.3.2 - Environmental factors associated with presbycusis

The two primary environmental factors associated with presbycusis
are exposure to ototoxic chemicals ( e.g., Campo et al., 2013) and excess
occupational or recreational noise exposure ( e.g., Clark and Bohne, 1999;
Fransen et al., 2008). Ototoxic compounds are found in a variety of workplace and health-care settings. For example, several studies have found
ototoxic properties in the combustion products that create the smoke that
firefighters breathe (Austin et al., 2001; Fabian, 2010). Chronic exposure
to many commonly used aromatic solvents, such as toluene, can also
impact both inner ear and central auditory system function ( e.g.,
Greenberg, 1997; Lazar et al., 1983; Pryor et al., 1983). Furthermore,
several medicinal drugs are well documented to produce auditory and
vestibular deficits in patients. In particular, powerful antibiotics and antineoplastic drugs have been shown to be especially ototoxic (Campo et al.,
2013). Although the mechanisms by which ototoxic chemicals impact
hearing function are not entirely worked out, it is widely thought that these
compounds effectively poison cochlear hair cells by direct interactions with
structures in the cochlea ( e.g., Campo et al., 2001), and through indirect
effects that emerge from biologically-reactive intermediates (Chen et al.,
2007).
Chronic noise exposure is one of the most robust predictors of
presbycusis. An extremely common source of noise-induced hearing loss
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comes from occupational noise hazards ( e.g., Nelson et al., 2005).
Traditionally, occupational noise-induced hearing loss has been defined
as a form of sensorineural hearing loss with the most profound losses
occurring between the frequencies of 3 and 6 kHz ( e.g., Sturman et al.,
2018; Taylor et al., 1965). A characteristic pathology of noise-induced
hearing loss is the irreversible death of inner and outer hair cells in the
organ of Corti, followed by auditory nerve degeneration ( e.g., Canlon,
1988; Wang et al., 2002). In the context of noise exposure, structural
degeneration of the organ of Corti is thought to result from two
mechanisms: mechanical destruction from short bouts of intense noise,
and metabolic alterations that occur over longer time periods (Hirose and
Liberman, 2003). One profound consequence of noise-induced hearing
loss is an increase of intracellular calcium levels in cochlear hair cells
following acoustic overstimulation (Fridberger et al., 1998). Excess
calcium concentrations are known to induce toxicity that can lead to
apoptotic and necrotic cell death pathways (for review see Orrenius et al.,
2003).
While exposure to both ototoxic chemicals and excess noise
exposure both individually contribute to hearing loss, there is substantial
evidence that individuals exposed to both have the greatest risk of
developing auditory dysfunction ( e.g., Prasher et al., 2005; Schäper et al.,
2008; Sliwinska-Kowalska et al., 2005). Experiments performed in animal
models have shown that co-exposure to both excess noise and ototoxic
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solvents result in synergistic negative effects on hearing function
compared to animals exposed to just one of these risk factors ( e.g.,
Cappaert et al., 2001; Lataye et al., 2005; Mäkitie et al., 2003). Although it
remains unclear what the neurobiological underpinnings of this apparent
interaction are, some reports suggest that exposure to chemical solvents
may compromise the middle-ear acoustic reflex (Maguin et al., 2009;
Venet et al., 2011). This reflex is critical for attenuating intense sound
stimuli, and dysfunctions in it could allow higher acoustic energy levels to
penetrate the inner ear (Campo et al., 2007).
1.3.3 - Genetic predispositions associated with presbycusis

A contribution of genetic predispositions to presbycusis has been
well documented in epidemiological studies on families with both
monozygotic and dizygotic twins. In particular, twins aged 65 or older
were shown to have a heritability of 0.47 for presbycusis as assessed by
audiometric testing (Karlsson et al., 1997). Heritability scores reflect the
proportion of the variability in a particular trait that can be explained by an
individual’s genes. Thus, a score of 0.47 indicates that just under half of
the individual differences in hearing function between twins is due to
genetics, whereas the remaining variability is due to environmental
factors. Heritability studies in non-twin siblings have reported heritability
scores around 0.4, and these estimates drop to roughly 0.25 between
parents and children (Gates et al., 1999).
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A number of specific genes and mutations have been identified to
have strong links to presbycusis. For example, single nucleotide
polymorphisms in genes that encode glutamate receptor subunits,
potassium channels, gap junction proteins, and transcription factors critical
to cochlear function have been associated with presbycusis ( e.g.,
Friedman et al., 2009; Lin et al., 2011; Newman et al., 2012; Van Eyken et
al., 2006, 2007). Additionally, genes linked to oxidative stress have also
consistently been linked with hearing loss. Some of these genes include
an N-acetyltransferase responsible for metabolizing reactive oxygen
species (Unal et al., 2005), and genes associated with mitochondrial
dysfunction (Bai et al., 1997). Intriguingly, several genes associated with
age-related neurodegenerative diseases, such as the apolipoprotein E
(APOE) Ɛ4 allele and variants of Endothelin-1 (EDN1), have been
associated with presbycusis (O’Grady et al., 2007; Uchida et al., 2009).
These latter observations offer a genetic basis for observations from large
longitudinal studies indicating that moderate to severe hearing impairment
may be a risk factor for developing dementia in older adults (e.g., Deal et
al., 2017; Lin, 2011).
1.3.4 - Health co-morbidities of presbycusis

Several health factors that either increase or decrease an
individual’s risk of developing presbycusis have been identified. Some
risk factors that increase the likelihood of hearing loss include
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cardiovascular disease (Helzner et al., 2011), type-II Diabetes Mellitus
(Frisina et al., 2006; Mitchell et al., 2009), and atherosclerosis (Fischer et
al., 2015). Factors showing some protection against age-related hearing
loss include high bone mineral density (Helzner et al., 2005a), caloric
restrictions (Seidman et al., 2002), and moderate alcohol consumption
(Fransen et al., 2008).
1.3.5 - Changes in central auditory system function in older humans

One of the most common complaints of older individuals is difficulty
in understanding speech, particularly in noisy environments (e.g., Humes
et al., 2010). While peripheral auditory system pathologies that result in
poor audibility do impact speech comprehension, these impairments are
often noted in older adults with normal audiometric thresholds ( e.g.,
Gordon-Salant et al., 2013; Peelle et al., 2011). This observation
suggests that aging impacts central auditory system function in addition to
and partially independently from its effects on the periphery. In particular,
speech comprehension that emerges from central auditory system
dysfunction has primarily been attributed to deficits in encoding fine
temporal information in complex acoustic stimuli such as language ( e.g.,
Fitzgibbons and Gordon-Salant, 2001; Gordon-Salant and Fitzgibbons,
1993; Humes et al., 2010; Jayakody et al., 2018; Jerger, 1991).
Compared to the peripheral auditory system, far fewer studies have
investigated the impact of aging on the neurobiology of the central
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auditory system in humans. Lin et al., (2014) demonstrated that
presbycusis is associated with declines in whole-brain and right temporal
lobe volumes in a cohort of individuals between 56 and 86 years of age
with hearing function ranging from normal to severely impaired. Imaging
studies designed to study the auditory system indicate that aging is
associated with declines in grey matter volume in the superior and middle
temporal gyri that correlate with audiometric thresholds (Husain et al.,
2011; Peelle et al., 2011; Figure 1.12). Additionally, both increases and
decreases in white-matter fractional anisotropy have been noted along the
ascending auditory pathway (Lutz et al., 2007), although other studies
indicate that the microstructural condition of auditory system white matter
is preserved across the lifespan (Profant et al., 2014).
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Figure 1.12 – Primary auditory cortex volumes correlate with audiometric thresholds in
subjects with clinically normal hearing thresholds. Motor cortex volumes, which served
as a control in this study, did not correlate with audiometric thresholds. Auditory and
motor cortex volumes were derived from voxel-based morphometry analyses. Image
adapted from Peelle et al., 2011.

1.4 - Connection between presbycusis and age-related cognitive
decline

The clinical and societal implications of presbycusis extend well
past the obvious difficulties in processing acoustic information, as late-life
hearing loss has been suggested to contribute to depression, social
isolation, and frailty (Jayakody et al., 2018; Mick et al., 2014; Panza et al.,
2015). Additionally, large longitudinal studies have indicated that
moderate to severe hearing impairment may be a risk factor for
developing dementia in older adults (e.g., Deal et al., 2017; Lin, 2011).
Understanding covariations in auditory and cognitive function across the
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lifespan could provide valuable insights into fundamental principles by
which neuronal networks compensate for, and adapt to functional
alterations that arise across the aging brain (see Gray and Barnes,
2015b). Multiple theories have been put forth to provide tenable
explanations for the apparent association between presbycusis and
cognitive decline, yet no single account has proven entirely correct.
One theory, the common-cause hypothesis, proposes that both
presbycusis and age-related cognitive decline are driven by a common
mechanism that arises due to general effects of brain aging (e.g., Baltes
and Lindenberger, 1997; Lindenberger and Baltes, 1994). The central
idea of the common cause model is that both sensory and cognitive neural
networks undergo many of the same age-related alterations in cellular and
molecular processes ( e.g., Pathai et al., 2013; Roberts and Allen, 2016).
Under this view, any general age-associated physiological change will
affect most brain networks similarly. Support for this model comes from
observations that both presbycusis and cognitive decline are associated
with age-related changes in cardiovascular health, possibly suggesting
that some sort of common process may be impacting these systems
(Knopman et al., 2001; Shargorodsky et al., 2010). This hypothesis is at
odds, however, with observations that auditory and cognitive function
remain significantly associated after controlling for age (Lindenberger and
Ghisletta, 2009).
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The cognitive-load-on-perception hypothesis suggests that agerelated changes in cognition precede, and possibly drive the changes in
sensory and perceptual processing seen during normal aging
(Lindenberger and Baltes, 1994). This theory was conceived from
observations that measures often considered to be purely sensory, such
as an audiogram, are influenced by practice and motivational status on
cognitive tasks. By and large, the cognitive-load-on-perception theory has
failed to accrue empirical evidence in support of it, and in fact data
challenging the idea are more common in the literature. For example, this
hypothesis conflicts with recent evidence that cochlear implant patients
may experience a restoration of cognitive function following intervention,
which would not be expected if cognitive declines are driving hearing loss
(Jayakody et al., 2017; Mosnier et al., 2015).
A recovery of cognitive function following hearing intervention does,
however, support the information degradation hypothesis. This theory
proposes that hearing impairments result in degraded acoustic information
that reversibly increases the cognitive load of processing complex auditory
signals. Under this framework, cognitive impairments may arise from
decreased auditory acuity due to higher-order neural networks being less
available for cognitive processing after being recruited to process sound
stimuli. This hypothesis is supported by functional imaging studies in
older humans that have shown compensatory recruitments of certain
frontal and temporoparietal brain regions when listening to human speech,
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even in subjects with clinically normal hearing thresholds (Peelle et al.,
2011, 2010; Profant et al., 2015; Wingfield and Grossman, 2006; Wingfield
and Peelle, 2012; Figure 1.13). Furthermore, this idea suggests that not
all cognitive domains will be impacted equally by hearing impairments.
Rather, the aspects of cognition most impacted would be those that
emerge from network activity in regions recruited to process complex
acoustic information.

Figure 1.13 – Non-auditory brain regions are activated to a greater extent in older individuals
during sentence comprehension tasks. A) Brain regions activated to a greater extent during
language comprehension of syntactically complex sentences relative to comprehension of
relatively less complex sentences in both young and aged subjects. Left panel shows the right
hemisphere data and the right panel shows left hemisphere data. B) Regions activated to a
greater (red) and lesser (blue) extent in aged subject compared to young during the
syntactically-complex language comprehension task. Note that more regions are activated to
a greater extent in older subjects, and that many of these regions fall outside of the areas
activated in service of this task shown in A (outlined in white). Adapted from Peelle et al.,
2010.

1.5 - Presbycusis is a modifiable health condition
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The Lancet International Commission on Dementia Prevention,
Intervention, and Care estimates that roughly one in three Alzheimer’s
Disease cases worldwide could be delayed or even prevented with public
health strategies that promote early interventions and lifestyle changes
(Livingston et al., 2017). In fact, some estimates suggest that if each risk
factor associated with Alzheimer’s disease were reduced by just 10 –
20%, the number of cases worldwide could decrease by up to 16 million
by 2050 (Norton et al., 2014). Although presbycusis is still not considered
a major risk factor of Alzheimer’s disease, it is one of the few modifiable,
age-associated nervous system conditions that has been linked to late-life
cognitive decline. As mentioned previously, recent evidence indicates that
individuals equipped with cochlear implants may experience a partial
restoration of cognitive function following intervention (Jayakody et al.,
2017; Mosnier et al., 2015). These observations highlight the clinical
importance of understanding the robustness of, and the neurobiological
mechanisms contributing to the potential association between presbycusis
and age-related cognitive decline. A more thorough comprehension of
these associations will illuminate better preventive measures to reduce the
incidence of late-life cognitive impairments and dementia.
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Chapter 2 - The macaque monkey as a model
of age-related cognitive decline and
presbycusis
2.1 - Characteristics of the macaque advantageous for modelling
human brain function

A complete picture of the neurobiological mechanisms underlying
age-associated changes in cognition and sensory processing requires the
acquisition of multiple measures of brain function and behavior from a
single group of subjects. The field of aging has derived invaluable
information from nonhuman animals since it is possible to obtain data
ranging from molecular to electrophysiological to behavioral levels of
analysis. Macaque monkeys have been used for decades to study the
neurobiological mechanisms underlying presbycusis and age-related
cognitive decline, although these brain functions have been studied
independently of one another (for reviews see Hara et al., 2012;
Recanzone, 2018). Several critical features make the macaque a
particularly valuable animal model for understanding what age-associated
nervous system alterations contribute to human brain aging. These will be
discussed in turn below.
Perhaps the most important feature of macaques with respect to
brain aging research is that they exhibit patterns of cognitive and sensory
decline that closely resemble those observed in older humans. For
example, there is evidence that impairments in executive function tend to
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arise earliest in macaques as is the case in aging humans ( e.g., Moore et
al., 2006, 2003), and the trajectories that distinct cognitive domains take
across the lifespan show considerable inter-individual variability ( e.g.,
Gray et al., 2017; Rapp et al., 1997; Figure 2.1a). Like in humans, aged
macaques show significant threshold increases in auditory brainstem
response (ABR) electrophysiological recordings that are associated with
structural and histopathological changes both within the cochlea and along
the ascending auditory pathway, again with substantial inter-individual
variability ( e.g., Engle et al., 2013; Fowler et al., 2010; Gray and
Recanzone, 2017; Ng et al., 2015; Torre et al., 2004; Figure 2.1b).
Furthermore, macaques show increases in audiometric thresholds, and
evidence for sound-source localization and temporal envelope processing
deficits (Engle and Recanzone, 2013; Fowler et al., 2010; Juarez-Salinas
et al., 2010; Overton and Recanzone, 2016).
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Figure 2.1 – Age-associated declines in brain function arise with substantial inter-individual
variability. A) Performance of aging macaques on the 10-minute delay condition of a delayed
nonmatching-to-sample test of object recognition as a function of age. Data are from our
laboratory’s colony of rhesus macaque monkeys. Red arrows denote two animals of very
different ages whose performance on this task was equivalent, highlighting the variability in
the trajectory that any individual can take across the lifespan. B) Auditory brainstem
response thresholds to click stimuli as a function of age in a separate colony of rhesus
macaques across different ages. Higher thresholds indicate poorer auditory function. Red
arrows denote two animals of different ages with the same auditory brainstem response
threshold. Figure B is adapted from Gray and Recanzone, (2017).

Another characteristic that makes the macaque exceptionally
suitable for cognitive aging research is that their brains share numerous
organizational similarities with human brains. Several anatomical studies
have noted unambiguous homologies in the cytoarchitectonic organization
of cognitive and sensory brain structures between macaque and human
brains ( e.g., Hackett et al., 2001; Hara et al., 2012b; Kaas and Hackett,
2000; Petrides et al., 2012; Petrides and Pandya, 1999). A good example
of this is the clear differentiation of the dorsolateral prefrontal cortices of
macaques that resembles that of the human frontal lobe more so than
other common animal models (Figure 2.2a). Such expansions make the
macaque necessary for studying certain aspects of cognition since many
higher-order brain functions in humans rely on neural network function in
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circuits contained within the dorsolateral prefrontal cortex. This makes
most animal models unsuitable for studying these processes since they
lack the same complexity in prefrontal cortex architecture. Similarly, the
organization of the macaque auditory system resembles the human
condition far more than many other animal models of auditory function. In
particular, macaques show clear core, belt, and parabelt divisions of their
auditory cortices that are known to exist in humans ( e.g., Hackett et al.,
2001; Figure 2.2B). Other common models such as rodents or cats do
not share many of these same organization principles. Consequently,
interspecies comparisons are relatively clear between monkeys and
humans compared to human comparisons with other mammalian models.

Figure 2.2 – Similar prefrontal and auditory cortex organizational principles between humans
and macaque monkeys. A) Color-coded maps of homologous prefrontal cortical brain
structures in humans and macaques. Note that while the size and relative location of some
regions differ between the two brains, all regions have a homolog between the two primate
species. Figure from Petrides and Pandya, 2007. B) Schematic depiction of the location and
cytoarchitectonically-defined regions of the auditory cortex in the macaque. The same core,
belt, and parabelt arrangement has been observed along the superior temporal gyrus in
humans, indicating that auditory cortex organizational principles are highly similar between
humans and macaques. Figure from Hackett et al., 2011.
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Finally, macaques do not develop dementing neurodegenerative
diseases, allowing for studies of normal aging to be carried out without
confounds introduced by these conditions ( e.g., Hara et al., 2012b;
Morrison and Baxter, 2012; Peters et al., 1996). Indeed, a major confound
in human cognitive aging research is that many subjects considered
‘normal’ at the time of testing develop symptoms of age-associated
neurodegenerative diseases in the years following. It is well documented
that noticeable memory loss is a relatively late developing symptom of
Alzheimer’s disease (e.g., Sperling et al., 2013; Figure 2.3), which
suggests that any test subject that develops this condition in the years
following testing likely already had pathophysiological symptoms at the
time of testing that had not been noted.

Figure 2.3 – Cognitive symptoms are a relatively late developing symptom of age-associated
neurodegenerative diseases, which introduces a potential confound in the study of
normative aging. A) Schematic of the relative emergence of Alzheimer’s disease pathologies
and clinical symptoms. Changes in cognitive function (purple) emerge well after amyloid-b
accumulation (red), synaptic dysfunction (orange), tau-mediated neuronal injury (green),
and changes in regional brain volume (blue). B) A simple schematic showing the continuum
of Alzheimer’s disease relative to normative aging. Note that in earlier years, the two are
not distinguishable using tests of cognitive function alone. These examples highlight the
difficulty in performing studies of normative aging without introducing biases from
individuals that actually have the early stages of a neurodegenerative disease. Figures
adapted from Sperling et al, 2012.
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This chapter will highlight some of the major contributions that
research in aging macaque monkeys have provided to our understanding
of how the normative aging process impacts cognition and auditory
processing.
2.2 - Cognitive aging in the macaque

A variety of macaque species have contributed to our knowledge of
cognitive aging, with the rhesus macaque (Macaca mulatta) being the
most commonly used nonhuman primate model. The lifespan of rhesus
monkeys can reach between 35 and 40 years of age, and these animals
age generally considered aged between 21 and 25 years of age
depending on the investigator (Hara et al., 2012b; Tigges et al., 1988). In
general, human age equivalence to macaques is estimated at 1:3 (Tigges
et al., 1988), making a 25 year old macaque comparable to a 75 year old
human. It is critical to note, however, that this 1 to 3 ratio is not applicable
across all stages of development ( e.g., Voytko and Tinkler, 2004). A
good example of this is that menopause occurs in the mid to late twenties
in macaques, which is much later in life compared to humans (Gilardi et
al., 1997; Walker and Herndon, 2008).
Due to the high degree of overlap in cognitive capacities between
macaques and humans, it is possible to assess many aspects of mental
function in monkeys with similar or even identical tests used in people (
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e.g., Nagahara et al., 2010; Squire et al., 1988). By administering these
tests across multiple ages and multiple cohorts of animals, a fairly
comprehensive picture of how these monkeys age has been obtained. It
is known that cognitive decline can begin as early as the late teens in
macaques, although like humans, there is significant inter-animal
variability in how early these deficits emerge ( e.g., Bachevalier et al.,
1991; Peters et al., 1996; Presty et al., 1987; Rapp and Amaral, 1991).
Also like in humans, not all aspects of cognition are impacted by aging
equivalently between or within animals. The following discussion will
highlight age-associated changes in four cognitive functions that have
been rigorously assessed in macaque monkeys: object recognition
memory, spatial short-term memory, reversal learning, and reward
devaluation.
2.2.1 - Object recognition memory

Recognition memory is a form of memory that can be defined as
the ability to recognize previously encountered events, people, or objects.
In monkeys, recognition memory is most commonly assessed with
delayed matching-to-sample or delayed nonmatching-to-sample memory
tests ( e.g., Basile and Hampton, 2013; Moss et al., 1988; Presty et al.,
1987). In these tasks, trials are initiated by presenting the monkey with a
single sample object and allowing the animal to encode it. The object is
then removed from the animal and a delay of varying durations is
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imposed. After the delay the sample object is presented alongside a novel
object. In the case of a matching rule, the animal is rewarded for picking
the previously encountered sample object, whereas the nonmatching rule
requires the monkey to select the novel object. Numerous studies using
these tasks have indicated that aged rhesus monkeys are impaired
relative to younger animals at both learning the task and performing it
across different delay-length conditions, although there are also
exceptions in the literature where older monkeys learn and perform the
task as well as adults (e.g., Moss et al., 1988; Presty et al., 1987; Shamy
et al., 2011, 2006).
The particular brain regions that underlie object recognition memory
remain a subject of debate. Lesions restricted to the hippocampus proper
have been shown to produce substantial, long-lasting impairments on
delayed nonmatching-to-sample performance across delays (Alvarez et
al., 1995; Zola-Morgan et al., 1994). If lesions are extended to
encompass cerebral cortical regions adjacent to the hippocampus,
including the parahippocampal and perirhinal cortices, memory
impairments on object recognition tasks become more pronounced
(Alvarez et al., 1995; Zola-Morgan et al., 1994, 1993, 1989). A similar
situation is seen in human subjects where lesions encompassing the
hippocampus and adjacent regions of the medial temporal lobe result in
more pronounced memory impairments than lesions restricted to the
hippocampus proper ( e.g., Corkin, 1984; Zola-Morgan et al., 1986).
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Additional regions thought to be involved in object recognition memory in
monkeys include the orbitofrontal and ventromedial prefrontal cortices
since lesions to these structures also result in impairments (Bachevalier
and Mishkin, 1986). Figure 2.4 presents a schematic of brain regions
thought to be involved with object recognition memory in macaques.

Figure 2.4 – Schematic of brain regions known to be involved in object recognition memory
from lesion studies in macaque monkeys. On the left is a schematic of a macaque brain with
different coronal planes denoted by the green and red vertical lines. On the right are images
of Nissl sections taken from the anterior-posterior level denoted in the image on the left.
Brain regions included are the orbitofrontal cortex (green), ventromedial prefrontal cortex
(purple), hippocampus (yellow), perirhinal cortex (red). Nissl images from brainmaps.org.

2.2.2 - Spatial short-term memory

As discussed in Chapter 1, short term memory is defined as the
capacity for actively holding a relatively limited amount of information in
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mind over a short time interval without manipulating it. In monkeys, the
most common test of short-term memory is the spatial delayed response
task. Here, monkeys are required to remember the spatial location of a
previously cued object over varying time intervals (e.g., Rapp and Amaral,
1989). As with the delayed matching- and nonmatching-to-sample tests of
recognition memory, there is considerable evidence that aged rhesus
macaques are significantly impaired on spatial delayed response tasks
relative to younger adults, particularly as delay intervals are increased (
e.g., Bachevalier et al., 1991; Bartus et al., 1978; Rapp and Amaral, 1989;
Voytko and Tinkler, 2004). These findings from the monkey are at odds
with the observations in humans that short-term memory is relatively
preserved across the lifespan (Chapter 1). It is possible that the delayed
response test used in macaques engages some level of working memory
that results in the observed age-associated declines in task performance.
Lesions restricted to Broadman’s area 46 of the dorsolateral
prefrontal cortex in macaques significantly impair spatial delayedresponse task performance (Funahashi et al., 1993). Area 46 has
received significant attention in monkeys due to the discovery of
persistent, spatially-tuned firing during the delay period of spatial shortterm memory tasks ( e.g., Funahashi et al., 1989; Goldman-Rakic, 1995;
Figure 2.5). This neuronal activity in the absence of an external sensory
cue is considered a cellular basis for short-term memory in macaques.
With age, there is evidence that the strength of this persistent activity
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decreases, possibly providing a mechanism by which short-term memory
becomes impaired in older monkeys (Wang et al., 2011; see section
2.3.4). Although the lateral prefrontal cortex is regarded as the critical site
of spatial short-term memory in monkeys, there is also evidence that
certain medial temporal lobe structures are involved in this cognitive
function. For example, delayed response accuracy is reduced following
medial temporal lobe lesions (Zola-Morgan and Squire, 1985), and
hippocampal glucose metabolism correlates with delayed response
accuracy (Eberling et al., 1997). Thus, it appears that multiple prefrontal
cortical and medial temporal lobe structures are engaged during shortterm memory tasks in monkeys, and age-associated alterations to any of
these regions could contribute to observed deficits in aged rhesus
macaques.
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Figure 2.5 – Schematic of the neural substrates of spatial short-term memory in the
macaque prefrontal cortex. On the left is a schematic of a macaque brain with a coronal
plane denoted by the red vertical line. The upper-right panel is an image of a Nissl section
taken from the anterior-posterior level denoted in the image on the left. In green the
dorsolateral prefrontal cortex is highlighted. In the lower-right panel is a representative
neuronal response from a neuron in the dorsolateral prefontal cortex showing spatiallytuned persistent neural activity as a macaque performs a saccade-based spatial short-term
memory task (task shown on the left side of this image). Nissl image from brainmaps.org,
and the schematic of persistent neural activity is adapted from Funahashi et al., (1989).

2.2.3 - Reversal learning

Reversal learning paradigms are the most commonly used tests of
executive function in macaques, and are thought to provide estimates of
cognitive flexibility (for review see Hara et al., 2012b). These tests require
animals to learn stimulus-reinforcement associations up until a predefined
criterion. Following learning, the reinforcement contingencies are
switched and animals must shift their problem-solving strategy accordingly
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(e.g., Bartus et al., 1979). There is conflicting evidence as to whether
older animals are impaired at learning initial object-reward associations.
Many studies that use relatively crude measures of learning, such as trials
or errors to criterion, have indicated that young and old animals learn such
associations at the same rate (e.g., Bartus et al., 1979; Lai et al., 1995;
Voytko, 1999). A more recent study using more precise hidden-Markov
models to estimate learning showed that aged monkeys are impaired in
learning these associations relative to younger adults (Gray et al., 2017).
Regardless, aged monkeys clearly show greater perseverative behaviors
relative to younger monkeys during the reversal phase of these tasks (
e.g., Bartus et al., 1979; Gray et al., 2017; Lai et al., 1995; Voytko, 1999).
Note that perseverative behavior in this situation refers to the selection of
an incorrect object that would have been correct under the previous
reward contingencies. Together, these studies indicate that monkeys tend
to become more rigid in their behavior as they age.
Lesion studies in monkeys have employed several distinct
protocols for presenting the reversal phase of these tasks. The results
from these studies indicate that distinct brain regions become more or less
necessary depending on how the reversals are presented. For example,
in a serial reversal learning design, reinforcement contingencies for any
given discrimination problem are only reversed after a monkey reaches a
predefined learning criterion of consecutive correct trials on that problem.
This requires animals to form an integrated representation of the temporal
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complexities of these events. Interactions between the ventromedial
prefrontal cortex and anterior aspects of the inferotemporal cortex (e.g.,
Wilson and Gaffan, 2008), as well as the striatum (Divac et al., 1967;
Iversen and Mishkin, 1970; McEnaney and Butter, 1969; Figure 2.6), are
necessary for monkeys to complete serial reversal learning tasks.
Concurrent reversal learning designs, on the other hand, present an array
of unique discrimination problems within a single session and reverse the
reward contingencies for these problems all at once. This eliminates the
need to represent the temporal information required in the serial version of
this task. Under these condition, macaques maintain high levels of
performance despite lesions to the ventromedial prefrontal cortex (Wilson
and Gaffan, 2008), although they are significantly impaired when the
inferotemporal cortex is removed ( e.g., Bolster and Crowne, 1979;
Manning, 1972; Wilson and Gaffan, 2008). Together, these results
indicate that the inferotemporal cortex is a necessary cortical region for
reversal learning, and prefrontal contributions only become necessary
when temporal information becomes relevant to task completion.
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Figure 2.6 – Schematic of brain regions known to be involved in object reversal learning from
lesion studies in macaque monkeys. On the left is a schematic of a macaque brain with
different coronal planes denoted by the green and red vertical lines. On the right are images
of Nissl sections taken from the anterior-posterior level denoted in the image on the left.
Brain regions included are the ventromedial prefrontal cortex in purple, inferotemporal
cortex in red, and striatum in green. Nissl images from brainmaps.org.

2.2.4 - Reward devaluation

The ability to revalue reinforced stimuli according to changing
biological or psychological needs is a critical component of adaptive,
reward-driven behaviors since it affords animals the ability to select
advantageous action plans when presented with competing cues.
Nonhuman primate models of cognitive aging show devaluation deficits
such that younger individuals tend to behave in a manner that optimizes
reward value to a greater extent than do older individuals (Burke et al.,
2014). The most commonly used behavioral assay to test this cognitive
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function in monkeys is the reinforcer devaluation task ( e.g., Baxter et al.,
2000; Málková et al., 1997). This task tests an animal’s ability to avoid
stimuli associated with food rewards that had recently been consumed to
satiety (i.e., devalued) when presented alongside stimuli associated with
relatively non-devalued reinforcement.
Lesion studies have implicated interactions between the
orbitofrontal cortex (OFC) and amygdala as critical for appropriate reward
devaluation performance ( e.g., Baxter et al., 2000; Baxter and Murray,
2002; Hatfield et al., 1996; Rudebeck et al., 2013; Figure 2.7). If similar
lesions are restricted to the dorsolateral or ventrolateral prefrontal cortices,
however, monkeys are not different from controls when tested on reward
devaluation tasks ( e.g., Baxter et al., 2009; Izquierdo et al., 2017),
indicating that the OFC, in particular, is the primary prefrontal cortical area
underlying devaluation function. In agreement with these lesion studies,
OFC area 11/13 volumes were shown to specifically correlate with reward
devaluation performance (Burke et al., 2014). Within the context of
reward devaluation, the amygdala is thought to update reward-value
information, while the OFC appears to use this information to represent
and update outcome expectancies used to guide decision making
behavior (Rudebeck et al., 2013; Schoenbaum et al., 2009).
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Figure 2.7 – Schematic of brain regions known to be involved in reward devaluation from
lesion studies in macaque monkeys. On the left is a schematic of a macaque brain with
different coronal planes denoted by the green and red vertical lines. On the right are images
of Nissl sections taken from the anterior-posterior level denoted in the image on the left.
Brain regions included are the orbitofrontal cortex in green and amygdala in orange. Nissl
images from brainmaps.org.

2.3 - Physiological alterations associated with cognitive decline in
aging macaques

Without question the most significant advantage that nonhuman
animals provide to the study of brain function is the availability of
numerous genetic, anatomical, and electrophysiological technologies for
understanding neural circuits that are simply not ethical for use in humans.
While the repertoire of available techniques is certainly more limited in
nonhuman primates compared to rodents for a number of practical
reasons, invaluable information regarding how neural network function
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changes across the lifespan has been derived from macaques using these
methods. The following sections will review significant anatomical and
electrophysiological data that has been acquired in aging monkeys that
have provided insights into cellular and subcellular mechanisms of
cognitive aging. In particular, the focus of these discussions will center on
age-associated changes in the macaque prefrontal cortex and medial
temporal lobe.
2.3.1 - Anatomical correlates of cognitive aging in the macaque: from
gross anatomy to the single synapse – Prefrontal cortex

Magnetic resonance imaging studies in aging macaques have
demonstrated significant age-associated volume reductions in certain
prefrontal cortical brain regions. Shamy et al., (2011) demonstrated that
the volume of area 46 of the dorsolateral prefrontal cortex, and areas 24
and 32 of the anterior cingulate cortex are significantly reduced in aged
macaques compared to younger adults. Furthermore, this study also
showed that these volume reductions correlate with acquisition and
performance measures on a delayed nonmatching-to-sample test of object
recognition memory. Importantly, the volumes of areas 8 and 9 of the
superior frontal gyrus, and areas 12, 45 and 47 of the inferior frontal gyrus
were not different between young and aged monkeys, suggesting a level
of specificity to volume shrinkages in the macaque prefrontal cortex
(Shamy et al., 2011). Intriguingly, conflicting results have been reported
with respect to orbitofrontal cortex volumes across age in different
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macaque species. Shamy et al., (2011) indicates that orbitofrontal cortex
areas 11, 13, and 14 volumes are preserved across the lifespan in rhesus
macaques, whereas Burke et al., (2014) show significant volume reduction
in these regions in bonnet macaques that correlate with performance on a
reward devaluation task (Figure 2.8).

Figure 2.8 – Orbitofrontal cortex area 11/13 volumes correlate with reward devaluation
abilities in aging bonnet macaques. The top panel of this figure is a sagittal section from a
magnetic resonance image taken from a macaque. In teal is the orbitofrontal cortex. The
bottom panel is a scatter plot of orbitofrontal area 11/13 volumes plotted against difference
scores on the reward devaluation task. Black circles denote adult monkeys and grey circles
represent aged animals. Figure adapted from Burke et al., 2014.

What particular age-associated changes to prefrontal cortical
networks underlie these observed volume shrinkages is not well
understood. There is substantial evidence that there is no global loss of
neurons in the monkey PFC ( e.g., Peters et al., 1998, 1994; Peters and
Sethares, 2002), although one study has reported significantly fewer
neurons in area 8 of the PFC (Smith et al., 2004). One possibility is that

76

volume reduction in the PFC occur due to morphological changes in
neuronal dendritic fields. This idea is supported by evidence that layer 1
thickness in area 46 of the macaque significantly shrinks across the
lifespan (Peters et al., 1998). Layer 1 of the cerebral cortex is mostly
comprised of tuft dendrites from layer 2/3 and layer 5 neurons that
innervate this most superficial lamina (Larkum, 2013; Palmer et al., 2012).
Additionally, unbiased stereological assessments indicate that there is a
30 – 60% decrease in prefrontal cortical synapse density (Uemura, 1980),
which advocates for the idea that age-associated volume shrinkages in
the macaque prefrontal cortex arise from subcellular anatomical changes.
A more detailed examination indicates that both excitatory and
inhibitory synapses are lost in area 46 of aging macaques (Peters et al.,
2008). Interestingly, however, there is a different pattern of synapse loss
across the cortical layers. In layer 2/3, both excitatory and inhibitory
synapses are lost at the same rate, whereas only excitatory synapses are
reduced across the lifespan in layer 5 (Peters et al., 2008). Additionally,
axospinous, axosomatic, and axodendritic spine sizes appear to increase
with age in this brain region (Dumitriu et al., 2010; Soghomonian et al.,
2010). When these data were correlated with performance measures on a
delayed nonmatching-to-sample task, only synapses in layer 2/3 (both
excitatory and inhibitory) were significantly associated. Importantly, agerelated synapse loss is not unique to the macaque prefrontal cortex as
significant reductions have been reported in the superior temporal cortex
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(Duan et al., 2003; Kabaso et al., 2009) and primary visual cortex (Peters
et al., 2001), although these reductions do not correlate with measures of
cognitive function. Together, these studies indicate that synapse loss in
the macaque prefrontal cortex may be a leading contributor to ageassociated cognitive decline in these animals.
2.3.2 - Anatomical correlates of cognitive aging in the macaque: from
gross anatomy to the single synapse – Medial temporal lobe

In humans, there are conflicting results from magnetic resonance
imaging studies investigating whether the volume of the hippocampus is
reduced across the lifespan. While numerous studies have reported
volume reductions in the hippocampus of older humans ( e.g., Kaye et al.,
1997; Mueller et al., 1998; Raz et al., 2004; Tisserand et al., 2000;
Walhovd et al., 2011), other studies report no change in hippocampal
volume when other age-associated factors, such as hypertension, are
controlled for (Raz et al., 2015). Furthermore, it is unclear whether
hippocampal volume in older humans impacts memory function. Van
Petten, (2004) performed a meta-analysis of numerous studies that had
examined the relationship between the volume of the hippocampus and
memory function and found that the evidence in support of hippocampal
volume influencing memory function was surprisingly weak. In macaques,
age-associated changes in the volume of any hippocampal subfield has
not been observed ( e.g., Makris et al., 2010; Peters et al., 1996; Shamy
et al., 2006). Unbiased stereological estimates of total neuron numbers in
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the macaque medial temporal lobe indicate that, like in the prefrontal
cortex, there is no significant cell loss with age ( e.g., Amaral, 1993;
Gazzaley et al., 1997; Keuker et al., 2003; Merrill et al., 2000; Peters et
al., 1996). In humans, it also appears that there is no significant neuron
loss in healthy aged individuals (Price et al., 2001), although the reports
are more mixed due to the possible inclusion of patients with undiagnosed
Alzheimer’s disease. Indeed, roughly 35% of neurons are lost in the
entorhinal cortex, and nearly 50% in CA1, in patients in the mild stages of
Alzheimer’s disease (Price et al., 2001). This overt loss of neurons in
Alzheimer’s disease is a key distinguishing pathophysiological feature
separating this condition from non-pathological brain aging.
Hippocampal synapse density has been carefully examined across
the lifespan in the macaque using similar methods used to study synapse
density in the prefrontal cortex. The bulk of the work in the hippocampus
has focused on synapses formed by perforant path input from the
superficial layers of the entorhinal cortex to the inner- and outer- molecular
layers of the dentate gyrus ( e.g., Witter et al., 1989). Unlike in the
prefrontal cortex, the density of axospinous synapses, which are the
predominant synapse type in the dentate gyrus, remains stable across the
macaque lifespan (Hara et al., 2012; Tigges et al., 1996). The only other
region of the hippocampus in which synapse density has been quantified
across the macaque lifespan is the subiculum, and this study showed a
modest (~13%) but significant reduction in synapse density (Uemura,
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1985). Whether the discrepancy between the dentate gyrus and
subiculum synapse density across the lifespan reflect actual regional
differences in age-related synapse loss, cohort effects, or unique results
from distinct methodologies is not clear and requires more quantitative
neuroanatomy in the aging macaque hippocampus.
While it is tempting to seek a global theory of brain aging, the
studies highlighted in sections 2.3.1 and 2.3.2 make clear that prefrontal
cortical and hippocampal neural networks are impacted uniquely by the
aging process. More broadly, these findings indicate that age-associated
changes to cellular and subcellular components of the nervous system are
expressed uniquely in different brain regions. Thus, it is not correct for
principles of brain aging to be generalized from one region to the next
without taking into account these potentially important differences.
2.3.3 - Electrophysiological correlates of cognitive aging in the
macaque

Dozens of single-unit electrophysiological recordings in macaques
have elucidated circuit-level mechanisms underlying cognition, although
only a handful have used aged monkeys. The relative lack of
electrophysiological recording studies in aged monkeys is likely due to
several factors. First and foremost, there are relatively few laboratories in
the world equipped to record single-unit activity in macaques that are also
focused on studying the effects of aging on cognitive neural networks.
Furthermore, experiments in aged monkeys present additional challenges
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to the already cumbersome task of nonhuman primate experimental
neuroscience. For example, aged macaques often present with ageassociated health issues that do not interfere with studies using young
subjects. Despite these challenges, obtaining data from aged macaques
is a worthwhile venture since any circuit-level mechanisms that can be
derived are much more likely to represent the human condition compared
to similar data acquired from rodent models. This section will discuss two
such findings.
2.3.4 - Age-related reductions in persistent neural activity in the
macaque prefrontal cortex

Perhaps the most extensively studied cognitive networks in the
macaque brain are those thought to underlie spatial working memory.
Studies aimed at understanding the neural mechanisms underlying spatial
working memory date back to the late 1980s, when Patricia GoldmanRakic and colleagues developed a robust behavioral paradigm and
electrophysiological recording approach to study this cognitive function.
Figure 2.9 presents a schematic depiction of the most commonly used
spatial working memory task in these electrophysiological studies (for
review see Goldman-Rakic, 1995). In this task, macaques fixate on a
central point on a computer monitor after which a spatial cue is briefly
presented in one of numerous peripheral locations on the screen. After
this sample phase, a delay period of several seconds in imposed upon the
monkey, followed by a cue that indicates to the animal that it is free to
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make a selection by saccade or moving a joystick to the spatial location of
the sample to receive a liquid reward. Through a series of lesion and
single-unit electrophysiological recordings Goldman-Rakic and colleagues
demonstrated that microcircuitry in area 46 of the dorsolateral prefrontal
cortex underlies this behavior.

Figure 2.9 – Schematic of a saccade-based spatial short-term memory task in macaque
monkeys. To initiate a trial monkeys must fixate upon a central fixation point for a
predefined period (500 ms in this schematic). Following the fixation, a peripheral cue (blue
square) stimulus is presented at some location in the 360 degrees surrounding the fixation
point. A delay period where only the fixation point remains on the screen is then imposed on
the animal to create a mnemonic retention period. After this delay, the fixation point is
removed, and the monkey is required to make a saccadic eye movement to the spatial
location of the cue in order to obtain a liquid reward. Figure adapted from Arnsten, 2010.

One of the most impactful discoveries from this research was the
finding of spatially tuned persistent neural activity in the delay period of the
spatial working memory task, which was highlighted in Figure 2.5
(Funahashi et al., 1989). Persistent activity is defined as action potential
discharge above spontaneous levels in the absence of any external cue.
In the macaque dorsolateral prefrontal cortex, this activity pattern is
thought to arise due to recurrent excitatory contacts between
glutamatergic pyramidal cells and/or from a microcircuit arrangement in
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which pyramidal neurons drive local inhibitory circuits that amplify
excitatory cells responses within a cortical column while inhibiting
responses in adjacent columns ( e.g., Condé et al., 1994; Gabbott and
Bacon, 1996; Kritzer and Goldman-Rakic, 1995; Wang et al., 2004; Figure
2.10A). Several decades of research have elucidated many of the
molecular mechanisms involved in generating this activity pattern, and by
extension underlying working memory function. For example, a series of
molecular cascades involving NMDA receptors, feedforward cyclic AMP
modulation of potassium currents, and neuromodulatory signaling are now
known to work in concert to dynamically strengthen or weaken prefrontal
cortical synapses necessary for persistent activity ( e.g., Arnsten, 2009;
Arnsten et al., 2010; Figure 2.10B).
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Figure 2.10 – Cellular and subcellular substrates of persistent activity in the macaque
prefrontal cortex. A) A schematic depiction of known microcircuit arrangements in the
macaque dorsolateral prefrontal cortex that could give rise to spatially-tuned persistent
activity. In this circuit, pyramidal neurons (P) form excitatory synaptic contacts onto other
pyramidal neurons within a cortical column, which tend to contain neurons with similar
receptive fields. These recurrent excitatory contacts allow pyramidal neurons to drive the
activity of other pyramidal neurons. Additionally, pyramidal neurons drive different
populations of inhibitory cells, each with distinct functional outcomes. For example,
pyramidal cells activate parvalbumin-positive (PV) interneurons, which drives inhibition in
neighboring cortical columns with distinct receptive fields to shape neuronal selectivity.
Pyramidal neurons also drive calretitin-positive (CR) interneurons that are known to inhibit
calbindin-positive (CB) interneurons that in turn release inhibition upon the distal dendrites
of the pyramidal neurons that drive this disinhibitory circuit. Such a microcircuit
arrangement allows a pyramidal neuron to enhance its own activity and may contribute to
persistent neuronal firing. B) cAMP levels are controlled in the frontal cortex through
several upstream factors including calcium currents via NMDA receptors and noradrenergic
modulation via a2a receptors. cAMP levels are known to be a direct modulator of various
dendritic currents, which in turn regulates excitability and persistent firing characteristics.
Image B adapted from Arnsten, 2010.

One study has examined the effects of normative aging on working
memory-associated persistent activity in the macaque frontal cortex. This
experiment demonstrated a significant age-associated decrease in spatialworking-memory-associated persistent neural activity in the macaque
dorsolateral prefrontal cortex (Wang et al., 2011; Figure 2.11A). The
firing of non-delay associated neurons was not different in aged monkeys,
however, indicating that age-related vulnerabilities in this prefrontal
cortical network are specifically associated with neurons involved in the
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mnemonic phase of the task. Amazingly, iontophoretic inhibition of cyclic
AMP signaling and α2A noradrenergic receptor stimulation both restored
persistent neural activity to normal levels in the aged animals, suggesting
that molecular imbalances in the chemical environment of prefrontal
cortical neurons in part contribute to age-related attenuations of workingmemory associated neural activity (Figure 2.11B). These results carry
profound implications for developing approaches to combat ageassociated deficits in prefrontal cortical function since they suggest that
restoring the chemical balance in the prefrontal cortex thru drug delivery
may restore aspects of cognition in older individuals. Indeed, a number of
experiments have shown that guanfacine, an α2 noradrenergic receptorspecific agonist enhances working memory and behavioral inhibition in
nonhuman primates ( e.g., Arnsten and Contant, 1992; Arnsten and
Goldman-Rakic, 1985; Arnsten and Jin, 2012; Franowicz and Arnsten,
1998; O’Neill et al., 2000; Steere and Arnsten, 1997). Clinical trials using
low doses of guanfacine in healthy older adults have provided mixed
results with respect to this compound’s ability to improve cognitive function
in humans (Mather and Harley, 2016).
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Figure 2.11 – Age-related reductions in spatially-tuned persistent activity in macaque
prefrontal cortex can be re-established with noradrenergic receptor agonists or inhibition of
cAMP signaling. A) Example neuronal traces from a young, middle-aged, and aged monkey as
animals performed a spatial short-term memory task. Blue traces denote activity when
stimuli were presented in the neuron’s receptive field, and red traces show the same
neuron’s activity to stimuli presented 180 degrees from the neurons receptive field. B)
Iontophoretic injections of guanfacine, an a2a noradrenergic receptor agonist (left) and
cAMP inhibitors (right) restore persistent neuronal firing to normal levels. Figure adapted
from Wang et al., 2011.

2.3.5 - Age-associated hyperexcitability in the CA3 region of the
macaque hippocampus

Age-related deficits in episodic memory result, in part, from
declines in the integrity of medial temporal lobe structures, such as the
hippocampus. The hippocampus stores information via a distributed
population code, with distinct episodes represented as orthogonal patterns
of neural activity. Optimal encoding and retrieval of information depend on
a balance of excitatory and inhibitory neurotransmission. Studies in
rodents suggest that inhibitory interneurons may be particularly vulnerable
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in advanced age, and these changes may be related to observed
increases in firing rates and disrupted spatial tuning in the CA3 region
(Spiegel et al., 2013; Wilson et al., 2005). These findings suggest that a
disruption of normal interactions between excitatory principal cells and
inhibitory interneurons could contribute to age-related memory
impairments. In agreement with this idea, older adults with impaired
pattern separation abilities show increased BOLD (blood oxygen leveldependent) activity in CA3 and dentate gyrus regions in functional
magnetic resonance imaging experiments (Yassa et al., 2011).
Furthermore, normalizing this excess activity with the anticonvulsant
levetiracetam is able to partially rescue cognitive performance in patients
with mild cognitive impairment (Bakker et al., 2012). This section will
highlight a study from our group that exemplifies how electrophysiological
research in non-human primates is able to bridge the gap between these
imaging data from older humans and the cellular data in aged rodents.
Thomé et al., (2015) combined large-scale electrophysiological
recordings with cell-type-specific imaging in the medial temporal lobe of
cognitively assessed, aged rhesus macaques. Adult and aged monkeys
were tested on a delayed nonmatching-to-sample task, and the older
animals were shown to be significantly impaired relative to younger
animals when longer delay intervals were used. Hyperdrive recording
devices with 12 independently movable tetrodes were implanted at an
angle that allowed for the CA3 subregion of the hippocampus to be
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recorded from at more superficial depths, and then the perirhinal cortex
once the tetrodes were driven deeper. Baseline firing rates were
significantly greater in the CA3 region of the older monkeys compared to
the adults, whereas there was no age-related difference in excitability in
the perirhinal cortex. These findings indicate that age-associated
increases in principal cell excitability arise in a region-selective manner in
the nonhuman primate medial temporal lobe (Figure 2.12).

Figure 2.12 – Macaques with object recognition memory deficits display hyperactivity in the
CA3 region of the hippocampus. A) Proportion of correct responses from 3 middle-aged and
2 senescent rhesus macaques performing a delayed nonmatching-to-sample task at different
delays. Senescent animals were significantly impaired relative to middle-aged animals at the
600 second delay condition. B) Scatter plot of each isolated unit’s half-width height plotted
against the spike width from peak to valley. These variables were used to distinguish
putative pyramidal neurons (red) from putative fast-spiking inhibitory neurons (blue). C)
Boxplots of pyramidal neuron baseline firing rates recorded from the perirhinal cortex (PRC)
and CA3 in middle-aged and senescent monkeys. Baseline firing rates were significantly
greater in the CA3 of senescent animals relative to the middle-aged animals. PRC firing rates
were not different between age groups. Figure adapted from Thomé et al., 2015.
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Next, the brains from these animals were harvested and serial
sectioned for immunohistochemical labelling of two chemically distinct
classes of inhibitory cells: somatostatin (SOM)- and parvalbumin (PV)positive interneurons. Remarkably, there was a selective decrease in
SOM interneuron density only in the stratum oriens layer of the CA3
region that strongly correlated with principal neuron firing rates (Figure
2.13). These results suggest that age-associated declines in a
molecularly-defined population of inhibitory cells gives rise to principal cell
excitability in older hippocampal networks. Furthermore, they provide a
possible mechanistic link between hyperexcitability at the single-neuron
level in aged rodents and at the functional imaging level in older humans.
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Figure 2.13 – Hippocampal somatostatin-positive (SOM) interneuron density is reduced in
aged macaques and correlated with hyperexcitability. A) A DAPI-stained coronal section of a
macaque hippocampus with the perirhinal cortex, CA3, and CA1 regions identified. B)
Magnified images of CA3 SOM inhibitory neurons. SOM interneuron densities were reduced
in the stratum oriens layer of CA3 in senescent animals. Parvalbumin-positive (PV) neuron
density was not different between age groups. C) Magnified images of CA1 SOM inhibitory
neurons. SOM interneuron densities were reduced in the stratum oriens layer of CA1 in
senescent animals. PV neuron density was not different between age groups. D) Magnified
images of PRC SOM inhibitory neurons. SOM and PV neuron densities were not different
between age groups. E) CA3 SOM neuron densities were significantly negatively correlated
with CA3 baseline firing rates. F) CA3 SOM neuron density and CA3 firing rates showed weak
associations with object recognition performance. Figure after Thomé, Gray, Erickson, Lipa,
Barnes (2015).

2.4 - Physiological alterations associated with presbycusis in aging
macaques

Some of the most common age-related alterations in the sensory
nervous system occur in the ascending auditory pathway. The majority of
the animal work investigating the physiological changes associated with
hearing loss has been conducted in rodent models, although more
recently this work has begun to utilize the macaque. Examination of the
macaque auditory brainstem response (ABR) across the lifespan reveals
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that older animals, on average, have higher acoustic thresholds, although
there is a great deal of inter-individual variability in these measures ( e.g.,
Fowler et al., 2010; Ng et al., 2015). Figure 2.1B is an example of this
variability with ABR thresholds to noise stimuli plotted against age. The
arrows in this figure point to two individual animals of considerably
different ages with the same ABR thresholds, highlighting that, like in
humans, auditory processing deficits cannot entirely be a consequence of
the aging process. This section will review known anatomical and
electrophysiological changes in the auditory system of aged macaques
and discuss how these data have enriched our understanding of
presbycusis in humans.
2.4.1 - Cochlear pathologies in the macaque

The progressive nature of presbycusis indicates that ageassociated impairments in cochlear function may arise gradually across
the lifespan, and not all at once. To examine this question, Engle et al.,
(2013) harvested the cochleae of macaque monkeys across a wide range
of ages and investigated whether the same cochlear pathologies observed
in older human were also present in monkeys. Indeed, losses of inner hair
cells, outer hair cells, and spiral ganglion cells were all observed, as was
thinning in the stria vascularis (see Chapter 1 for details). More relevant
to the question at hand, this study also noted that there was no consistent
difference in any one of these four parameters across age. That is, one
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hearing-impaired monkey would have thinning of the stria vascularis,
whereas a different animal with similar impairments would have fewer
inner hair cells. What did correlate well with age was the number of
different pathologies present within an individual animal, with older
animals expressing multiple deficits and younger animals either none or
just one (Figure 2.14). These results suggest that regardless of the
underlying pathology, the excitatory drive from the cochlea into the central
auditory system weakens across the lifespan in monkeys and humans.
Furthermore, the heterogeneity in pathologies between different aged
individuals carries profound implications for the treatment of hearing loss
in older individuals. For example, a cochlear implant could be quite
effective in treating a patient with inner hair cell loss, but useless for an
individual with spiral ganglion cell loss.

Figure 2.14 – The number of accumulated cochlear pathologies significantly correlates with
age in macaques. Specifically, inner hair cell loss, outer hair cell loss, spiral ganglion cell loss,
and thinning of the stria vascularis was assessed in this study. While there was no pattern as
to which pathology emerged first, the number of accumulated pathologies was strikingly
correlated with age. Figure adapted from Engle et al., 2013.
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2.4.2 - Neurochemical changes along the macaque ascending
auditory pathway

As discussed in Chapter 1, many cases of presbycusis occur
independently of peripheral pathologies at the level of the cochlea,
indicating that there are central auditory processing deficits as well (e.g.,
Frisina and Walton, 2006; Gordon-Salant, 2005). Numerous previous
studies, primarily in rodents, have shown that aging results in anatomical
and physiological changes throughout the mammalian ascending auditory
system at the levels of the brainstem, midbrain, thalamus, and cerebral
cortex (for review see Ouda et al., 2012). Notably, spontaneous and
driven firing rates of aged auditory neurons increase, spatial and spectral
tuning broadens, and sound-source localization abilities worsen ( e.g.,
Engle and Recanzone, 2013; Fowler et al., 2010; Grose and Mamo, 2010;
Juarez-Salinas et al., 2010; Torre et al., 2004). Additionally, age-related
changes in the excitatory/inhibitory balance of numerous auditory nuclei
have been noted (e.g., Caspary et al., 2008, 2006, 2005), similar to the
case in the hippocampus that was discussed previously.
While it is clear that aged neurons in the central auditory system
receive a weakened drive from the periphery alongside changes in the
balance of excitation and inhibition, it is not clear if and how auditory
neurons compensate for these alterations. It has only been relatively
recently appreciated that aging neural networks may compensate for
primary pathological changes through processes of plasticity (see Gray
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and Barnes, 2015). A major challenge in aging research is disentangling
compensatory, adaptive changes from detrimental ones. In the case of
the aging auditory system, central compensation for decreased peripheral
drive must be disentangled from changes that occur despite intact
peripheral processing. One experimentally useful technique for studying
changes in excitatory/inhibitory balance is to histologically stain neurons
for different chemical profiles. For example, normative aging leads to
increases in the expression of various markers of glutamatergic
neurotransmission along with decreases in GABA precursors ( e.g.,
Caspary et al., 2008; Tadros et al., 2007; Wang et al., 2011).
Observations such as these demonstrate that the chemical profile of
populations of auditory neurons is not fixed across the lifespan. This
raises the question of whether these changes lead to the age-associated
increases in excitation discussed above, or reflect compensatory
mechanisms in response to other changes in aged auditory neurons.
One consequence of changes in the excitatory/inhibitory balance
with age is that intracellular calcium levels increase. In addition to
increased excitation, a variety of factors including increases in L-type
calcium channel conductance and greater endoplasmic reticulum calcium
release also contribute to higher calcium levels in aged neurons (for
review see Thibault et al., 2007). The calcium hypothesis of aging (see
Disterhoft et al., 1994; Toescu and Vreugdenhil, 2010) proposes that ageassociated increases in intracellular calcium impact processes involved
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with metabolism, gene expression, and neurotransmitter release that
ultimately reduce the functionality of a neuron. Since the majority of
CaBPs function as buffers of intracellular calcium levels, changes in the
expression of these molecules across the lifespan are thought to reflect
compensatory responses to age-associated changes in calcium dynamics.
Relatively recently, it was shown that the expression of CaBPs, as well as
other calcium-associated molecules, is greater in the auditory brainstem
and midbrain of aged rodents and macaque monkeys relative to younger
animals ( e.g., Engle et al., 2014; Gray et al., 2014, 2013a, 2013b;
Idrizbegovic et al., 2006, 2004, 2003; Ouda et al., 2012, 2008; Zettel et al.,
1997; Figure 2.15). Furthermore, many of these studies demonstrated
that the density of neurons expressing these proteins correlated with ABR
measures of better auditory function. These results are potentially
impactful since they indicate that aberrant intracellular calcium levels, and
by extension the ability of auditory neurons to compensate for these
changes influence an individual’s hearing profile across their life.
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Figure 2.15 – Proteins associated with calcium homeostasis are increased in specific regions
of the aged auditory system. Parvalbumin-positive cells in the dorsal cochlear nucleus of an
A) adult and B) aged animal. Parvalbumin-positive cells in the posterior-ventral cochlear
nucleus of an C) adult and D) aged animal. Parvalbumin-positive cells in the anterior-ventral
cochlear nucleus of an E) adult and F) aged animal. G) NADPHd, a nitric oxide synthase
molecule associated with network activity reduction is significantly upregulated in the
posterior-ventral cochlear nucleus, as is the density of H) parvalbumin positive neurons. I)
Scatterplot of age plotted against parvalbumin-positive cell density in the posterior-ventral
cochlear nucleus reveals a relatively linear increase with age. Figure adapted from Gray et
al., 2014.

2.4.3 - Age-associated alterations in auditory cortical function in
macaques

Considering the substantial inter-individual variability that exists in
audiometric thresholds and cochlear pathologies, it is not surprising that
the impact of aging on auditory cortical function also differs between
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individuals. Despite this variability, several age-associated changes in
auditory cortical function are seen relatively consistently, and the macaque
has been a leading animal model in uncovering these differences. Recent
work in macaques has shown that there are robust increases in
spontaneous and driven firing rates in the primary auditory cortex as well
as in the secondary auditory belt regions (Engle and Recanzone, 2013;
Juarez-Salinas et al., 2010). These observations are consistent with the
neurochemical studies highlighted above that suggest that a decreased
excitatory drive from the cochlea may be compensated for in the central
auditory system. Similar age-related increases in spontaneous and driven
firing rates have been observed in the macaque primary and secondary
visual cortices (Liang et al., 2012; Wang et al., 2005), the middle-temporal
area (Liang et al., 2010), and in the hippocampus (Thomé et al., 2015).
One commonly observed auditory processing deficit in older
humans is an impairment in sound-source localization. Compared to other
aspects of auditory function, sound localization is relatively straightforward
to study in animal models. Thus, a relatively sizeable amount of data has
been acquired in nonhuman primates performing auditory localization
tasks. These studies have indicated that auditory neurons with the
sharpest spatial tuning are primarily found in secondary belt regions of the
auditory cortex, and not in in the core of the primary auditory cortex where
neurons with relatively modest spatial tuning are found ( e.g., Miller and
Recanzone, 2009; Recanzone and Beckerman, 2004; Su and Recanzone,
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2001). Similar experiments in aged monkeys revealed that the spatial
tuning of neurons in the primary auditory cortex was unchanged compared
to neurons in younger animals, despite higher driven and spontaneous
firing rates (Juarez-Salinas et al., 2010; Figure 2.16A). Aged auditory
neurons in the secondary belt regions, however, had much broader tuning
functions compared to belt neurons recorded from younger monkeys
(Juarez-Salinas et al., 2010; Figure 2.16B). These data indicate that
there is not a progressive sharpening of spatial tuning as auditory
information spreads across the auditory cortex in aged monkeys as there
appears to be in adult animals. It is likely that this age-associated change
in the processing of spatial information in acoustic signals contributes to
perceptual sounds-source localization deficits.

Figure 2.16 – Primary auditory cortex neurons in aged macaques show higher spontaneous
and driven firing rates along with increased spatial tuning. A) Probability histogram of
auditory cortex single-unit firing rates from adult (white) and aged (black) monkeys. Aged
firing rates are significantly greater. B) The spatial tuning of auditory cortex neurons in aged
animals is broader than the spatial tuning of auditory cortex neurons in adult animals. Figure
is adapted from Juarez-Salinas et al., 2010.
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Another deficit in auditory perception that is commonly observed in
older adults is difficulties in temporal envelope processing of auditory
information. Many aspects of an individual’s auditory world, including
speech perception, relies on the ability to parse streams of acoustic
signals into meaningful packets of information. A recent study
investigating temporal response properties of auditory neurons as
macaques listened to amplitude-modulated noise has provided a potential
electrophysiological correlate to these age-associated deficits (Overton
and Recanzone, 2016). This experiment demonstrated that the proportion
of auditory cortical neurons that could encode the frequency of the
amplitude modulation based on the phase-relationship of spike timing
relative to the sound was significantly lower in aged animals compared to
young. In contrast, aged auditory neurons appeared to encode the
amplitude modulation with changes in the absolute firing rates of neurons.
This finding indicates that there is a functional shift from a temporal coding
scheme to a rate coding scheme across the lifespan in the auditory cortex.
2.5 - The future of macaque research in neuroscience

Numerous fields in neuroscience beyond cognitive aging and
presbycusis have utilized the macaque monkey to ask fundamental
questions about brain function. Many basic neurobiological principles of
motor control, social cognition, and cortical plasticity, for example, are
understood today due to pioneering work in nonhuman primates (e.g.,
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Cheney et al., 1986; Georgopoulos et al., 1993; Jenkins et al., 1990;
Recanzone et al., 1992). In relatively recent years, however, there has
been a relative shift away from research in macaque monkeys, with a
number of countries in Europe banning this sort of work entirely.
Numerous societal factors undoubtedly play into these changes and are
outside the scope of this thesis, but several scientific reasons also exist for
this move.
Systems neuroscience as a whole has evolved into an era of rapid
methodical advancements. Arguably the most influential of these
technological strides is the ability to target specific genetically-defined
populations of brain cells using transgenic animals and viral technologies
(e.g., Huang and Zeng, 2013; Luo et al., 2018). In combination with
methods such as optogenetics (Boyden et al., 2005), Designer Receptors
Exclusively Activated by Designer Drugs (DREADDs; Armbruster et al.,
2007), and viral-tracer anatomy (Callaway and Luo, 2015), such cellspecific targeting has led to a revolution in the ability to dissect functional
brain circuits into their component parts. These methods have been
difficult to scale up to the macaque monkey, however, largely because
creating transgenic monkeys and modifying viruses for use in primates are
practically and financially cumbersome endeavors. Thus, many
laboratories have shifted away from the macaque towards rodent models,
or a more novel nonhuman primate model, the marmoset, for which
numerous transgenic lines are now available. While these shifts are in
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many cases warranted, many aspects of human brain function will still be
best modeled in the macaque since it is the phylogenetically closest
mainstream research animal in neuroscience today. This becomes
increasingly true as research questions begin to tackle more and more
complex aspects of brain function. Thus, instead of fleeing from
nonhuman primate work, neuroscience must invest more resources into
modifying the current suite of technologies for circuit manipulation for use
in the macaque. The question should dictate the model, not vice versa.
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Chapter 3 - Bridging ex vivo and in vivo
neuroanatomical techniques for measuring
connectivity in macaques
3.1 - Introduction

Over the last half century, an abundance of neuroanatomical
techniques capable of visualizing and measuring structural and functional
neuronal connectivity have been developed. Alongside these
advancements have come vast improvements in analytical methods and
data storage capacities to handle the relative wealth of anatomical
information. The drosophila and mouse connectome projects are
excellent examples of research ventures that were made possible from
such advances. These collaborative efforts apply relatively novel, fastautomated image collection and segmentation algorithms that rapidly
acquire and analyze data from serial block-faced electron microscopy
preparations with the goal of mapping the complete synaptic connectivity
profile in the nervous system of these organisms (see Denk and
Horstmann, 2004). Such an endeavor would have been shrugged off as
science-fiction in the not-too-distant past.
This chapter will highlight two relatively recently developed
approaches for non-invasively studying structural and functional
neuroanatomical connectivity in humans: diffusion MRI and functional
MRI. These discussions will highlight the advantages and limitations of
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these methods and the manner in which invasive, ex vivo tracer
neuroanatomy in macaque monkeys has helped resolve many of these
limitations. Additionally, each section will end by briefly highlighting
information about the aging brain that has been gleaned from using these
technologies to study older individuals.
3.2 - How tracer anatomy in macaques has influenced diffusion MRI
in humans

Most of what is known about long-range white-matter connections
in the brains of non-human animals has been derived using
neuroanatomical tracing methods. These techniques utilize the built-in
axonal transport machinery in neurons to carry substances detectable
through light microscopy from the injection site to distant regions occupied
by the transfected neurons (e.g., Duncan and Goldstein, 2006). Distinct
types of tracers provide different information depending on the axonal
machinery that it is designed to hijack. Retrograde tracers, for example,
infiltrate neurons at their terminal fields and utilize the motor protein
dynein to transport back to the cell body ( e.g., Duncan and Goldstein,
2006; Figure 3.1). This method therefore allows the cell bodies of
neurons innervating the location of the injection cite to be visualized.
Conversely, anterograde tracers infiltrate neurons at the level of the soma
and use the molecular-motor protein kinesin to travel from the cell body
towards the terminal fields, allowing for the putative output connections of
neurons occupying the injection site to be visualized ( e.g., Duncan and
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Goldstein, 2006; Figure 3.1). Decades-worth of neuroanatomical studies
using these two tracing techniques have provided detailed, macro-scale
maps of brain connectivity in macaque monkeys that have greatly
informed our knowledge of human brain anatomy.

Figure 3.1 – Schematic of anterograde and retrograde axonal transport machinery in
neurons. Retrograde cargo is carried along microtubules towards the soma by the molecular
motor dynein. Anterograde cargo is transported along microtubules away from the soma,
towards the axon terminal, by the molecular motor kinesin. Anterograde and retrograde
tracers are designed such that the element to be visualized can hijack these endogenous
molecular motors. Figure adapted from Duncan and Goldstein, 2006.

Neuroanatomical tracing technologies require invasive procedures
that preclude them from use in human neuroscience. Consequently, for
many years connectivity of the human brain could only be studied in
postmortem tissue with certain lipophilic dyes like Di-I ( e.g., Sabnis,
2010), or through assumptions of homology from tracer data acquired in
the macaque. Fundamental technological advancements in magnetic
resonance imaging (MRI) technologies in the late 1980s and early 1990s
generated powerful methods for non-invasively measuring brain structure (
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e.g., Le Bihan et al., 1988; Ogawa et al., 1990). Diffusion MRI (dMRI) was
one such advancement, and this brain imaging technique is still the only
available method of measuring brain white-matter trajectories in vivo.
dMRI works on the principle that the random diffusion of water molecules
is constrained by tissue microstructure, particularly in heavily lipophilic
regions. This property results in a preferred direction of diffusion along the
axis of the constraining elements, which is referred to as anisotropic
diffusion (Jbabdi et al., 2015; Figure 3.2). dMRI estimate the directional
dependence of water molecules on a voxel-by-voxel basis, allowing for
axonal orientations to be deduced in vivo. Tractography algorithms that
can infer long-range connectivity from stepwise geometrical calculations
on local diffusion-orientation information have provided macro-scale whitematter maps of the human brain ( e.g., Catani et al., 2002).
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Figure 3.2 – A) Schematic of isotropic versus anisotropic diffusion of water. Note that water
molecules have a preferred vector of diffusion in conditions of anisotropic diffusion. B)
Example of an anisotropic diffusion probability function (right) modelling the preferred
diffusion of water along a bundle of fibers with similar orientations (left). C) Probabilistic
tractography analyses perform calculations like the one demonstrated in B to create
diffusion probability functions on a voxel-by-voxel basis (left panel). Single-tensor
tractography algorithms are then able to infer connectivity by using the longest eigenvector
(right panel) of each voxel’s probability function to determine whether adjacent voxels
contain the same white matter source given certain angular constraints. Multi-tensor
tractography works under the same principle but is able to consider more than one
orientation per voxel. Figure adapted from Webster, 2015

A clear advantage of dMRI in neuroscience research is the ability to
collect multiple unique behavioral and/or electrophysiological estimates of
brain function that can be related to these connectivity measures.
Numerous technological and conceptual limitations remain, however, and
are the subject of intense research ( e.g., Jbabdi et al., 2015; Reisert and
Kiselev, 2011; Sotiropoulos et al., 2012; Zhang et al., 2012). For example,
an inherent constraint of dMRI is the indirect nature of estimating axonal
trajectories from the diffusion profile of water molecules. Any given voxel
in a dMRI image can contain hundreds of individual axons that are often
not well aligned along a given axis. This can hinder the ability to map
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axonal trajectories from diffusivity profiles and introduce relatively frequent
false positives or negatives (Jbabdi and Johansen-Berg, 2011). In stark
contrast, ex vivo neuroanatomical tracing techniques tend to be more
accurate since the presence of label in non-injection site locations almost
surely represent real brain connections. A second consequence of the
indirect nature of dMRI measurements is difficulty in quantitatively
interpreting in vivo connectivity data in a biologically meaningful way.
While the measurement of a water molecule’s diffusion profile is in itself a
calculation, it is relatively far removed from estimating the strength of
connectivity between regions. This problem has resulted in numerous
attempts to refine the best measures of connectivity, each posing unique
advantages and disadvantages (see Alexander, 2008; Assaf et al., 2008).
One of the most frequently used measures of connectivity is fractional
anisotropy (FA), which is a scalar value that represents the variance of
water diffusion along three primary diffusion axes within a voxel ( e.g.,
Basser, 1995; Basser et al., 1994). FA has traditionally been accepted to
be a proxy for ‘white-matter integrity’ since several studies in animals have
shown it to relate to myelination, membrane diffusivity, and fiber density of
white matter ( e.g., Beaulieu, 2002; Sagi et al., 2012; Song et al., 2003).
While this assumption can often be legitimate, other studies have shown
that FA can be impacted by factors that do not reflect the state of the white
matter, including heterogeneity in axon orientations within a voxel and
partial volume effects (Smith et al., 2006).
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Another inherent challenge introduced by dMRI methods when
studying human brain connectivity is that it is difficult to determine the
legitimacy of a result when there are no anatomically-informed priors to
draw from. Systematic studies in macaque monkeys, where there is a
wealth of tracer anatomy to compare tractography results with, have
shown that optimal in vivo tract reconstructions of different pathways
strongly depend upon the tractography algorithms used. That is, the
optimal settings for visualizing one track may not be best for investigating
a different pathway. This property highlights the importance of combining
in vivo and ex vivo connectivity approaches in monkeys to inform brain
connectivity analyses in humans. A relatively recent study by Jbabdi et
al., (2013) used diffusion MRI tractography to map the connections of the
ventral prefrontal cortex of humans to determine whether they matched
the known organizational principles of this region as inferred through
tracer anatomy in macaques. The results of this study showed that like in
monkeys, axons associated with more medial vPFC positions occupy
more ventral aspects of the corpus callosum, whereas axons associated
with more lateral positions occupy more dorsal portions of this
commissure (Jbabdi et al., 2013; Lehman et al., 2011; Figure 3.3).
Caution is warranted when taking comparative approaches across
species, however, as numerous factors including connectivity,
cytoarchitectonic organization, and macroscopic morphological landmarks
must all be appreciated when establishing homologous structures
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between brain regions. From this perspective, dMRI and tractography
should be considered as an additional tool for comparative anatomy
between human and nonhuman primate brains.

Figure 3.3 – A comparison of results obtained from tract-tracer anatomy in macaques with
results from DTI tractography in humans. In the macaque, tracers were injected into three
locations spanning the medial to lateral extent of the orbitofrontal cortex. Red, green and
blue represents the medial, middle, and lateral aspects of the orbitofrontal cortex,
respectively. The scatter plot under the macaque panel demonstrates that the mediallateral position of the injection sites in the orbitofrontal cortex determined the position of
labelled fibers in the genu of the corpus callosum. Tractography was then used to determine
whether the same pattern of organization is evident in both humans and monkeys. The
scatter plot under the human column shows the same pattern as the tracer anatomy from
the macaque. This study demonstrates the validity of combining tracer anatomy and
tractography approaches between humans and nonhuman primates. Figure adapted from
Jbabdi et al., 2015.

3.2.1 - Diffusion MRI in the aging brain

For years distinct aspects of cognitive function were thought to
arise from neuronal activity in focal, modular brain regions that are
uniquely positioned to perform specialized computations (e.g., Mesulam,
1990). One major reason for this view was the difficulty in assessing the
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functional contribution of multiple brain regions within a single subject
since this could only be accomplished through combined lesion studies or
through metabolic histological markers post-mortem. It was not until the
advent of modern-day neuroimaging technologies that cognitive
neuroscience could fully appreciate the reality that most high-order
cognitive functions emerge from coordinated neural activity distributed
across numerous brain regions. How neural activity synchronizes across
disparate brain regions in service of a particular cognitive task remains an
active area of research today ( e.g., Bullmore and Sporns, 2009), and
there is growing evidence that many aspects of age-related cognitive
decline emerge due to functional disconnections of distributed brain
regions (Buckner, 2004; O’Sullivan et al., 2001; Seeley et al., 2007).
Since spatially segregated neuronal networks transfer information through
the brain’s numerous white-matter tracts, some age-associated cognitive
decline is thought to result from structural insults that accumulate in the
white matter of aged brains (for reviews see Carmichael and Lockhart,
2012; O’Sullivan et al., 2001). Such a ‘disconnection hypothesis’ of
cognitive aging asserts that damage to myelin, or the axon proper,
compromises the conduction of electrical impulses and results in reduced
information processing efficiency. It is within this context that diffusion
MRI and tractography techniques are particularly well suited to contribute
to cognitive aging research ( e.g., Bennett and Madden, 2014; Figure
3.4).
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Figure 3.4 – Fractional anisotropy is reduced in aged human subjects relative to younger
individuals in the A) frontal forceps, and in the B) posterior commissure. With age, fractional
anisotropy measures tend to either decrease or remain unchanged. It is rare to observe ageassociated increases in fractional anisotropy, although this finding has been reported. Figure
adapted from Bennett and Madden, 2014.

Prior to dMRI and tractography in the aging brain, it was known
from autopsy studies that age-related changes in white-matter
microstructural condition exist in older brains devoid of neurodegenerative
pathologies (e.g., Aboitiz et al., 1996). The arrival of dMRI techniques
provided a means of detecting age-associated changes in the brain’s
white matter systems in vivo. Furthermore, these noninvasive imaging
techniques would serve as a powerful research tool for correlating
alterations in brain function with structural brain changes that emerge
across the lifespan ( e.g., Moseley, 2002; Sullivan et al., 2006; Sullivan
and Pfefferbaum, 2006). While some inconsistencies exist in the literature
regarding the exact patterns of age-related white-matter change, some of
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the most consistent findings are that FA decreases with age, whereas
medial diffusivity (diffusion of water molecules perpendicular to the
primary diffusion axis) increases (Carmichael and Lockhart, 2012).
Furthermore, reductions in FA are not uniform across the brain, but rather
vary significantly between distinct white matter tracts (Sullivan and
Pfefferbaum, 2006). One regional pattern that has emerged with mixed
support is an anterior bias of age-related FA decline, with white matter in
more frontal regions showing larger decreases regardless of the fiber
tract’s medial-lateral position ( e.g., Head et al., 2004; Pfefferbaum et al.,
2005; Sullivan and Pfefferbaum, 2006; Yoon et al., 2008). Since
prefrontal cortical neuronal networks are known to be critical for various
aspects of cognition, these observations, if true, suggest that changes in
the condition of forebrain white matter tracts play a significant role in the
emergence of age-related cognitive decline ( e.g., Bizon et al., 2012;
D’Esposito et al., 1995; D’Esposito and Postle, 2015; Gunning-Dixon and
Raz, 2003; Müller and Knight, 2006; Raz et al., 2003)
Aging research aimed at correlating DTI measures with cognitive
function in older humans has, generally speaking, worked under three
distinct hypotheses. The first follows the notion that white matter
associated with the prefrontal cortex is most vulnerable to age-associated
microstructural changes, and therefore has focused on how FA measures
from these anterior fiber tracts correlate with cognitive domains dependent
on the frontal cortex (Malloy et al., 2007). For example, FA decreases in
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the superior longitudinal fasciculus and cingulum bundle of aged macaque
monkeys correlate with age-related impairments in executive function
(Makris et al., 2007). Other cognitive aging studies work under the
hypothesis that impaired network connectivity, reflected in summary DTI
measures, lead to deficits in processing speed that lead to cognitive
declines. For example, Schulte et al., (2005) assessed the relationship
between interhemispheric transfer speed of visuomotor information and
FA measurements from various commissural white matter sources.
Greater transfer times, which are indicative of poorer performance on this
task, were associated with lower FA values in the genu of the corpus
callosum (Figure 3.5). This suggests that inter-individual differences in
commissural white matter microstructure influence interhemispheric
processing. Lastly, some researchers have suggested that the functional
effect of age-related white matter disconnections is that the compensatory
recruitment of brain regions in service of a particular task (Chapter 1)
becomes less effective in older people and results in cognitive
impairments ( e.g., Cabeza et al., 2002; Sullivan and Pfefferbaum, 2006).
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Figure 3.5 – Relationship between A) age and B) interhemispheric transfer speed and
diffusivity extracted from DTI analyses. These results are meant to demonstrate previous
use of DTI to investigate how differences in the brains white matter across the lifespan might
impact differences in brain function. Figure adapted from Schulte et al., 2005.

dMRI approaches have also been used to study age-related
changes in the ascending auditory pathway of older humans, although
much less so than in the study of cognitive decline. One reason for this is
that most of the pathophysiological changes in the auditory system that
give rise to hearing deficits are thought to occur at the level of the cochlea
and auditory brainstem, and not in the forebrain as is the case with many
cognitive impairments (Chapters 1 and 2). Thus, it was thought that DTI
measures would not provide significant information regarding the brain
alterations that give rise to presbycusis. The relatively few studies that
have investigated age-associated changes in the auditory system have
provided conflicting results. Some studies indicate that there are no
significant age-related changes in FA from the acoustic radiations or in the
inferior colliculus of subjects with expressed presbycusis (Husain et al.,
2011; Profant et al., 2014). On the other hand, FA values from the inferior
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colliculus of a different cohort of aged, hearing impaired subjects were
greater than for younger individuals (Lutz et al., 2007). Another study
showed decreases in FA in the same structures with age (Chang et al.,
2004). More work is necessary to decipher the extent to which auditory
system white matter changes across the lifespan, and how these potential
differences relate to distinct aspects of auditory function. It will be
important to study these anatomical differences in the context of different
forms of auditory dysfunctions since hearing deficits that result from
changes in the cochlea likely would not correlate in the same way that
auditory dysfunctions due to altered temporal envelope processing would.

3.3 - Inferring connectivity through functional MRI

While diffusion MRI and tractography methods are currently the
only technologies able to visualize structural connectivity in vivo, functional
connectivity analyzes of functional MRI (fMRI) BOLD signals are able to
provide indirect estimates of connectivity between brain regions. The
basis of functional connectivity analyses is to measure statistical
relationships in activation patterns between regions, working under the
assumption that voxels with BOLD signals that strongly covary are more
likely to be related in service of a given task ( e.g., Biswal et al., 1995,
2010; Fox and Greicius, 2010; Smith, 2012; Figure 3.6).
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Figure 3.6 – Example of resting state functional connectivity. The fMRI brain images show
resting state functional connectivity between both correlated (hot colors) and anticorrelated (cold colors) regions within the default mode network. Correlations were drawn
between a seed region in the posterior cingulate/precuneus (PCC) and all other voxels in the
brain. The time series at the bottom of the figure shows the time course of the BOLD signal
from a single run from the PCC (yellow), the medial prefrontal cortex (MPF; orange), and the
intraparietal sulcus (IPS; blue). Note that the PCC and MPF are strongly correlated, whereas
the IPS is anticorrelated with both of these regions. Figure from Fox and Greicius, 2010.

The power of functional connectivity techniques lies in the ability to
explore connectivity across the entire brain within and between individual
subjects. Such a holistic view has provided invaluable information about
brain function that was long not possible to infer in human subjects. A
good example of this was discussed in Chapter 1 where Clapp et al.,
(2011) demonstrated that a region of the medial frontal gyrus functionally
connects with distinct high-order visual structures as subjects switch
attention between visual stimuli of different scenes and faces (Figure 3.7).
This apparent indexing function of the frontal cortex was long thought to
exist but could not be visualized in human participants without the
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appropriate functional connectivity analyses. Numerous examples like this
have emerged over the past two decades ( e.g., Biswal et al., 1995, 2010;
Craddock et al., 2013; Smith, 2012).

Figure 3.7 – An example of how functional connectivity analyses can provide novel
information about brain function. Subjects in this study were required to attend to a stream
of images that were either composed of naturalistic scenes or faces while fMRI images were
acquired. The results indicated that a region in the middle frontal gyrus (blue) was active
when both scenes and faces were observed. This activity, however, was functionally
connected with different brain regions in the ventral visual stream depending on the image
being presented. Specifically, middle frontal gyrus activity was correlated with activity in the
parahippocampal place area (pink) when scenes were presented, and with the fusiform face
area (red) when faces were presented. These finding indicate that the middle frontal gyrus
performs a sort of attentional indexing function when distinct visual stimuli must be
attended to. Figure adapted from Clapp et al., 2011.

Like diffusion MRI, functional connectivity analyses of fMRI also
come with inherent limitations. First and foremost, functional connectivity
analyses do not provide inferences about anatomical connectivity since
covariations in BOLD responses can be observed between regions
separated by one or more synapses. High functional connectivity can also
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be observed when two unconnected structures receive coincident input
from a third activated site (Jbabdi et al., 2015). The nature of the BOLD
signal, which reflects changes in blood flow and oxygen metabolism
associated with neuronal activity, can also create connectivity profiles that
are difficult to interpret. Additionally, several non-biological factors can
introduce false-positives in functional connectivity analyses. Subject
motion, for instance, can create statistical dependencies not related to real
connectivity between regions (Power et al., 2014).
Quantifying the degree of connectivity solely through fMRI can also
be a major challenge and must be approached with caution. This principle
was shown in a recent study using macaque monkeys that received
callosotomies to effectively dissociate the two hemispheres. As expected,
the inter-hemispheric functional connectivity of monkeys with full
callosotomies dropped precipitously following surgery (O’Reilly et al.,
2013). Amazingly, however, the interhemispheric functional connectivity
of one animal in which the surgery had failed to dissociate the anterior
commissure was not different than control animals, even in regions that
the anterior commissure does not directly connect (Demeter et al., 1990).
Human patients with a compromised, but not entirely severed corpus
callosum also show control-level bilateral functional connectivity (Tyszka
et al., 2011). Together these studies indicate that inter-hemispheric
functional connectivity might be restored following damage to commissural
fibers due to statistical interdependencies that arise due to ‘third party’
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regions within a hemisphere. More broadly, findings such as this highlight
the fact that functional connectivity analyses are sometimes unable to
detect gross structural changes in connectivity.
3.3.1 - Age-related differences in brain function inferred from
functional connectivity analyses

Since functional connectivity analyses evaluate the coherence of
activity across distant brain regions, regardless of anatomical connectivity,
these methods are well suited for studying brain aging in the context of the
‘disconnection hypothesis’ discussed earlier in this chapter. Several
networks of intrinsic connectivity have been established and studied in the
context of normative cognitive aging, the most well understood being the
default mode network (DMN). The DMN is a constellation of forebrain
structures, including the medial prefrontal cortex, posterior cingulate
cortex, inferior parietal lobules, and the hippocampus, whose activity and
functional connectivity increase when subjects are not engaged in a task
(e.g., Andrews-Hanna et al., 2010; Fox et al., 2005; Figure 3.8). Although
it is not entirely clear what all the functions of the DMN are, many
researchers speculate that it plays a prominent role in memory
consolidation (for review see Fox and Raichle, 2007). Due to
observations that many hubs in the DMN correspond with regions
particularly vulnerable to amyloid deposits in Alzheimer’s disease, this
intrinsically connected network has received significant attention in both
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pathological and normative brain aging research ( e.g., Hedden et al.,
2009; Mormino et al., 2009).

Figure 3.8 – Representative activation pattern of the default-mode network. Images were
acquired when subjects were at rest, not attending to any external stimuli. This
constellation of regions that are active under conditions of no task engagement are together
known as the default mode network. Age-associated alterations in the strength of
connectivity between hubs of the default mode network have been observed in several
studies. Figure adapted from Wojtowitz et al., 2014.

Functional connectivity in the DMN is most commonly assessed
using seed-based analyses in which the correlation of BOLD signal activity
between anterior and posterior regions of interest are considered. Multiple
studies have shown reductions in the DMN network’s connectivity that are
associated with both normative aging and preclinical Alzheimer’s disease (
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e.g., Andrews-Hanna et al., 2007; Wu et al., 2011). These results were
confirmed by several groups using independent component and graph
theory analysis methods (Brier et al., 2014; Damoiseaux et al., 2008; Koch
et al., 2010; Meunier et al., 2009). Similar findings of age-related
decreases in functional connectivity have been observed in other
networks, including the dorsal attention network and salience network
(Brier et al., 2012). Reductions in functional connectivity across the aging
brain are not the rule, however, but rather appear limited only to certain
functional networks. Wu et al., 2011, for example, showed an ageassociated increase in network activity covariation between the medial
prefrontal cortex and regions of the superior temporal gyrus and visual
cortex. These findings suggest that the strength of network connectivity
does not change uniformly across the aging brain, and may provide
additional evidence for compensatory mechanisms where certain
networks become more strongly correlated in response to disconnections
in others.
A powerful aspect of functional connectivity analyses is that they
are not only able to detect activity correlations between distinct regional
hubs of a neuronal network, but they also show brain areas that are anticorrelated, indicating that BOLD signal activity can be consistently high in
one node while it is consistently low in the other. In healthy young brains
strong anti-correlations are commonly observed between nodes of distinct
interconnected regions. This suggests that there exists a push-pull

121

dynamic between functionally independent networks. There is a decrease
in the strength of the anti-correlation between distinct functional networks
in both normative and pathological brain aging, suggesting that deficits in
the ability to fully switch between networks may emerge across the
lifespan (see Brier et al., 2012; Wang et al., 2007). One consequence of
this may be that older brains experience more interference from nonrelevant networks that could decrease processing efficiency.
3.4 - Conclusion: Combining approaches for comprehensive
connectivity maps

The limitations of both diffusion MRI and functional connectivity
analyses speak to the fact that the most thorough measures of in vivo
connectivity require combinations of the two methods within a single
subject. Indeed, interest in adequately combining the two modalities has
resulted in computational models able to effectively link structural
connectivity with regional activation patterns and functional connectivity in
humans (e.g., Deco et al., 2014; Van Essen et al., 2013). Advances in
these fields have led to large-scale collaborative efforts, such as the
Human Connectome Project, that aim to combine neural data acquired at
multiple levels with numerous methodologies to create comprehensive
network maps of healthy and pathological human brain function. As the
availability of higher-resolution imaging technology becomes more
mainstream, the bridge between in vivo structural and functional
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connectivity analyses will become shorter, and the lofty goal of connecting
human brain connectivity with function will be realized.
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Chapter 4 - General Methods
4.1 - Subjects
4.1.1 - Bonnet Macaques
In total, six adult (mean: 13.3 years, range: 11.5 – 15 years) and
seven aged (mean: 26, range: 24.25 – 30.8 years) female bonnet
macaques (Macaca radiata) participated in the experiments contained
within this thesis. While some monkeys completed every phase of these
experiments, others did not. Thus, the data reported from the bonnet
macaques in this thesis will sometimes have fewer than these 13 animals.
Every monkey received semiannual health evaluations by the veterinary
staff at the University of Arizona (Tucson, AZ), and no animal included in
any of these studies presented with health concerns prior to the time of
testing. The monkeys were housed in a humidity- and temperaturecontrolled vivarium with ad libitum access to food and water. Prior to all
testing procedures, each animal underwent behavioral shaping to tolerate
restraint in a specialized non-human primate holding box (~51 cm x 31 cm
x 40 cm) that was used to transport the monkeys from their home vivarium
to testing locations (see below). The experiments described below
adhered to guidelines established by the National Institutes of Health and
were approved by the Institutional Animal Care and Use Committee
(IACUC) at the University of Arizona.
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4.1.2 - Rhesus Macaques

In addition, 35 rhesus macaques participated in some of the
experiments contained within this thesis. This cohort was separated into
adult (N = 15; mean: 10.4 years, range: 7.2 – 14.1 years; 3 female, 12
male) and aged (N = 20; mean: 24.5 years, range: 20.6 – 29.5 years; 8
female, 12 male) groups using 20 years of age as the cutoff. All of the
rhesus macaques were born, reared by mothers, and tested at the
California National Primate Research Center at the University of California
at Davis (Davis, CA). These animals were opposite-sex pair housed, and
pregnancies were prevented by performing vasectomies on the males.
Like the bonnet macaques, rhesus monkeys were housed in a
temperature- and humidity-controlled vivarium on a 12 hour light/dark
cycle. These monkeys underwent semi-annual health assessments by the
veterinary staff at the California National Primate Research Center, and
none presented with concerns prior to testing. Additionally, the monkeys
underwent eye examinations to ensure that no visual issues interfered
with performing any of the vision-based cognitive tasks (described below).
Diets consisted of monkey chow, fresh fruit supplements, and ad libitum
access to water.
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4.2 - Cognitive testing
4.2.1 - Testing apparatus and stimuli

A modified Wisconsin General Testing Apparatus (WGTA; Harlow
and Bromer, 1938) was used to acquire all behavioral data (Figure 4.1).
The WGTA is comprised of a holding box where the animals reside during
the testing procedure. At one end of the box vertical bars separate the
animals from a tray with three equally space wells where stimulus
presentation and food reward delivery occur. Two partitions could be
manipulated by the experimenter to control the monkey’s access to and
visibility of stimulus objects and rewards. The first barrier consisted of a
wooden guillotine door that served to block the animals from both
visualizing and interacting with the objects/rewards. A transparent
Plexiglas door served as the second partition to allow animals to visualize,
but not interact with objects/rewards. A one-way mirror separated the
animals from the experimenters, which allowed for the monkey’s behavior
to be monitored without detection. Stimuli consisted of plastic toy objects
of comparable size (~8cm3), and the rewards used were dry and fresh
fruit, vegetables, and sugar-free candy.
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Figure 4.1 – Pictorial depiction of a bonnet macaque monkey performing a delayed
nonmatching-to-sample task in a Wisconsin General Testing Apparatus (WGTA). The
description of this task is described in Figure 4.3. Note that monkeys are able to interact
with objects while separated by the vertical bars of the WGTA (left and right panel). The
wooden guillotine door used to separate animals from the object to impose delay periods is
shown in the middle panel of the figure.

4.2.2 - Concurrent reversal learning task procedure

The full testing protocols for the concurrent reversal learning task
were originally published in Burke et al., (2014). In the first phase of the
task, each animal learned 40 distinct two-object discrimination problems.
Every object pair was novel to the animals on the first day of testing.
During each testing session, the monkeys were presented with the 40
object pairs in the same order. Through trial and error the monkeys
determined which object in the pair would always be associated with a
food reward. At the beginning of each trial, the objects were hidden from
the animal’s view by the wooden guillotine door of the WGTA. Once the
guillotine door was lifted, the monkeys were required to displace a single
object from one of the lateral wells and receive the food reward if they
selected the correct object. The rewarded and unrewarded objects in
each pair did not change for the duration of the object discrimination
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learning periods, and monkeys performed this task daily until they reached
a 90% performance criterion over 5 consecutive testing sessions (180/200
correct responses). After reaching this performance criterion, the reversal
learning phase of the task began. During this phase, the rewarded and
unrewarded objects in each pair were switched, and the monkeys were
required to learn this novel association rule. The monkeys performed this
reversal task until reaching the same 90% performance criterion over 5
consecutive testing sessions upon which testing on the concurrent object
reversal learning task was complete. A schematic depiction of the
concurrent object reversal learning testing protocol is presented in Figure
4.2.

Figure 4.2 – Schematic depiction of the concurrent reversal learning task. During object
discrimination training, all monkeys learned 40 object pairs as in the first object
discrimination task to a criterion of 90% over 5 consecutive days. After criterion was
reached, the rewarded and un-rewarded objects in the learned pairs were switched,
requiring animals to alter their behavior in line with the new reinforcement contingencies.
Testing continued until the animals reached 90% performance for 5 consecutive sessions
after the reversals.
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4.2.3 - Delayed nonmatching-to-sample test of object recognition
memory procedure

The delayed nonmatching-to-sample (DNMS) task is commonly
used to assess non-spatial recognition memory in macaques (e.g., Rapp
and Amaral, 1991). The present formulation of this task used objects as
stimuli, and thus can specifically be considered a test of object recognition
memory. Trials were initiated by an object being presented over the
baited center well of the WGTA. The monkeys were allowed to displace
this sample object and retrieve the food reward underneath it, ensuring
that the sample object was observed. Following the sample phase, the
wooden guillotine door was dropped to impose a delay period upon the
animals. During training, a 10 second delay was used, whereas delays of
15, 30, 60, 120, and 600 seconds were used for testing sessions.
Following the delay period, the sample object and a novel object were
presented over the lateral wells of the WGTA, and only the novel object
was baited (i.e., a nonmatching rule). Monkeys learned through trial and
error that displacing the novel object was the correct response. The
location of the novel object was pseudorandomized to balance the number
of correct-left and correct-right trials. Object stimuli were unique across
trials so that no object was repeated or introduced a bias. Learning
criterion on the 10 second delay condition was 90% correct over 5
consecutive 20-trial sessions (90/100 correct responses). Once learning
criterion was met, 5 days of testing were completed at sequentially
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increasing delays, and the animals proceeded through these conditions
regardless of performance levels. Twenty trials were completed per
session for the 15, 30, 60, and 120 second delay conditions, whereas 5
trials were completed per session on the 600 second delay condition. An
inter-trial interval of 30 seconds was used in all conditions. Figure 4.3
presents a schematic depiction of the DNMS task.

Figure 4.3 – Schematic depiction of the delayed nonmatching-to-sample test of object
recognition memory. Monkeys were presented a sample object over the center well of the
WGTA. The wooden guillotine door was then dropped to impose delay periods ranging from
10 seconds to 600 seconds on the animals. Following this delay period, the sample object
was presented alongside a novel object, and animals learned through trial and error that the
novel object was baited with a food reward.

4.2.4 - Procedure for tests of attentional control

Distinct aspects of attentional control were tested using a DNMS
test of object recognition with 3 distinct forms of interference presented
during the delay period of the task. The first form of interference consisted
of a single object being presented behind the Plexiglas partition of the
WGTA, allowing animals to view but not interact with it. This form of
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interference tests the monkey’s ability to ignore irrelevant distracting
stimuli, and thus will be referred to as the irrelevant distraction condition.
The second form of interference was comprised of a single object being
presented over the center, baited well of the WGTA, which allowed
animals to displace this object and receive the food reward underneath it.
This form of interference tested the animal’s ability to maintain the mental
representation of the DNMS task while completing a reward-driven motor
response and is thus referred to as the relevant distraction condition. For
the final form of interference, the monkeys were required to complete a
previously learned object discrimination problem during the delay period of
the DNMS task. This condition tested the monkey’s ability to shift their
attention from the primary DNMS task to this secondary task and back,
and is therefore referred to as a test of task switching. The stimuli for the
irrelevant distraction, relevant distraction, and task switching conditions
were all presented for 10 seconds. These interfering stimuli were
presented 10 seconds after the termination of the sample phase of the
DNMS task, and the DNMS test phase always came 10 seconds after the
interfering stimuli were removed. Thus, the delay phase for all conditions
was 30 seconds. Performance for each individual monkey was evaluated
by comparing the proportion of correct responses out of 40 trials from
each interfering condition with the number of correct response out of 40
trials on the DNMS task without interfering stimuli. Figure 4.4 presents a
schematic depiction of the tests of attentional control.
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Figure 4.4 – Schematic depiction of delayed nonmatching-to-sample tests of attentional
control. In the test of ignoring distractors, a single object was presented during the delay
period of the WGTA for ten seconds during the thirty second delay of the task. In the test
with a relevant distraction, the monkey was allowed to move the distractor for a food
reward. For the test of task switching, an object discrimination problem was presented, and
animals were required to complete this task before completing the primary DNMS task.

4.2.5 - Reward devaluation task procedure

All monkeys completed a 14-day food preference testing procedure
(described in Baxter et al., 2000). In this paradigm, the animals were
presented all of the possible food pairing combinations from the following
six foods: golden raisins, dried cranberries, grapes, carrots, pears, and
fruit snacks. The food options were presented in the lateral wells of the
WGTA, and monkeys were allowed to select just one of the foods in each
pairing. The selected food was recorded as the preferred food in the
pairing. Each monkey completed 30 trials per session of this food
preference testing procedure over the 14 days of testing to establish each
individual animal’s food preferences. The proportion of times that any
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individual monkey selected a given food in each encountered combination
was calculated, and the top two selected foods were used for the reward
devaluation testing procedure. These top food options will herein be
referred to as Food 1 and Food 2. Note that Food 1 and Food 2 differed
between animals to account for each individual monkey’s unique food
preferences.
Following the food preference testing procedure, the monkeys were
trained on a set of 40 distinct object discrimination problems where
animals were required to learn which item in an object pair is associated
with a food reward. In this task, two objects were placed over the lateral
wells of the WGTA, and the well under just one of the options was baited
with one preferred food reward options for the monkey. The animals were
allowed to displace just one object and retrieve the food reward
underneath if the item selected was the baited option. A 20 second intertrial interval was imposed between object pairs, and each monkey
completed 40 trials of object discrimination training per session. Thus,
each object pair was encountered only once within a testing session. Half
of the rewarded objects in the 40 pair library were always rewarded with
Food 1, whereas the other half was always rewarded with Food 2, and
these reward assignments were held constant across days.
Consequently, a secondary association between each rewarded object
and food type existed. Monkeys were trained on this task to a
performance criterion of 90% over 5 consecutive testing sessions. Note
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that the library of 40 objects used in reward devaluation testing was
distinct from the one used in the reversal learning task described above.
Once monkeys reached the performance criterion, each animal
completed the devaluation procedure. This test examines an animal’s
ability to use the predicted value of food rewards to guide choices that
maximize reward value. This task is comprised of 4 test sessions: 2
baseline sessions, 1 session with devalued Food 1, and 1 session with
devalued Food 2. In each of these sessions, only the rewarded objects
from the OD training phase were used, and items were paired so that one
was rewarded with Food 1 and the other with Food 2. The left-right
position of the Food 1- and Food 2-rewarded objects was randomized
using the ‘randperm’ function in MATLAB. The monkeys were required to
select only one of the two baited objects and retrieve the food reward
underneath it. Baseline sessions consisted of the monkeys performing the
task without receiving any food in the morning prior to testing. The day
following this baseline session, the monkeys performed the same task ten
minutes after undergoing a selective satiation procedure for Food 1 and
Food 2. A second baseline session followed the selective satiation
sessions.
After finishing this object-based version of the devaluation task, the
monkeys underwent an additional 4 days of reward devaluation testing
without objects. In this test, food rewards were presented without the
objects, which serves as a control for the ability of satiation to modify food
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preferences since it eliminates the monkey’s need to use secondary
associations formed between the type of food reward and the objects.
Like in the object-based reward devaluation task, all animals underwent 2
baseline sessions and two satiation sessions (Food 1 and Food 2). A
schematic depiction of the reward devaluation task is found in Figure 4.5.

Figure 4.5 – Schematic depiction of the reward devaluation task. Prior to reward
devaluation testing, all animals were trained on an object discrimination task with 40
different object pairs. One object in the pair was always rewarded and the other was never
reinforced. Half of the object pairs were rewarded with Food 1 (grapes in the schematic),
while Food 2 (green beans in the schematic) was always used to reward the other half. The
monkeys were all trained to a criterion performance level of 90% over 5 consecutive testing
days, after which the animals participated in the reward devaluation test sessions (see
below). During the reward devaluation testing with objects, only the rewarded objects from
the object discrimination training sessions (i.e., associated with Food 1 and Food 2) were
used. On object-free sessions, monkeys were allowed to directly select food reinforcement
without using object-reinforcement associations. On Day 1, all animals underwent a
baseline test with no satiation treatment (top-left panel). On Day 2, testing was preceded
(~10 minutes) by a selective satiation of either Food 1 or Food 2 (top-right panel), which
serves to de-value one of the rewards relative to baseline testing days. Baseline testing and
satiation testing were repeated on Days 5 and 6, with the exception that the animals were
satiated with the opposite food reward from Day 2.
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4.2.6 - Spatial delayed response testing procedure

The spatial delayed response task is a standard test of visuospatial
short-term memory in macaques (e.g., Rapp and Amaral, 1989). In this
task, one of the two lateral wells of the WGTA was baited with a solid food
reward. The monkeys were allowed to view the experimenter bait the well
through the acrylic glass door. Bait locations were pseudorandomized
between trials such that the left and right wells were correct for an equal
number of trials. Both lateral wells were then covered with identical
opaque plaques, requiring animals to remember the spatial location of the
baited well. The wooden door was then dropped to impose a delay period
of either 0, 1, 5, 10, 15, 30, or 60 seconds. After the delay period, both
the wooden and acrylic doors were raised, and the monkeys were allowed
to displace just one plaque from a well. If the animal selected the baited
location it was allowed to retrieve the food reward and consume it. The
monkeys underwent two rounds of training, first using a 0 second delay
condition, and second with the 1 second delay condition. Learning
criterion in each of these training sessions was greater than 90% correct
responses across 3 consecutive 30-trial testing sessions. Once criterion
had been met for both the 0 and 1 second delay conditions, the animals
proceeded to the testing sessions. Here, the monkeys underwent 3 days
of testing at the 5, 10, 15, 30, and 60 second delay conditions. Animals

136

proceeded sequentially from shorter to longer delays regardless of
performance on these testing sessions. A 20 second inter-trial interval
was used in this procedure. A schematic depiction of the spatial delayed
response task can be found in Figure 4.6.

Figure 4.6 – Schematic depiction of the delayed response task of visuospatial short-term
memory. Monkeys were allowed to view an experimenter bait one of the two lateral wells
of the WGTA before covering both of these wells with identical opaque plaques. The wooden
guillotine door was dropped to impose a delay period ranging from 1 to 60 seconds. After
the delay, the monkey was presented with the two identical plaques and was allowed to
displace only one. If the baited well was selected animals were allowed to retrieve the food
reward it was hiding.

4.2.7 - Object discrimination testing procedure

Both rhesus and bonnet macaque underwent object discrimination
testing. Note, this protocol differs from the object discrimination learning
phase of the reversal learning task described above. During training,
macaques were presented with a pair of distinct objects over the lateral
wells of the WGTA. Object stimuli were visually distinct; they did not share
overlapping features (Figure 4.7A). One of the two objects was
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consistently baited, although the locations of the correct and incorrect
objects were pseudorandomized so that the rewarded object was on the
left and right for an equal number of trials. For each object pair, the animal
was allowed two 30-trial training sessions, administered on back-to-back
days. The monkeys were given a 48 hour rest period before the probe
session, which was also 30 trials long. This protocol was repeated
sequentially for 4 distinct object pairs. Inter-trial intervals for all OD
sessions were 15 seconds. Estimated learning trials were extracted using
the state-space model described in Smith et al., (2004). Each of the 4
object pairs were analyzed independently and then averaged to yield a
single value per animal. For consistency, we refer to this value as the OD
trials to criterion measure, but note that it is not derived the same way as it
is for the DR and DNMS tasks since no predefined performance threshold
was imposed on the animals.
4.2.8 - LEGO-based visual discrimination testing procedure

Visual discrimination abilities were assessed in a smaller subset of
the bonnet macaques (n = 4 adult and n = 3 aged) using a pattern
recognition task with LEGOS (Billund, Denmark; Figure 4.7B). The full
protocol for this task has previously been described in detail (Burke et al.,
2011). LEGOS were used in order to systematically vary the degree of
overlap between patterns to be discriminated. Overlap scores were
computed by dividing the total number of LEGO nobs that were the same
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between the two patterns by the total number of nobs in the two patterns.
Similarities of 60%, 71%, 86%, and 92% were used. As with the object
discrimination task described above, one pattern was always associated
with a reward whereas the other was not. Monkeys performed 30 trials a
day at each similarity level until reaching a performance criterion of 90%
over 3 consecutive sessions. The number of errors performed before
reaching criterion was the measure of visual-pattern discrimination
learning used throughout this manuscript.

Figure 4.7 – Pictorial depictions of stimuli used to test visual discrimination. A) Examples of
toy object used for the object discrimination task. B) Images of patterns used in the LEGObased visual discrimination task. Both are examples of stimuli with 86% overlap.

4.3 - Data analysis and statistics for behavioral data
4.3.1 - Data analysis and statistics: Concurrent reversal learning

For the concurrent reversal learning task, the temporal progression
of learning each object-reward association was tracked as a function of
day for each animal since any given object pair was only encountered
once a testing session. A state-space modeling approach was used to
estimate the learning curves of each individual object pair (40 total
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learning curves) using Bernoulli observation models (Smith et al., 2004).
For each animal, a learning curve, its 95% confidence interval, and an
estimated learning trial was derived for the object discrimination and
reversal learning components of the procedure separately. The estimated
learning day was defined as the session in which the lower bound of the
learning curve’s 95% confidence interval exceeded chance performance
(50% in this experiment), and remained above it for the remainder of the
experiment (Figure 4.8). It is this estimated learning day that is compared
across age-groups. Learning curve model estimation was performed
using a Bayesian approach (Smith et al., 2007) in Python using the Monte
Carlo package, pymc3. This analysis assumed that the initial condition is
unknown and applies an exponentially-distributed prior for the variance of
the underlying state with parameter lambda = 50. The results were
estimated based on 2000 Monte Carlo samples after a 1000 sample burnin period.
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Figure 4.8 – Example learning curves for one adult (top row) and one aged (bottom row)
monkey for the object discrimination task (left column) and reversal learning task (right
column). Raw proportion of correct responses per day are shown as grey circles. Blue
shaded areas denote the 95% confidence interval for the learning curves as estimated by a
state-space model. The probability of a correct response by chance is indicated by the
horizontal red dashed line at 0.5. The estimated learning day, which was defined as the day
that the lower bound of the 95% confidence interval of the learning curve exceeded and
remained above chance performance, is indicated by the numbers inside each figure.

Once learning days were computed, between-group comparisons
were made using two different linear mixed models. The learning day Li,t
for animal i and task t was modeled using the equation:
Li,t ~ b0 + b1Agei +b2Taskt + b3Agei x Taskt + ri

(1)

Where Agei was a binary categorical variable corresponding to the adult
and aged groups, and Taskt was a categorical variable corresponding to
the object discrimination and reversal learning components of the task. A
random effects intercept term, ri ~N(0, sigmab2) was included to account
for inter-animal variability. The model was fit using a maximum likelihood
approach in MATLAB (Mathworks Inc., Natick, MA). To confirm the
appropriateness of the model, a post-fitting assessment ensured that
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residuals showed no trend with fitted values. In the text, the model
statistics are reported in terms of t-statistic, degrees of freedom, and pvalue.
Additionally, the performance on the object reversal learning tasks
was analyzed using a repeated measures ANOVA with age, task, and age
x task interactions as factors. Post-hoc tests were performed using
unpaired t-tests. An alpha level of 0.05 was used, and p-values
underwent Bonferroni-Holm correction when applicable.
4.3.2 - Data analysis and statistics: Delayed nonmatching-to-sample
test of object recognition memory

Both the bonnet and rhesus macaques performed identical versions
of the delayed nonmatching-to-sample task. Task acquisition in both
cohorts was measured using a trials to criterion (TTC) measures, which
was defined as the number of trials each animal required to reach a
performance criterion of 90% over 5 consecutive 20-trial sessions (90/100
correct responses). The effects of age and species on these data was
analyzed by fitting a linear mixed model with terms for age, species, and
age-by-species interactions. Thus the trials to criterion for subject I, TTCi,
was
TTCi ~ b0 + b1Agei = b2Speciesi + b3Agei x Speciesi

(2)

where Agei and Speciesi were indicators for age and species, respectively.
Analyses were performed using linear mixed models in MATLAB.
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Additionally, task acquisition was also assessed in the colony of
bonnet macaques using the same state-space modelling approach
described in the reversal learning data analysis section. Here, the
individual-trial data from the 10 second delay condition were converted to
binaries, and the estimation was run on these data. Again, the trial at
which the lower bound of the estimated learning curve’s 95% confidence
interval was used as the estimate of learning.
Task performance for the delayed nonmatching-to-sample task was
assessed using the proportion of correct responses for each subject
across the 15, 30, 60, 120, and 600 second delay conditions. The model
for percentage correct in subject I at delay k, PCi,k, was
PCi,k ~ b0 + b1Agei = b2Speciesi + b3Delayk + b4Agei x Speciesi + b5 Agei x
Delayk + b6Speciesi x Delayi + b7Agei x Speciesi x Delayi + (1|Subjecti) (3)
In some sections of this thesis, the delayed nonmatching-to-sample
data from the bonnet macaques was averaged across delays. Data were
analyzed in these instances with unpaired t-tests and an alpha level of
0.05.
4.3.3 - Data analysis and statistics: Tests of attentional control

Tests of attentional control were only administered to the colony of
bonnet macaques. In this procedure, each animal underwent 4 distinct
conditions: 1) no interference (delayed nonmatching-to-sample task
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alone), 2) interruption within the delay (perform object discrimination task
within the delay period of the DNMS task: task switching), 3) relevant
distraction (retrieving reward from a single object within the delay period of
the DNMS task), and 4) irrelevant distraction (ignore an object behind a
Plexiglas partition during the delay period of the DNMS task). The
percentage of correct responses for each of the separate conditions was
used as the performance metric. The effect of age on the 4 different
conditions was tested by fitting a linear mixed model to the data using
equation (1) where Agei was a binary categorical variable corresponding
to the adult and aged groups, and Taski was a categorical variable
corresponding to the no distraction, interruption, relevant distraction, and
irrelevant distraction conditions. The model statistics are reported in terms
of a t-statistic, degrees of freedom, and p-value.
Additionally, the percent-correct data from the irrelevant distraction
and interruption conditions were analyzed together using a repeated
measures ANOVA with terms for age, task, and age-by-task interactions.
Post-hoc tests were performed using unpaired t-tests. An alpha level of
0.05 was used, and p-values underwent Bonferroni-Holm correction.
4.3.4 - Data analysis and statistics: Reward Devaluation Task

The effect of reward devaluation was quantified using a difference
score defined as the change in choices of each object/food type
(object/Food 1 and object/Food 2) in selective satiation sessions relative
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to baseline sessions. The difference scores from the two satiation
sessions were summed into a single value and are herein referred to as
the ‘difference score’. Since animals performed 20 trials per session, and
the difference score is the sum of two satiation procedures, the theoretical
range that this index can take is [-40, 40]. Negative values indicate a
preference for selecting the devalued object during the selective satiation
session relative to baseline, and positive values indicate a preference for
the non-devalued object. Difference scores were statistically analyzed
using a repeated measures ANOVA with age, task (with and without
objects), and age-by-task interaction terms. Additionally, posthoc tests
were performed using unpaired t-tests. An alpha level of 0.05 was used,
and p-values underwent Bonferroni-Holm correction.
4.3.5 - Data analysis and statistics: Delayed response task of spatial
short-term memory

Both colonies of macaques performed identical versions of the
spatial delayed response task. Task acquisition in both cohorts was
measured using a trials to criterion (TTC) measure, which was defined as
the number of trials each animal required to reach a performance criterion
of 90% over 3 consecutive 30-trial sessions on the 0 and 1 second delay
conditions (81/90 correct responses). The effects of age and species on
these data was analyzed by fitting a linear mixed model with terms for
age, species, and age-by-species interactions using equation (2).
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Task performance for the spatial delayed response task was
assessed using the proportion of correct responses for each subject
across the 5, 10, 15, 30, and 60 second delay conditions using the linear
mixed model defined in equation (3).
For some analyses the delayed response data from the bonnet
macaques was averaged across delays. Here, data were analyzed with
unpaired t-tests with an alpha level of 0.05.
4.3.6 - Data analysis and statistics: Object and visual discrimination

Percent correct on the probe day was measured 4 times for each
subject (once per object pair, with two exceptions where there was
missing data for one object pair). The model for percent correct, PCi,k, for
subject i and measure k = 1, 2, 3, 4, was
PCi,k ∼ β0 + β1Agei + β2Speciesi + β3Agei × Speciesi + (1|Subjecti)

(4)

where Agei and Speciesi were as defined above. The final term is a
random effect that allowed each subject to have a unique intercept term
and accounted for the repeated measures. For all results, confidence
intervals (CIs) are the lower and upper 95% bounds.
Data from the Lego-based visual discrimination task were analyzed
using a repeated measured ANOVA with age and % overlap as factors.
An alpha-level of 0.05 was used for this analysis. Post-hoc tests at each
overlap condition were performed using unpaired t-tests with an alpha of
0.05. P-values were Bonferroni-Holm corrected for multiple comparisons.
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4.3.7 - Composite cognitive score

Data from the tasks described above were z-score normalized in
order to standardize the units of all data across tasks. In all cases the
data were normalized so that higher z-score values indicate better
performance on the tasks. All z-scores were averaged for every individual
animal, and these values served as the composite cognitive score.
4.4 - Assessment of Sensory Function
4.4.1 - Auditory brainstem and middle latency responses general
procedures

The auditory brainstem (ABR) and middle latency (MLR) response
recording protocols followed guidelines published in previous nonhuman
primate studies (e.g., Fowler et al., 2010; Ng et al., 2015). Monkeys were
anesthetized with a mixture of ketamine (1.5–2.0 mg/kg) and
DexMedetomidine (0.007– 0.01 mg/kg) and placed in the prone position
with their heads elevated. Soft insert earphones (etymotic ER3A
transducers) were placed into each ear canal. The skin behind both ears,
forehead, and back of the neck were sterilized with an alcohol scrub, and
22-guage stainless steel electrodes were placed subcutaneously at each
location (Allen and Starr, 1978; Fowler et al., 2010). An Intelligent Hearing
System (Smart EP Win USB, v. 3.97) on a laptop computer was used to
acquire all evoked potentials. Stimuli consisted of 2, 8, 16, or 32 kHz pure
tone bursts, all delivered in a 10 millisecond trapezoidal envelope with a 2
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millisecond rise/fall time. All acoustic stimuli were repeated a minimum of
2000 times to obtain reliable average evoked responses. Evoked signals
were amplified by 100,000 and bandpass filtered between 100 – 1500 Hz
to extract the ABR waveforms. A 3 – 1500 Hz bandpass filter was used to
extract the MLR (Liégeois-Chauvel et al., 1994; Ozdamar and Kraus,
1983). Peaks II and IV of the ABR were most reliably observed in these
data, as has been reported previously in macaque recordings (e.g., Ng et
al., 2015). Thus, only these two peaks were considered for this analysis.
For the MLR, the P0 component (~21-28 ms) was analyzed. The latency of
each peak was defined as the time from stimulus onset to the apex of the
wave in consideration. In cases where no waveform was present at a
given sound pressure level, no latencies were extracted. Latency data
presented throughout this thesis consider only conditions in which stimuli
were presented at a sound pressure level of 60 dB. Peak amplitudes
were not considered for these analyses as age-associated changes in
bone density (e.g., Kiebzak, 1991; Mosekilde, 2000) can affect ERP
amplitudes, possibly introducing an additional covariate that could create
false-positives when interpreting these data. The frequency of
presentation and intensity of auditory stimuli differed between the temporal
and threshold ABR as described below.
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4.4.2 - Threshold ABR procedure

All stimuli were presented binaurally at 50 Hz. Initially, all stimuli
were presented at 80 dB peak sound pressure level. The intensity of the
acoustic stimuli was then reduced in 20 dB steps until a discernable ABR
waveform was no longer evident. Once the evoked response had
disappeared, the sound intensity was raised by increments of 5 dB until
the waveform was reestablished. The ABR threshold was taken as the
average sound pressure level at which the waveform was absent and the
level where it was visible for the final time. See Figure 4.9 for example
threshold ABR recordings in one adult and one aged monkey.

Figure 4.9 – Example threshold auditory brainstem response recordings from one adult and
one aged bonnet macaque. Acoustic stimuli were first presented at 80 dB and then reduced
by 20 dB until ABR waveforms were no longer discernable. Wave II and wave IV are labelled,
the scale bar represents 1µV, and sound presentation occurred at time 0 in both figures.
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4.4.3 - Temporal ABR procedure

All acoustic stimuli were presented binaurally at 60 dB peak sound
pressure level. Stimuli were first presented at 50 Hz, and then again at 20
Hz. Wave II and Wave IV peak latencies were calculated for the 20 Hz
and 50 Hz conditions, and the difference between the two (50 Hz minus
20 Hz) was used as the estimate of temporal auditory processing. Latency
differences between conditions with different stimulus presentation rates
are thought to reflect temporal auditory processing since it has been
shown that ABR waveform latencies increase as the interval between
acoustic stimuli decreases in forward masking paradigms (Mehraei et al.,
2016). This shift is thought to reflect a reduced reliability of neural
responses to faster stimuli, potentially due to a depletion of readilyreleasable vesicle pools (Mehraei et al., 2017). Importantly, latency
differences between fast and slow inter-stimulus interval conditions
correlate with perceptual gap detection capabilities, which is a
psychometric test of temporal processing in the auditory system
(Eggermont, 2015; Mehraei et al., 2017, 2016). See Figure 4.10 for
example temporal ABR recordings from one adult and one aged monkey.
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Figure 4.10 – Example temporal ABR recording from one adult (top trace) and one aged
(bottom trace) bonnet macaque. The black traces are derived from a recording in which
acoustic stimuli were presented at a rate of 20 Hz, whereas grey traces are derived from
recording in which the acoustic stimuli were presented at 50 Hz. Scale bar represents 1 µV
and sound presentation occurred at time 0.

4.4.4 - Visual Evoked Potential procedure

Visual evoked potentials (VEP) were acquired using the same
Intelligent Hearing System (Smart EP Win USB, v. 3.97) software used to
acquire the ABR and MLR recordings. Electrode placements followed the
guidelines set by the manufacturer (Smart EP), with minor adjustments to
translate the configuration from a human head to that of a macaque.
Specifically, a mid-occipital scalp electrode was placed roughly an inch
above the inion. Right- and left- occipital electrodes were placed an inch
to either side of the mid-occipital location. A reference electrode was
placed on the top of the scalp along the midline, and the ground was
placed just posterior to the brow ridge. Animals were placed in the prone
position with their heads elevated and looking forward. A full-field
checkerboard pattern delivered via an Intelligent Hearing System VEP
stimulator was used as the stimulus. The VEP stimulator was placed
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roughly 50 cm in front of the monkey’s face. Stimuli were delivered at
either 1 Hz or 2 Hz. All visual stimuli were repeated a minimum of 100
times to obtain reliable average evoked responses. Evoked signals were
amplified by 100,000 and bandpass filtered between 1 - 300 Hz. The
most reliably observed evoked potential in both adult and aged monkeys
was a positivity around 75 ms, which will be herein referred to as P75
(Figure 4.11). In some instances a second positivity was observed
around 100ms, but P75 was the only VEP signal analyzed for the present
study since it was observed in every subject. The latency of each peak
was defined as the time from stimulus onset to the apex of P75. Latency
difference data were calculated by subtracting the P75 latency from 1 Hz
stimulus presentation rate conditions from the 2 Hz condition to give an
estimate of temporal processing in the visual system.

Figure 4.11 - Example temporal visual evoked potential recordings from one adult and one
aged bonnet macaque. The black traces are derived from recordings in which visual stimuli
were presented at a rate of 1 Hz, whereas grey traces are derived from recordings in which
the stimuli were presented at 2 Hz. In both plots the P75 component is labelled. Scale bar is
5 µV, and stimulus presentation occurred at time 0.
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4.4.5 - Statistical analyses for assessments of sensory function

ABR thresholds, latencies, and latency differences across different
stimulus frequencies were analyzed with repeated measures ANOVAs.
Analyses of ABR data averaged across stimulus frequencies, as well as
MLR and VEP data were analyzed with unpaired t-tests. In all cases an
alpha level of 0.05 was used, and p-values were Bonferroni-Holm
corrected when necessary.
4.4.6 - Composite sensory score

Data from the threshold-ABR, temporal-ABR, and VEP were zscore normalized in order to standardize the units of all data. All z-scores
were averaged for every individual animal, and these values served as the
composite sensory score.
4.5 - Diffusion Tensor Imaging and Tractography Protocol
4.5.1 - Image Acquisition Protocol

Prior to imaging, each monkey was anesthetized in their home
cage with intramuscular injections containing midazolam (0.15 – 0.2
mg/kg), ketamine (1.5 – 2.0 mg/kg), and DexMedotomidine (0.007 – 0.01
mg/kg), with older animals receiving the lower ends of these dose ranges.
This ensured that there was no subject motion during imaging.
Additionally, intravenous catheters were given to administer fluids, and the
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monkeys were intubated to maintain anesthesia using 2 – 3% sevoflurane
delivered through an MRI-compatible vaporizer.
All magnetic resonance images were acquired on a 3T GE
(General Electric, Milwaukee, WI) Signa scanner. A body coil was used
for radio-frequency excitation, and an eight-channel head coil was used
for reception. The animals were imaged in the ‘sphynx’ position with their
heads stabilized in a custom MRI-compatible stereotax with orbit, mouth,
and ear bars within the receiver coil. To differentiate the right and left side
of the images, a vitamin-E capsule was placed near the right ear.
High-resolution, whole-brain T1-weighted images (Figure 4.12A)
were acquired using a 3-dimensional inversion-recovery prepped spoiled
gradient-echo sequence with the following parameters: TR = 8.1 ms, TE =
3.3 ms, T1 = 500 ms, flip angle = 20 degrees, acquisition matrix = 256 x
256 (field of view = 15.4 mm x 15.4 mm), in-plane resolution = 0.7 x 0.7,
and section thickness of 0.7 mm with 2 repetitions of 86 – 100 coronal
sections depending on the size of the brain. Whole brain, T2-weighted
reference scans (Figure 4.12A) were acquired using a fast spin-echo
sequence with the following parameters: TR = 3,916 ms, TE = 74 ms, flip
angle = 90 degrees, section thickness = 1.4 mm, in-plane resolution = 0.7
mm x 0.7 mm, acquisition matrix = 256 x 256 (field of view = 179 mm x
179 mm) with 4 repetitions of 47 continuous coronal sections. Diffusionweighted images (Figure 4.12A) were acquired using a single-shot echo
planar imaging sequence with the following parameters: TR = 12,500 ms,
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TE = 72, flip angle = 90 degrees, N averages = 2. Forty-seven continuous
coronal sections were acquired at a section thickness of 1.4 mm, in-plane
resolution = 1.4 mm, 1.4 mm, and acquisition matrix = 128 x 128 (field of
view = 179mm x 179 mm). The diffusion weighted data were acquired in a
HARDI sampling scheme over 51 diffusion directions over a single shell
with a b-value of 1,000 s/mm2. Six volumes with no diffusion weighting (b
= 0 s/mm2) were also acquired. All 3-dimensional volumes were resectioned into coronal, sagittal, and axial slices. DICOM images were
converted into NIFTI (https://nifti.nimh.nih.gov/) format for image preprocessing.
Image Pre-processing Protocol
The T1, T2, and dMRI images were skull stripped using manually
drawn whole-brain masks in MRIcro software
(https://www.nitrc.org/projects/mricron). An iterative Gaussian Processbased registration was used to correct eddy current distortions in the dMRI
images in FSL (Andersson and Sotiropoulos, 2015). Distortions due to
B0-field inhomogeneity were corrected using TORTOISE software through
a non-linear registration of the dMRI image to the T2-weighted image. A
coronal section of a reference T2 image, and the corresponding dMRI
image corrected for these distortions is found in Figure 4.12B. Coil
inhomogeneity was corrected using N4ITk bias correction software
(Tustison et al., 2010) and noise in dMRI images was removed by a local
principal component-based noise removal algorithm (Manjón et al., 2013).
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FSL’s Automated Segmentation Toolbox, Linear Image Registration Tool,
and Boundary Based Registration algorithm was used to register dMRI
images to the T1 images (Greve and Fischl, 2009). An axial section of a
T1 image and its corresponding registered dMRI image is shown in Figure
4.12C.

Figure 4.12 – Summary of image modalities acquired, image corrections, and image
registration. A) Representative sagittal section of a bonnet macaque brain imaged using a
T1, T2 and Diffusion sequences. The distortions associated with diffusion weighted (DW)
images make them unsuitable for direct overlay onto the high resolution anatomical
reference images. B) Coronal sections of a reference T2 image with a DW image corrected
for eddy current distortions and B0-field inhomogeneity using an iterative Gaussian Processbased registration and non-linear registration to reference T2 images, respectively. C) Axial
sections of a reference T1 image and the corresponding DW image after registration. The
grey matter-white matter interface is highlighted in red across the two images to show the
effectiveness of the registration algorithm.

4.5.2 - Image processing and analysis: diffusion tensor imaging
analysis

Fractional Anisotropy (FA) maps were generated from diffusion
tensor fitting of dMRI images in each subject’s native space. A coronal
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section of a T1 image and its corresponding FA and direction-encoded
color map is found in Figure 4.13. The colors in this image represent the
direction of the underlying fibers where red is left/right, blue is
posterior/anterior, and green is inferior/superior.

Figure 4.13 – Coronal parameter maps from DTI and CSD analysis. FA and a directional
encoded color (DEC) map were obtained from DTI fitting. A FOD map, overlaid on FA, was
obtained from CSD analysis. An expansion of the FOD map in the area near corpus collosum
is shown in the inset. A T1 image of the same section is included for reference and colors in
the image have their usual directions.

4.5.3 - Tractography

Probabilistic streamlines were generated in each subject’s native
space using FSL’s Diffusion Toolbox (Behrens et al., 2007, 2003) based
on the Bayesian-estimation of diffusion parameters (BedpostX). 5000
streamlines were initiated from seed to target regions, and streamlines
were propagated with a step size of 0.5 mm and a curvature threshold of
0.2. This analysis yielded connectivity-distribution maps where individual
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voxel intensities represent the number of tracts that pass through the
voxel and successfully reach the target region. The algorithm also output
a ‘way-total’, which is the total number of tracks from the seed regions that
successfully reached the target region via any pre-specified inclusion
masks. The connectivity distribution maps were then divided by this waytotal for voxel normalization, and voxels with intensity values less than
40% of the 95th percentile of the final weighted map were set to 0
(Galantucci et al., 2011). Each voxel in this weighted mask represents the
probability that the voxel belongs to the tract connecting the seed and
target regions. This weighted mask was then divided by the sum of all
probabilities in the mask to give a normalized FA measure. Thus, while it
is not accurate to say that voxels extracted from this analysis only contain
white matter connecting the seed and target regions, the probabilistic
weighting of FA in this analysis gives a closer approximation of the FA
associated with the two structures than ROI-based approaches are able to
provide. Tractography analyses were performed on the left and right
hemispheres separately in every case, and the weighted connectivity
masks were used to extract the FA along each pathway. The mean value
was computed to yield an FA index.
4.6 - Regions of Interest

All region of interest (ROI) masks were drawn on the T1 images
using MRIcron software with guidance from the Bakker et al., (2015) open
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source scalable macaque brain atlas. This atlas is based on 0.075 mm
MRIs average over 10 macaque monkeys of comparable weight to the
animals used in this study. ROIs for each extracted fiber tract will be
described in turn below.
4.6.1 - ROIs for uncinate fasciculus and ventral amygdalofugal
pathway tractography

Amygdala
The ROI mask for the basolateral (BL) amygdala were drawn to
encompass eight sub-nuclei: the lateral nucleus, the basal nucleus, the
accessory basal nucleus, the paralaminar nucleus, the medial olfactory
regions, the cortical amygdala nuclei, the amygdalapiriform transition area,
and the lateral nucleus of the olfactory tract. The centromedial nuclei was
the superior boundary of the BL ROI. The medial boundary was the uncal
surface of the medial temporal lobe. The thin white-matter sheath that
separates the amygdala from the deep layers of the entorhinal and
perirhinal cortices served as the inferior boundary. Finally, the deep white
matter stalk innervating the medial temporal lobe was the lateral
boundary. A representative amygdala ROI is shown in Figure 4.14.
Orbitofrontal cortex
Orbitofrontal cortex (OFC) area 11/13 was delineated based on
distinct cytoarchitectonic features of this region (Carmichael and Price,
1994). The anterior boundary of the OFC ROI was the image section
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immediately posterior to the frontal pole, which tended to correspond with
the most anterior section that the olfactory tract was not separated from
the orbital gyrus. The posterior boundary was set to 1.2 mm anterior to
the posterior-most sections in which the corpus callosum did not adjoin the
two hemispheres. The medial border was defined as the fundus of the
rostral sulcus, and the lateral border was set as the lateral orbital sulcus.
In all of the drawn ROIs, the grey matter was segmented from the white
matter, and this segregation was determined as the voxels in which the
intensities clearly differed. A representative OFC ROI is shown in Figure
4.14.
Two different inclusion masks were drawn, one for uncinate
fasciculus tractography, and the other for amygdalofugal pathway
tractography. For uncinate fasciculus extraction, the inclusion ROI was
drawn on a coronal section in the region where the anterior temporal
cortex transitions into the frontal lobe (Petrides and Pandya, 2007). The
inclusion ROI for amygdalofugal extraction was drawn on a coronal
section to encompass the anterior aspect of the internal capsule (Lehman
et al., 2011). Inclusion masks for both the uncinate fasciculus and
amygdalofugal pathways are shown in Figure 4.14. For each subject,
probabilistic streamlines were generated in the native space from the
amygdala ROI to the OFC ROI. The uncinate fasciculus and
amygdalofugal pathway streamlines were tracked separately for the two
hemispheres. Exclusion masks were drawn, one on the midsaggital
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section to exclude commissural fibers, and another on the image section
posterior to the amygdala to prevent streamline generation along the
inferior longitudinal fasciculus.

Figure 4.14 – Basolateral amygdala (BLA) and orbitofrontal cortex (OFC) ROI masks
used in generating probabilistic fiber streamlines belonging to uncinate fasciculus
(UF) and ventral amygdalofugal pathways (AF). The left column shows these ROIs
on a coronal section, and the middle column shows the same volumes overlaid upon
a sagittal section. Representative UF and AF inclusion masks are shown in the right
column.

4.6.2 - ROIs for thalamocortical white matter tractography

Thalamic segmentation
Each thalamus was segmented using anatomical landmarks to
yield ROIs contained within the anterior, mediodorsal, ventrolateral, lateral
geniculate, and medial geniculate thalamic nuclei. Importantly, these
ROIs do not encompass the entirety of each thalamic region since the
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resolution of the scans was not sufficient to reliably demarcate the
boundaries of each nucleus. Instead, this landmark-based approach is
meant to provide conservative estimates of each nuclei’s location with
good inter-subject consistency. The landmarks used to delineate each
thalamic region are described in turn below.
Anterior thalamic nuclei
The anterior border was set as the first section posterior to the
anterior commissure to contain thalamic tissue. The posterior boundary
was defined as the second section moving posteriorly in the coronal plane
after which the anterior aspect of the third ventricle splits into dorsal and
ventral segments. Medially, the anterior nuclei ROI was bounded by the
midline, and the lateral boundary was set by the internal medullary lamina.
Mediodorsal thalamic nuclei
The anterior boundary was set as the first section posterior to the
most caudal extent of the anterior thalamic nuclei ROI. The posterior
border was the first coronal section anterior to the section in which the
dorsal aspect of the third ventricle re-joins the ventral aspect of the third
ventricle. Medially the mediodorsal nuclei ROI were bounded by the
midline, and the lateral boundary was set by the internal medullary lamina.
Ventrolateral thalamic nuclei
The anterior boundary was set as the first section in which the
anterior aspect of the third ventricle split into dorsal and ventral
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components. The posterior border was set as the first section anterior to
the section in which the dorsal aspect of the third ventricle rejoins the
ventral aspect of the third ventricle. Medially the ventrolateral thalamic
nuclei were bounded by anterior and mediodorsal thalamic nuclei, as well
as by the internal medullary lamina. The external medullary lamina and
internal capsule were the landmarks used to delineate the lateral border.
Lateral geniculate nucleus
The anterior border of the lateral geniculate nucleus was defined as
the first section to contain the posterior aspect of the putamen, and the
posterior border was the first section to contain thalamic tissue anterior to
the splenium. The most medial aspect of the parasubiculum of the
hippocampal complex, which is located immediately ventral to the lateral
geniculate, was used to define the medial border, and the white matter of
the external capsule was the lateral border.
Medial geniculate nucleus
The anterior border was set as the fourth section anterior to the first
section to contain thalamic tissue anterior to the splenium, which was the
posterior border. The medial geniculate ROI was bounded medially by the
lateral extent of the midbrain, which is located just ventral to this nucleus.
The lateral border was set by the lateral geniculate nucleus.
4.6.3 - Forebrain ROIs and thalamocortical projections
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The procedures for drawing forebrain ROIs, and the tractography
analyses performed with each are discussed in turn. In every case, right
and left hemisphere pathways were tracked independently.
Visual cortex and optic radiations
The anterior boundary of the visual cortex ROI was defined as the
first section in which the parietooccipital sulcus comes into view when
moving anteriorly. The occipital pole was the posterior limit. Streamlines
were generated between the lateral geniculate nucleus ROIs and the
visual cortex ROIs. Exclusion masks were set to prevent streamlines from
entering the parietal cortex, and also along the longitudinal fasciculi to
prevent streamlines from being generated anteriorly.
Frontal cortex and frontal thalamic radiation
The frontal pole was the anterior border of the frontal cortex ROI,
and the posterior border was defined as the last section anterior to the
genu of the corpus callosum. Streamlines were generated between the
mediodorsal thalamic nuclei ROI and frontal cortex ROIs. An inclusion
mask was drawn to encompass the white matter of the anterior segment
of the internal, external and extreme capsules, roughly at the level of the
temporal-frontal junction. Exclusion masks were used to prevent
streamlines from entering the uncinate fasciculus and amygdalofugal
pathways into the anterior temporal lobes, as well as along the longitudinal
fasciculi to prevent streamlines from being generated posteriorly.
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Auditory cortex and acoustic radiation
The auditory cortex ROI was restricted to encompass only the
dorsal bank of the superior temporal gyrus, within the lateral fissure. The
anterior border was the section containing the anterior-most portion of the
thalamus, and the posterior border was set as the first section to contain
insular cortex medial to the dorsal bank of the superior temporal gyrus.
Streamlines were generated between the medial geniculate nucleus ROI
and the auditory cortex ROI. Exclusion masks were set to prevent
streamlines from entering the inferior parietal gyrus, as well as along the
longitudinal fasciculi anterior and posterior to the auditory cortex ROI to
prevent streamlines from being generated anteriorly and posteriorly.
Sensorimotor cortex and superior thalamic radiation
This ROI encompasses both the primary somatosensory and
primary motor cortices. The anterior border of this ROI was set to the first
section in which the anterior-most aspect of the central sulcus disappears.
The posterior border was set as the second section posterior to the first
appearance of the posterior aspect of the central sulcus. The cingulate
gyrus bounded this ROI medially, and the lateral fissure bounded it
laterally. Streamlines were generated between the ventrolateral thalamic
nuclei and the sensorimotor cortex ROI. Exclusion masks were used to
prevent streamlines from being generated in the superior temporal gyrus,
as well as along the longitudinal fasciculi to prevent streamlines from
being generated anteriorly and posteriorly.
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Anterior temporal lobe and inferior thalamic radiations
The rostral tip of the temporal pole was the anterior boundary of
this ROI, and the posterior border was the first coronal section in which
the pons became visible. The lateral border of this ROI was the anterior
medial temporal sulcus, which lies roughly at the border of area 36 and
area TE. The amygdaloid complex and anterior hippocampus were both
included in this ROI, and thus served as the medial border. Streamlines
were generated between the mediodorsal thalamic nuclei ROI and the
anterior temporal lobe ROI. An inclusion mask was placed at the dorsal
most extent of the white-matter bundle supplying the inferior temporal
gyrus. Exclusion masks were set in the uncinate fasciculus and anterior
portions of the internal, external and extreme capsules to prevent
streamline generation into the frontal lobe, as well as along the
longitudinal fasciculi caudal to the anterior temporal lobe ROI to prevent
streamlines from being generated posteriorly.
Hippocampus and fimbria-fornix
The entire anterior-posterior axis of the hippocampus was included
in this ROI. The anterior border of this ROI was the first section in which
the lateral ventricle at the junction of the posterior extent of the
amygdaloid complex and the anterior hippocampus became visible. The
posterior border was defined as the first section in which the posterior
extent of the lateral ventricles clearly give way to hippocampal tissue,
generally occurring around the level of the splenium. The medial
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boundary used was the border between the prosubiculum and the
surrounding parahippocampal or entorhinal cortex (depending on A-P
location), which occurs at the medial most apex of the medial temporal
lobe. All subfields of the hippocampus proper were included in this ROI,
as were the prosubiculum, subiculum, presubiculum, and parasubiculum.
Streamlines were generated between the anterior thalamic nuclei ROI to
the hippocampus ROI. Two inclusion masks were set: one at the dorsalmost extent of the fornix, just ventral to the corpus callosum and dorsal to
the mediodorsal thalamic nuclei, and a second one posterior to the
thalamus where the caudal fornix becomes the fimbria of the
hippocampus, roughly at the level of the splenium. Exclusion ROIs were
placed just anterior to the thalamus to prevent streamlines from being
generated into the frontal and anterior temporal lobes via the frontal and
inferior thalamic radiations and uncinate fasciculus.
4.6.4 - Statistical analyses for fractional anisotropy analyses

FA estimates from each white matter projection system were
analyzed using repeated measures ANOVAs with age group (adult and
aged) and hemisphere (right and left) as factors. Post-hoc tests were
performed in every case using unpaired t-tests. Again, an alpha level of
0.05 was used.
4.7 - Regression analyses between behavioral, sensory, and
fractional anisotropy data
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The relationships between auditory, visual, and cognitive function,
as well as the relationships between fractional anisotropy indices and
sensory and/or cognitive function were assessed using robust regression
models. This regression method is an alternative to least-squares
regression and is commonly used with comparatively smaller datasets
since it is more robust in the presence of outliers. In the sensory to
cognitive function correlations, auditory scores were the independent
variables and cognitive scores the dependent variables. In the fractional
anisotropy to cognitive/sensory function correlations, fractional anisotropy
was the independent variable and cognitive/sensory scores the dependent
variables. In all cases the significance criterion was p < 0.05.
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Chapter 5 - Results from assessments of
cognitive function and sensory processing
5.1 - Introduction

Macaque monkeys have been used for decades to study the
neurobiological mechanisms underlying presbycusis and age-related
cognitive decline, although these brain functions have been studied
independently of one another. Like in older humans, it is clear that aged
nonhuman primates undergo declines in both auditory and cognitive
function (e.g., Engle et al., 2013; Hara et al., 2012b; Recanzone, 2018).
Whether cognitive and auditory function are associated across the lifespan
in monkeys, as appears to be the case in older humans, is not known.
The clinical importance of understanding the robustness of, and the
neurobiological mechanisms contributing to the potential association
between presbycusis and age-related cognitive decline is highlighted by
observations that individuals equipped with cochlear implants may
experience a partial restoration of cognitive function within a year of
implant (Jayakody et al., 2017; Mosnier et al., 2015). From a basic
research perspective, understanding covariations in auditory and cognitive
function across the lifespan may provide valuable insights into
fundamental principles by which neuronal networks compensate for, and
adapt to functional alterations that arise across the aging brain (see Gray
and Barnes, 2015).
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Experiments designed to acquire functional and behavioral
measures of auditory and cognitive function within the same set of
monkeys do not currently exist, and are an important step towards
understanding the mechanisms that may underlie the apparent
association between presbycusis and age-related cognitive decline. This
chapter presents the results from the battery of behavioral tests designed
to probe frontal and temporal lobe-dependent cognitive functions along
with results from the auditory brainstem response and visual evoked
potential electrophysiological recordings taken from the same monkeys.
With these data, relationships between measures of cognitive functions
and sensory processing are explored. All methods used to acquire the
data presented here can be found in chapter 4. Data are presented
separately for all bonnet monkeys in the cohort and the subset that
participated in the diffusion tensor imaging experiments that will be
presented in chapter 6. Additionally, our colony of rhesus macaques
completed some but not all of the tasks included in this battery, and these
results will also be presented here. The results provide evidence for
cognitive-domain specific associations between auditory and cognitive
function in aging macaque monkeys.
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5.2 - Results from cognitive assessment
5.2.1 - Composite score of cognitive assessment

Adult and aged macaque monkeys were tested in a WGTA (Figure
5.1A) on a battery of cognitive tasks, each probing distinct aspects of
cognition. Composite cognitive scores were significantly lower in aged
monkeys compared to adults (t-test, p = 0.013, t = 3.06; Figure 5.1B).

Figure 5.1 – Composite cognitive scores were lower in aged macaques relative to adults. A)
Image of an aged macaque monkey making a selection in the Wisconsin General Testing
Apparatus used to examine cognition. B) Boxplot of composite cognitive scores. Boxes
denote the middle 50% of the data, and horizontal lines indicate the median of each
distribution. Filled circles represent an individual monkey, with adult animals represented
by black circles and aged animals with grey. Asterisk (*) denotes p < 0.05.

Results for each individual cognitive test included in the battery are
presented below.
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5.2.2 - Object reversal learning
Object reversal learning results from entire cohort
Both young and aged animals required more trials to perform above
chance level during the reversal learning task compared to the object
discrimination task (LMM, t(24) = -8.7, p < 0.0001; Figure 5.2). Older
animals required more trials to perform above chance on both tasks
(LMM, t(24) = -3.7, p = 0.001). The degree of this age impairment was not
different between the object discrimination and reversal learning
components of the task (LMM, t(24) = 0.46, p = 0.65).

Figure 5.2 – Aged macaques require more trials to learn object discrimination problems, and
to adapt their behavior after reward-contingency reversals. This figure shows the estimated
learning days for all young and aged animals for the object discrimination and reversal
learning tasks. Boxes indicate the interquartile range (IQR) and whiskers are extended to the
most extreme data points that are no more than 1.5*IQR from the edge of the box.
Horizontal lines indicate median values. Black circles represent adult monkeys and grey
circles represent aged animals. Both young and aged animals required more trials to reach
the learning criterion in the reversal learning component of the task compared to the object
discrimination phase. Aged animals required more trials to reach criterion in both
components of the task.
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Object reversal learning results from subset used in DTI and ABR
experiments
On average aged animals required more trials to learn the object
reversal learning task (ANOVA, F (1, 12) = 7.76, p = 0.01; Figure 5.3).
Posthoc t-tests indicate that adult and aged monkeys were not different in
the number of trials required to learn the object discrimination component
of the task (t-test, p = 0.42, t = 0.83). Aged monkeys did, however, require
more trials to learn the reversal learning component of the task (t-test, p =
0.043, t = - 2.34). Regardless of age, more trials were required to learn the
reversal component of the task compared with the object discrimination
phase (ANOVA, F(1, 12) = 30.74 p < 0.001; Figure 5.3). There was no
task by age interaction (ANOVA, F(1,12) = 1.92; p = 0.18).
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Figure 5.3 – Estimated learning trials on the object discrimination and reversal learning tasks
for the young and aged animals used in the DTI and ABR experiments. Boxplots of the
estimated number of trials required to learn the object discrimination and reversal learning
phases of the task. Boxes denote the middle 50% of the data, and horizontal lines indicate
the median of each distribution. Filled circles represent an individual monkey, with adult
animals represented by black circles and aged animals with grey.

5.2.3 - Reward devaluation

Reward devaluation results from subset used in DTI and ABR experiments
For both adult and aged animals, difference scores were higher
during the object-free conditions compared to object-based conditions
(ANOVA, F(1,7) = 8.4, p = 0.01; Figure 5.4). Aged monkeys had lower
difference scores than adult on the object-based reward devaluation task
(t-test, p = 0.04, t = -3.73; Figure 5.4). Difference scores were not
different between adult and aged monkeys during object-free versions of
the task where animals were directly presented with reward options (t-test,
p = 0.18, t = 1.61; Figure 5.4), suggesting that age-associated differences
in the object-based versions of the task were not due to differential effects
of the satiation procedures on food preferences between age groups.
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Figure 5.4 – Boxplots of difference scores on the reward devaluation task with and without
object-associations. Boxes denote the middle 50% of the data, and horizontal lines indicate
the median of each distribution. Filled circles represent an individual monkey, with adult
animals represented by black circles and aged animals with grey. Asterisk (*) denotes p <
0.05.

5.2.4 - Attentional Control

Attentional Control results from entire cohort
The monkeys were pre-trained on a delayed nonmatching-tosample task without interference until they exhibited the same levels of
performance (LMM, t(44) = 0.70, p = 0.49). This was done to ensure that
any age differences noted in the interference conditions could be
attributed the effects of those intervening tasks rather than to performance
differences on the baseline delayed nonmatching-to-sample task itself.
Performance on the delayed nonmatching-to-sample test with an
irrelevant distraction presented during the delay was significantly worse
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than performance on the delayed nonmatching-to-sample task alone
(LMM, t(44) = 2.60, p = 0.014; Figure 5.5A) for both age groups (LMM,
t(44) = -0.46, p = 0.64). This test assesses an animal’s ability to ignore
distracting stimuli. Performance on the DNMS task in the relevant
distraction condition was not different from performance on the DNMS
task with no interference (LMM, t(44) = 1.3, p = 0.21), and was not
affected by age (LMM, t(44) = −1.7, p = 0.10; Figure 5.5B). Performance
on the delayed nonmatching-to-sample task with the object discrimination
interruption presented during the delay was worse than performance on
the delayed nonmatching-to-sample task alone (LMM, t(44) = 3.9, p =
0.0004; Figure 5.5C). This test assesses an animal’s task switching
ability. The aged monkeys were more significantly impaired than were the
adult monkeys (LMM, t(44) = -2.2, p = 0.032).

Figure 5.5 – Effects of irrelevant distraction, relevant distraction, and interruption conditions
on accuracy of choice performance on the delayed nonmatching-to-sample task (DNMS).
A) Effect of irrelevant distraction on DNMS performance. B) Effect of relevant distraction on
DNMS choice performance. C) Effect of interruptions on DNMS performance. In all plots
black circles represent adult monkeys and grey circles represent aged animals. All diagonal
lines represent the unity line, where performance from both conditions are equal.
Performance of both adult and aged monkeys significantly deviated from the unity line in the
irrelevant interruption condition (ignore distractors), and in the interruption condition (task
switching).
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Attentional Control results from subset used in DTI and ABR experiments
Aged monkeys were significantly more impaired than the adult
animals on tests of ignoring distractors and task switching (ANOVA, F(1,7)
= 7.34, p = 0.019; Figure 5.6); although posthoc t-test for the effects of
age on each individual attentional control task were not significant (t-test,
ignoring distractor: p = 0.07, t = -2.17; task switching: p = 0.12, t = -1.79).
When compared to conditions with no interference both adult and aged
monkeys were impaired on tests of ignoring distractors and task switching
(ANOVA. F(1,7) = 0.69, p = 0.42). The effects of the relevant distraction
were not analyzed for the subset of animals used in the DTI and ABR
experiments.

Figure 5.6 – Results from tests of attentional control in monkeys included in DTI and ABR
experiments. Boxplots of impairment scores from the tests of ignoring distractors and task
switching. Boxes denote the middle 50% of the data, and horizontal lines indicate the
median of each distribution. Filled circles represent an individual monkey, with adult
animals represented by black circles and aged animals with grey.
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5.2.5 - Object recognition memory

Object recognition Memory from entire cohort: Task acquisition
In both bonnet and rhesus macaques, older monkeys required
more trials to reach a performance criterion of 90% correct over 5
consecutive days on the delayed nonmatching-to-sample task (LMM, b0 =
544, CIs = [441, 646], t(42) = 10.68, p < 0.0001, b1 = 266, CIs = [164,
369], t(42) = 5.23, p < 0.0001; Figure 5.7). On average, rhesus
macaques required more trials to reach criterion than did the bonnet
macaques, although this comparison did not reach significance (LMM, b2
= -101.3, CIs = [-204, 1.47], t(42) = -1.99, p = 0.0532; Figure 5.7).
Posthoc tests indicate that aged rhesus macaques required more trials to
reach criterion than did bonnet macaques (F(42) = 12.2, p = 0.0012), but
there was no difference between adult bonnet and rhesus macaques
(F(42) = 0.227, p = 0.636). This result indicates that the trend towards a
species effect observed with the linear mixed model was driven by the
aged rhesus macaques that took a significantly higher number of trials to
learn the delayed nonmatching-to-sample task. There was a significant
interaction between age and species (LMM, b3 = -137, CIs = [-240, -34.5],
t(42) = -2.7, p = 0.01).
An assessment of errors to criterion was also performed and
showed similar effects. Importantly, the age-by-species interaction
observed in the trials to criterion analysis was replicated (LMM, b3 = -
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40.08, CIs = [-67.3, -12.9], t(36) = -2.99, p = 0.005), as was the effect of
age (LMM, b1 = 71.02, CIs [43.8, -98.2], t(36) = -5.3, p < 0.0001). The
errors to criterion measure was significantly greater in the rhesus
macaques compared to the bonnet macaques (LMM, b2 = -32.99, CIs = [60.2, -5.8], t(36) = -2.46, p = 0.0188).

Figure 5.7 – Delayed nonmatching-to-sample (DNMS) task acquisition in bonnet and rhesus
macaques. Boxplots of the number of trials it took each age and species group to learn the
DNMS task. Boxes represent the middle 50% of the data, and the horizontal line marks the
median. Each data point represents one monkey, with grey indicating bonnet macaques and
black indicating rhesus macaques. Filled points represent adult monkeys and open points
represent aged monkeys. The number of trials to reach criterion was significantly higher for
aged than for adult macaques, and rhesus macaques were significantly more impaired by
age than were bonnet macaques.

Object recognition memory from entire cohort: Performance across delays
Both species of macaque completed the delayed nonmatching-tosample task at increasing delays from 15 seconds to 600 seconds. The
proportion of correct trials was significantly reduced as delay length
increased (LMM, b3 = -0.0327, CIs = [-0.382, -0.0272], t(227) = -11.8, p <
0.0001; Figure 5.8). There was no effect of age (LMM, b1 = -0.427, CIs =
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[-2.12, 1.27], t(227) = -0.495, p = 0.621), nor was there an effect of
species (LMM, b2 = -0.0563, CIs = [-1.754, 1.64], t(227) = -0.0654, df =
227, p = 0.948). There was an age-by-delay interaction (LMM, b5 = 0.00807, CIs = [-0.0135, -0.00261], t(227) = -2.91, p = 0.00393),
suggesting that aged animals were especially impaired at longer delays on
the delayed nonmatching-to-sample task regardless of species. Posthoc
tests for age differences at each delay indicate that older animals were
impaired relative to adults only at the 600 second delay condition.

Figure 5.8 – Delayed nonmatching-to-sample (DNMS) performance across delays in bonnet
and rhesus macaques. Plot of the mean percent correct trials at each delay in the DNMS task
for each age and species group, with standard error bars. Grey indicates bonnet macaques,
black indicates rhesus macaques, filled points and dashed lines indicate adults, and open
points and solid lines indicate aged monkeys. The percent correct trials after reaching
criterion decreased significantly as delay length increased for all monkey groups. Aged
macaques, regardless of species, were especially impaired by long delays.

Object recognition memory from subset used in DTI and ABR experiments
The number of trials that adult and aged animals required to reach
a performance criterion of 90% correct responses on the DNMS task over
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5 consecutive testing sessions at the 10 second delay condition was not
statistically different (t-test, p = 0.15; t = -1.59; Figure 5.9A). Similarly,
adult and aged monkeys did not differ in their performance averaged
across all DNMS delay conditions (t-test, p = 0.38; t = 0.92; Figure 5.9B).

Figure 5.9 – Results from delayed nonmatching-to-sample tests of object recognition
memory in the subset of animals used in the DTI and ABR experiments. A) Boxplot of the
number of trials required for monkeys to reach a 90% performance criterion over 5
consecutive days on the 10 second delay condition. B) Boxplot of each monkey’s
performance averaged across the 15, 30, 60, 120, and 600 second delays. Boxes denote the
middle 50% of the data, and horizontal lines indicate the median of each distribution. Filled
circles represent an individual monkey, with adult animals represented by black circles and
aged animals with grey. There was no difference between age groups in either the
acquisition of performance of this task.

5.2.6 - Spatial short-term memory
Spatial short-term memory from entire cohort: Task acquisition
Adult and aged bonnet and rhesus macaques were trained on the 1
second delay condition of the delayed response test of visuospatial shortterm memory to a performance criterion of 90% over 3 consecutive testing
days of 30 trials per session. The number of trials to reach criterion did
not differ significantly between age groups or species, and there was no
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age-by-species interaction (LMM, all p values > 0.180; Figure 5.10). An
analysis of errors to criterion also revealed that there was no effect of age
or species, nor was there an interaction (LMM, all p values > 0.158).

Figure 5.10 – Delayed response (DR) task acquisition in adult and aged bonnet and rhesus
macaques. Boxplots of the number of trials it took each age and species group to learn the
DR task. Boxes represent the middle 50% of the data, and the horizontal line marks the
median. Each data point represents one monkey, with grey indicating bonnet macaques and
black indicating rhesus macaques. Filled points represent adult monkeys and open points
represent aged monkeys. All species and age groups took comparable numbers of trials to
reach criterion.

Spatial short-term memory from entire cohort: Performance across delays
Once the animals reached criterion on the 1 second delay
condition, they performed the delayed response task at sequentially
increasing delays from 5 seconds to 60 seconds. There was a significant
effect of delay on the proportion of correct responses at each delay (LMM,
b3 = -0.36, CIs = [-0.415, -0.306], t(222) = -13.03, p < 0.0001; Figure
5.11). There was no effect of age (LMM, b1 = -1.28, CIs = [-4.3, 1.75],
t(222) = -0.831, p = 0.407), nor was there an effect of species (LMM, b1 = -
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1.45, CIs = [-4.48, 1.58], t(222) = -0.944, p =0.346). There was, however,
a significant species-by-delay interaction (LMM, b6 = 0.121, CIs = [0.0668,
0.176], t(222) = 4.38, p < 0.0001), indicating that performance was
impaired at increasing delays to a greater extent in the rhesus macaques
compared to the bonnet macaques. Posthoc tests confirmed that rhesus
macaques performed the 60 second delay condition worse than did the
bonnet macaques (F(222) = 11.6, p < 0.0001), but not at any other delay
condition (all p values > 0.1).

Figure 5.11 – Delayed response (DR) performance across delays in adult and aged bonnet
and rhesus macaques. Plot of the mean percent correct trials at each delay on the DR task
for each age and species group, with standard error bars. Grey indicates bonnet macaques,
black indicates rhesus macaques, filled points and dashed lines indicate adults, and open
points and solid lines indicate aged monkeys. The percent correct of trials was reduced
across increasing retention intervals. Rhesus macaques were more impaired than were
bonnet macaques by the longer delays.

Spatial short-term memory from subset used in DTI and ABR experiments
The number of trials that adult and aged animals required to reach a
performance criterion of 90% on the DR task over 5 consecutive testing
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sessions at the 1 second delay condition was not statistically different (ttest, p = 0.47, t = -0.75; Figure 5.12A). Average performance across all
DR delays was also not different between age groups (t-test, p = 0.57, t =
0.59; Figure 5.12B).

Figure 5.12 – Results from delayed response tests of spatial short-term memory in the
subset of animals used in the DTI and ABR experiments. A) Boxplot of the number of trials
required for monkeys to reach a 90% performance criterion over 5 consecutive days on the 1
second delay condition. B) Boxplot of each monkey’s performance averaged across the 5,
10, 15, 30, and 60 second delays. Boxes denote the middle 50% of the data, and horizontal
lines indicate the median of each distribution. Filled circles represent an individual monkey,
with adult animals represented by black circles and aged animals with grey. There was no
difference between age groups in either the acquisition or performance of this task.

5.2.7 - Object discrimination

Object discrimination acquisition
There was both an effect of age and of species on the estimated
number of trials the animals required to perform above chance level on the
object discrimination task (LMM, Age: b1 = 1.69, CIs = [0.568, 2.82], t(33)
= 3.06, p = 0.0043; Species: b2 = -2.17, CIs = [-3.3, -1.5], t(33) = -3.93, p =
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0.00041; Figure 5.13). There was no age-by-species interaction, however
(LMM, b3 = -0.979, CIs = [-2.1, 0.146], t(33) = -1.77, p = 0.086).

Figure 5.13 – Object discrimination (OD) task acquisition in adult and aged bonnet and
rhesus macaques. Boxplots of the average number of trials it took each age and species
group to reach criterion on the OD task averaged across four object pairs. Boxes represent
the middle 50% of the data, and the horizontal line marks the median. Each data point
represents one monkey, with grey indicating bonnet macaques and black indicating rhesus
macaques. Filled points represent adult monkeys and open points represent aged monkeys.
Rhesus macaques took a greater number of trials to learn the task to criterion than did
bonnet macaques, and aged macaques required a greater number of trials to reach criterion
than did adults.

Object discrimination performance after 48 hours
Two days following training on the object discrimination task, the
number of correct responses out of 30 trials was measured for each object
pair. There was a significant effect of age on the proportion of correct
responses on the object discrimination task (LMM, b1 = -2.60, CIs = [-3.53,
-1.66], t(142) = -5.46, p < 0.0001; Figure 5.14), although there was no
effect of species (LMM, b2 = 0.506, CIs = [-0.434, 1.45], t(142) = 1.06, p =
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0.289). Furthermore, there was no age-by-species interaction (LMM, b3 =
0.546, CIs = [-0.394, 1.49], t(142) = 1.15, p = 0.253).

Figure 5.14 – Object discrimination (OD) task performance after a 48-hour retention period
in adult and aged bonnet and rhesus macaques. Boxplots of the average percent correct
trials across four object pairs for each age and species group two days after reaching
criterion on the OD task. Boxes represent the middle 50% of the data, and the horizontal
line marks the median. Each data point represents one monkey, with grey indicating bonnet
macaques and black indicating rhesus macaques. Filled points represent adult monkeys and
open points represent aged monkeys. Aged macaques did not perform as well as did adults.

5.2.8 - Visual discrimination of patterns with high feature overlap

Visual discrimination of patterns with high feature overlap from subset
used in DTI and ABR experiments
Visual discrimination abilities were further assessed in a subset of
the monkeys used in the DTI and ABR experiments using a non-object
based method (LEGOS) that allowed the degree of overlap between
stimuli to be systematically varied. The number of errors to reach a
performance criterion of 90% across 3 consecutive session increased as a
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function of stimulus overlap (ANOVA; F(1,6) = 15.14, p = 0.0009; Figure
5.15). A post-hoc t-test confirmed that aged animals required more errors
to criterion on the 92% similarity condition (t-test, p = 0.0049, t = -4.79;
Figure 5.15).

Figure 5.15 – Visual discrimination of highly similar patterns is impaired in aged macaques
and correlates with estimates of temporal auditory processing. Boxplots of the number of
errors to criterion on the LEGO-based visual discrimination task in conditions of 60%, 71%,
86%, and 92% similarity. Boxes represent the middle 50% of the data, and horizontal lines
mark the median of each distribution. Each filled circle indicates an individual monkey, with
black circles representing adult animals and grey representing the aged. Asterisk (*) denotes
that p < 0.05.

5.3 - Results from physiological measures of auditory and visual
function
5.3.1 - Auditory brainstem response thresholds

Pure-tone average thresholds were not different between adult and
aged monkeys (t-test p = 0.078, t = -1.99; Figure 5.16A). ABR thresholds
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increased as a function of tone frequency in both age groups (ANOVA,
F(3,30) = 15.11, p < 0.0001, Figure 5.16B).

Figure 5.16 – Physiological measures of auditory brainstem response (ABR) thresholds. A)
Boxplot of ABR pure-tone average thresholds. Boxes denote the middle 50% of the data, and
horizontal lines indicate the median of each distribution. Filled circles represent an
individual monkey, with adult animals represented by black circles and aged animals with
grey. B) Boxplots of ABR thresholds across all tested pure-tone frequencies. Boxplots as in
A. Pure-tone average thresholds were not different between adult and aged monkeys

5.3.2 - Temporal-ABR latency differences

Wave IV latencies were longer when stimuli were presented at 50
Hz compared to when stimuli were presented at 20 Hz (ANOVA, F(1,11) =
17.49, p = 0.0007; Figure 5.17A. Aged monkeys had significantly longer
wave IV latencies compared to adults during conditions where stimuli were
presented at 50 Hz, but not when stimuli were presented at 20 Hz (t-test,
20 Hz: p = 0.094, t = -1.83; 50 Hz: p = 0.04, t(9) = -2.35, Figure 5.17A).
The latency difference between the 20 Hz and 50 Hz stimulus
presentation rate conditions was significantly greater in aged monkeys
compared to adults (t-test, p = 0.0012, t = -4.68; Figure 5.17B), and this
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measure is used throughout this thesis as an estimate of temporal
processing of acoustic information in these monkeys.

Figure 5.17 – Physiological measures of temporal processing in adult and aged bonnet
macaques. A) Boxplots of temporal ABR latencies from the 20 Hz and 50 Hz stimulus
presentation rate conditions. Boxes denote the middle 50% of the data, and horizontal lines
indicate the median of each distribution. Filled circles represent an individual monkey, with
adult animals represented by black circles and aged animals with grey. B) Boxplots of
temporal ABR wave IV latency differences (50 Hz minus 20 Hz) from A. Boxplots as in A.
The latency difference between the 20 Hz and 50 Hz stimulus presentation rate conditions
was significantly greater in aged monkeys compared to adults

5.3.3 - ABR latency and latency differences across tone frequencies

Both ABR waves II and IV latencies from pure tone onset differed
as a function of tone frequency and age with no interaction between the
two (Wave II: Frequency: F(3, 30) = 11.55, p < 0.0001, Age: F(1, 30) =
31.94, p < 0.0001, Interaction: F(3,30) = 0.89; p = 0.46; Figure 5.18A;
Wave IV: ANOVA, Frequency: F(3, 30) = 11.73, p < 0.0001, Age: F(3,30)
= 13.23, p = 0.0009, Interaction: F(3,30) = 0.95, p = 0.43; Figure 5.18B).
In the temporal ABR analysis, wave II and wave IV latency differences
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between the 20 Hz and 50 Hz stimulus presentation rate conditions were
reduced as a function of tone frequency (Wave II: F(3,30) = 42.31, p <
0.0001, Figure 5.18C; Wave IV: ANOVA, F(3,30) = 19.8, p < 0.0001,
Figure 5.18D). Wave IV latency differences were significantly greater in
aged monkeys compared to adults, although wave II latency differences
were equivalent between groups (Wave II: F(1,30) = 3.34, p = 0.076;
Figure 5.18C; Wave IV: ANOVA, F(1,30) = 11.97, p = 0.0016; Figure
5.18D). There was no interaction between stimulus frequency and age
with respect to wave IV latency differences (ANOVA, F(3, 30) = 0.66, p =
0.58).

190

Figure 5.18 – ABR latencies and latency differences at distinct pure-tone frequencies. A)
Boxplots of ABR wave II latencies during recordings from adult and aged monkeys where
pure-tone stimuli of 2, 8, 16, and 32 kHz were presented at 60 dB SPL. Boxes denote the
middle 50% of the data, and horizontal lines indicate the median of each distribution. Filled
circles represent an individual monkey, with adult animals represented by black circles and
aged animals with grey. B) Boxplots of ABR wave IV latencies during recordings from adult
and aged monkeys where pure-tone stimuli of 2, 8, 16, and 32 kHz were presented at 60 dB
SPL. Boxplots as in A. C) Boxplots of ABR wave II latency differences derived from the
temporal ABR analysis for pure tone stimuli of 2, 8, 16, and 32 kHz. Boxplots as in A. D)
Boxplots of ABR wave IV latency differences derived from the temporal ABR analysis for pure
tone stimuli of 2, 8, 16, and 32 kHz. Boxplots as in A. These results suggest that latencies
increase, whereas latency differences decrease, as a function of stimulus tone frequency.

5.3.4 - Auditory middle latency response

MLR P0 thresholds were not different between adult and aged
monkeys (t-test, p = 0.19, t = -1.39; Figure 5.19A). Similarly, MLR P0
latencies from stimulus onset were not different between age groups (ttest, p = 0.41, t = -0.86; Figure 5.19B).
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Figure 5.19 – Auditory middle-latency responses from adult and aged macaque monkeys.
A) Boxplots of MLR P0 thresholds from adult and aged monkeys. Boxes denote the middle
50% of the data, and horizontal lines indicate the median of each distribution. Filled circles
represent an individual monkey, with adult animals represented by black circles and aged
animals with grey. B) Boxplots of MLR P0 latencies from adult and aged monkeys for sound
stimuli presented at 60 dB SPL. Boxplot as in A. There was no age-associated difference in
MLR thresholds or latencies.

5.3.5 - Visual evoked potential

VEP P75 latencies from stimulus onset were not different between
adult and aged animals in either the 1 Hz or 2 Hz stimulus presentation
rate conditions (ANOVA, Frequency: F(1,11) = 0.48, p = 0.50, Age:
F(1,11) = 0.68, p = 0.42; Figure 5.20A). VEP P75 latency differences
between 1Hz and 2Hz stimulus presentation conditions were not different
between adult and aged monkeys, although there was a trend towards
greater latency differences in aged animals (t-test, p = 0.077, t = -1.99;
Figure 5.20B).
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Figure 5.20 – Visual evoked potentials from adult and aged macaque monkeys. A) Boxplots
of VEP P75 latencies from adult and aged monkeys. Boxes denote the middle 50% of the data,
and horizontal lines indicate the median of each distribution. Filled circles represent an
individual monkey, with adult animals represented by black circles and aged animals with
grey. B) Boxplots of VEP P75 latency differences between the 1 Hz and 2 Hz stimulus
presentation conditions. Boxplots as in A. There was no age-related difference in VEP
latencies or latency differences.

5.3.6 - Composite sensory score

Composite sensory scores were significantly higher in the aged
monkeys compared to adults (t-test, p = 0.0019, t = -4.16; Figure 5.21).
Higher values indicate poorer sensory function.
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Figure 5.21 – Box and whisker plot of composite sensory scores for adult and aged macaques.
Boxes denote the middle 50% of the data, and horizontal lines indicate the median of each
distribution. Filled circles represent an individual monkey, with adult animals represented by
black circles and aged animals with grey.

5.4 - Relationship between sensory function and cognition
5.4.1 - Relationship between sensory measures and composite
cognitive score

ABR wave IV latency differences (Figure 5.17), derived from the
temporal-ABR analyses, were negatively correlated with the composite
cognitive scores (robust regression, p = 0.027, r = -0.72, t = -2.70; Figure
5.22). ABR thresholds and VEP latency differences, however, were not
significantly associated with the composite cognitive scores (robust
regression, ABR threshold: p = 0.61, r = -0.39, t = -0.52; temporal VEP, p
= 0.72, r = -0.20, t = -0.38; Figure 5.22). Note that with all three sensory
measures, higher values indicate greater impairment. The relationships
between ABR wave IV latency differences and performance on each
cognitive task in the battery are discussed below.
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Figure 5.22 – Scatter plot of ABR wave IV latency differences (temporal ABR), ABR thresholds
(threshold ABR), and VEP P75 latency differences (temporal VEP) plotted against the
composite cognitive scores. All data were z-score normalized. Note that for each sensory
measure a greater value indicates poorer performance. A significant relationship between
temporal-ABR measures and the composite cognitive scores was observed.

5.4.2 - Relationship between temporal-ABR latency differences and
performance on specific cognitive task

ABR wave IV latency differences were positively correlated with the
learning trial from the object reversal learning task (robust regression, p =
0.037, r = 0.67, t = 2.50; Figure 5.23A). Note that higher learning trial
values correspond with poorer performance on the reversal learning task.
Difference scores from the object-based reward devaluation task were not
associated with ABR wave IV latency differences (robust regression, p =
0.24, r = -0.49, t = -1.30; Figure 5.23B). Performance on the test of
ignoring distractors was positively correlated with ABR wave IV latency
differences (robust regression, p = 0.003, r = 0.60, t = 5.26; Figure
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5.23C). Again, higher values indicate poorer performance on this test.
Measures of task-switching were not significantly related to ABR wave IV
latency differences, although there was a clear positive trend (robust
regression p = 0.10, r = 0.70, t = 1.99; Figure 5.23D). ABR wave IV
latency differences were negatively correlated with delayed nonmatchingto-sample average performance across delays (robust regression, p =
0.00056, r = -0.64, t = -5.52, Figure 5.23E). Average performance across
delays on the spatial delayed response task was not correlated with ABR
wave IV latency differences (robust regression, p = 0.99, r = 0.0089, t = 0.0021; Figure 5.23F).

196

Figure 5.23 – Relationship between individual measures of cognitive functions and temporalFigure
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5.4.3 - Relationship between measures of auditory and visual system
function and discrimination of highly overlapping patterns

Temporal-ABR latency differences were significantly associated
with the number of errors to criterion on the 92% similarity visual
discrimination task (robust regression, p = 0.32, r = 0.87, t = 3.23; Figure
5.24A). Temporal-VEP latency differences, however, were not associated
with the number of errors to criterion on the 92% similarity visual
discrimination task (robust regression, p = 0.98, r = 0.012, t = -0.03;
Figure 5.24B).

Figure 5.24 – Measures of temporal processing in the auditory, but not visual system
correlates with visual discrimination of stimuli with high feature overlap. A) Relationship
between temporal-ABR latency differences and errors to criterion on the 92% similarity
visual discrimination task. In all scatterplots solid trend lines represent significant
relationships as tested with a robust regression analysis, and dotted trend lines represent
non-significant relationships. B) Relationship between temporal-VEP latency differences and
the number of errors to criterion on the 92% similarity visual discrimination task.

5.5 - Discussion
5.5.1 - Summary of findings
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Three primary novel findings emerged from the present
experiments. First, in spite of auditory brainstem response (ABR)
thresholds being equivalent between the young and aged monkeys, the
aged animals showed impairments in measures that reflect the processing
of temporal information in complex sound stimuli (temporal-ABR).
Second, the composite cognitive score predicted the physiological readout
of temporal auditory processing measured by the ABR. Similar estimates
of visual system function showed no such relationship with these cognitive
tests. Third, temporal-ABRs were significantly associated with
performance on tasks that specifically depend on the function of temporal
lobe, but not on frontal lobe structures, as assessed by previous lesion
studies in macaques. Together these results indicate that there is both
sensory system and cognitive domain selectivity in the impact of aging on
regional brain function. It appears that cognitive brain regions in the
temporal lobe may share common age-associated alterations with
interconnected auditory networks.
5.5.2 - Age-related deficits in cognition and auditory function in
macaque monkeys

One powerful aspect of the present study design is that object
discrimination learning, reversal learning, reward devaluation, attentional
control, object recognition memory, and spatial short-term memory were
all assessed within the same group of monkeys. This allowed an
individual composite cognitive score to be calculated for each animal. A
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second strength of using this behavioral battery is that it was possible to
understand how each cognitive function might be uniquely impacted by
aging within an individual animal and associated with sensory system
function. On average, the composite cognitive score was lower in the
aged monkeys compared to the adults, which concurs with previous
studies that have independently assessed how aging impacts
performance on these tasks ( e.g., Bartus et al., 1979, 1978; Burke et al.,
2014; Gray et al., 2017; Lai et al., 1995; Moss et al., 1988; Presty et al.,
1987; Rapp and Amaral, 1989; Voytko, 1999; Voytko and Tinkler, 2004).
Although the composite cognitive score of the aged monkeys were lower
than those of the younger animals, some of the individual tasks did not
show age effects by themselves. Only tests of concurrent reversal
learning, reward devaluation, and attentional control were individually
statistically worse in the aged monkeys. These results indicate that agerelated declines in distinct aspects of cognition arise partially independent
of one another in macaques, which agrees with human studies indicating
that unique executive functions and memory processes are non-uniformly
affected by aging between people ( e.g., Fernandes et al., 2004; Fisk and
Sharp, 2004; Glisky et al., 2001, 1995; Miyake et al., 2000). Together
these results highlight a major challenge in cognitive aging research of
understanding each individual’s unique behavioral and neurobiological
profiles.
5.5.3 - Inter-species differences in cognitive performance

200

Bonnet macaques either outperformed or performed equivalently to
rhesus macaques on all tasks in the present experiment. These findings
might indicate that the neural systems or behavioral strategies that
support the acquisition of object-based rules and associations are more
efficient in bonnet macaques. In contrast, performance on both the DNMS
and OD tasks did not differ between species once criterion had been met.
Thus, after task acquisition, the two species may either resort to the use of
similar neural systems or strategies, or may achieve comparable
behavioral outcomes in different ways. For example, some animals may
rely on an active rehearsal strategy, while others may employ a more
passive recognition strategy in the DNMS task. Previously, active
cognitive control and passive memory processes have been dissociated in
rhesus macaques during a delayed matching-to-sample task with varied
levels of distraction during the retention phase (Basile and Hampton,
2013). The active approach could require more cognitive control from
frontal cortical engagement since these regions are critical for modulating
attention and working memory functions (for review see D’Esposito et al.,
1995). Additionally, the use of alternate strategies to achieve cognitive
behavioral goals have been demonstrated between adult and aged rats
during spatial memory tasks in which older rats relied less on place
information than did younger rats (Barnes et al., 1980).
5.5.4 - Aged-related deficits in auditory function in macaque
monkeys

201

This study is the first to use the temporal-ABR test in aged
nonhuman primates, and also the first to use both threshold- and
temporal-ABR recording protocols within the same group of aging and
adult monkeys. Aged monkeys had significantly greater waveform latency
differences between the 50 Hz and 20 Hz stimulus presentation rate
conditions compared to adults. This observation indicates that older
animals have more difficulty encoding complex sound stimuli. These
results are consistent with observations that single neurons in the auditory
cortex of aged macaques have broader spatial tuning curves (JuarezSalinas et al., 2010), and lose the ability to encode amplitude-modulated
sound stimuli (Overton and Recanzone, 2016). Another important finding
observed in the present study is that greater temporal-ABR latency
differences occurred despite ABR thresholds not being different between
age groups. This observation may indicate that auditory temporal
processing is impacted by aging prior to detectable differences in auditory
acuity in macaques (see section 7.2 for full discussion). In support of this
hypothesis, older humans with clinically normal audiometric thresholds
experience difficulties in understanding temporally compressed human
speech relative to younger adults (Peelle et al., 2010; Peelle and
Wingfield, 2016).
5.5.5 - Auditory temporal processing estimates correlate with
specific cognitive domains
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The acquisition of numerous estimates of cognitive and sensory
function within the same group of aging monkeys provided a unique ability
to assess relationships between the two. A major novel finding of this
thesis is that temporal-ABR latency differences correlated with the
composite cognitive score, whereas threshold-ABRs and estimates of
visual system function did not. This finding indicates that deficits in the
ability to encode complex sound stimuli are related to higher-order
cognitive function, regardless of auditory acuity. Structural and functional
imaging studies suggest that alterations in grey- and white-matter auditory
networks can arise prior to the manifestation of perceptual auditory deficits
in older individuals ( e.g., Lutz et al., 2007; Peelle et al., 2011; Profant et
al., 2014). This observation indicates that the brains of older individuals
are able to compensate partially for structural changes in the auditory
system to preserve auditory perception. Functional imaging studies in
older humans have shown compensatory recruitment of certain auditory,
frontal, and temporoparietal brain regions when listening to human
speech, even in subjects with clinically normal hearing thresholds (Peelle
et al., 2011, 2010; Profant et al., 2015; Wingfield and Grossman, 2006;
Wingfield and Peelle, 2012). These studies suggest that auditory function
may impact cognition through a resource-allocation framework where
higher-order cogntive networks are less available for cognitive processing
after being recruited to process sound stimuli. This idea suggests that the
cognitive domains most impacted by auditory processing may be those
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that emerge from network activity in regions recruited to process complex
acoustic information.
In this study, only specific cognitive domains correlated with
temporal-ABR estimates, whereas others did not. This indicates that
higher-order brain operations with distinct neural substrates co-vary with
auditory function to different extents. More specifically, based off of
previous lesion studies in macaques, the cognitive functions that did
correlate with temporal-ABR measures are known to depend upon the
integrity of various temporal lobe structures ( e.g., Buffalo et al., 2000;
Wilson and Gaffan, 2008; Zola-Morgan et al., 1989). Frontal cortexdependent cognitive functions, on the other hand, were the tasks that did
not correlate with auditory function ( e.g., Baxter et al., 2000; Funahashi et
al., 1993; Goldman and Rosvold, 1970; Rudebeck et al., 2013). It is
known that the bulk of auditory processing in the macaque forebrain
occurs along the dorsal and lateral aspects of the superior temporal gyrus
(for reviews see Kaas and Hackett, 2000, 1998; Recanzone and Sutter,
2008). Thus, together these observations indicate that auditory and
cognitive brain regions in the temporal lobe may share common ageassociated functional alterations that do not impact the frontal cortex to the
same degree (see Chapter 7 for discussion).
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Chapter 6 - Results from diffusion tensor
imaging analyses: relationships between
white matter composition and cognitive and
sensory function
6.1 - General Introduction

Anatomical tract-tracing studies in macaque monkeys have
provided a relatively comprehensive understanding of regional
connectivity patterns between numerous distinct brain structures. A major
advantage of these methods is that white-matter projection systems can
be visualized with cellular resolution, which has allowed for the
establishment of many basic principles of brain organization (e.g., Jbabdi
et al., 2013; Lehman et al., 2011). Tract-tracing cannot, however, provide
reliable quantitative estimates of connectivity since numerous factors
including differences in injection size, axonal transport, and the efficacy of
cellular uptake can all profoundly impact the strength of this labelling
technique. One method of studying the function of distinct white-matter
pathways is to correlate behavioral or physiological measures of brain
function with quantitative estimates of white-matter condition using
diffusion magnetic resonance imaging (dMRI) approaches (e.g., Assaf and
Pasternak, 2008; Kubicki et al., 2005). For example, a common dMRI
technique, diffusion tensor imaging (DTI), is used to measure the
directional dependence of water diffusion in the brain ( e.g., Basser, 1995;
Basser et al., 1994; Basser and Jones, 2002). Fractional anisotropy (FA;
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chapter 3), a measure of connectivity derived from these analyses, is
thought to be particularly high along myelinated fiber pathways in the
brain, and this measure has been used to assess microstructural condition
of white-matter in the brains of normally and pathologically aged
individuals (e.g., Mori and van Zijl, 2002).
This chapter presents the results from two separate experiments
that both utilized DTI approaches to quantify regional connectivity. Both
relate these estimates of white matter microstructural condition to the
behavioral and physiological estimates of cognition and sensory
processing that were presented in chapter 5. In both experiments, DTI
along with High Angular Resolution Diffusion Imaging (HARDI) methods
were used to perform probabilistic tractography analyses between distinct
brain regions and generate FA values. The first experiment characterized
the connectivity between the anterior temporal lobe and ventral prefrontal
cortex. The FA estimates derived from this analysis were then correlated
with individual performance on object recognition, reward devaluation, and
reversal learning tasks. The second experiment used these methods to
estimate the FA of numerous distinct thalamocortical projection systems
associated with cognitive and sensory processing. The relationship
between these estimates of white-matter composition and results from the
behavioral battery and the sensory processing measures (presented in
chapter 5) was assessed. These two experiments will be presented
separately below.
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6.2 - Experiment 1 Introduction

Tract-tracing studies in macaque monkeys indicate that the anterior
temporal lobe and the ventral prefrontal cortex are monosynaptically and
bidirectionally connected via at least two separate white-matter tracts: the
uncinate fasciculus (UF) and amygdalofugal (AF) pathways ( e.g., Barbas,
2000; Lehman et al., 2011; Petrides and Pandya, 2007, 2006). The UF
pathway uses a lateral route that courses through the anterior aspects of
the temporal-frontal junction (Kier et al., 2004). UF pathway fibers
connect ventral prefrontal cortical regions with numerous anterior temporal
lobe structures, including the inferotemporal cortex, amygdala, perirhinal
cortex, and temporal pole (Lehman et al., 2011). Compared to the UF
pathway, the fibers contained within the AF pathway project medially from
the temporal lobe to join thalamic and brainstem fibers that project through
the anterior segment of the internal, external, and extreme capsules to
innervate much of the prefrontal cortex, including the OFC (Lehman et al.,
2011). Additionally, the anterior temporal lobe and ventral prefrontal
cortex also communicate via indirect connections through the mediodorsal
thalamic nuclei (Giguere and Goldman-Rakic, 1988; Ray and Price, 1993).
These fiber tracts course through the inferior and frontal thalamic
radiations to reach their target sites in the anterior temporal lobe and
ventral prefrontal cortex, respectively. Due largely to methodological
limitations that restrict the ability to isolate specific white-matter tracts for
experimental manipulation, it remains unclear whether the interactions
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between the anterior temporal lobe and ventral prefrontal cortex that occur
via these disparate projection systems are functionally distinct or
redundant with respect to cognitive functions known to require interactions
between these structures.
Several cognitive functions have been identified to require the
integrity of anterior temporal lobe and ventral prefrontal cortical regions.
For example, the ability to revalue reinforced stimuli according to changing
biological or psychological needs is a critical component of adaptive,
reward-driven behaviors since it affords an animal the ability to select
advantageous action plans when presented with competing cues. Lesion
studies in macaques have indicated that interactions between the
orbitofrontal cortex (OFC) and amygdala are critical for appropriate reward
devaluation performance ( e.g., Baxter et al., 2000; Baxter and Murray,
2002; Hatfield et al., 1996; Rudebeck et al., 2013). In agreement with
these lesion studies, OFC area 11/13 volumes have been shown to
specifically correlate with reward devaluation performance, but not with
performance on a reversal learning task (Burke et al., 2014) – a behavior
that remains intact following lesions to the amygdala-OFC network ( e.g.,
Baxter et al., 2008; Rudebeck and Murray, 2008). Within the context of
reward devaluation, the amygdala is thought to update reward-value
information, while the OFC appears to use this information to represent
and update outcome expectancies used to guide decision making
behavior (Rudebeck et al., 2013; Schoenbaum et al., 2009). Nonhuman
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primate models of cognitive aging show devaluation deficits such that
younger individuals tend to behave in a manner that optimizes reward
value to a greater extent than do older individuals (Burke et al., 2014).
The most commonly used behavioral test of revaluation is the reinforcer
devaluation paradigm (Chapters 2 and 4), which examines a monkey’s
ability to avoid stimuli associated with food rewards that had recently been
consumed to satiety (devalued) when presented alongside stimuli
associated with relatively non-devalued reinforcement (Baxter et al., 2000;
Málková et al., 1997).
Another cognitive function known to require the anterior temporal
lobe-ventral prefrontal cortex network is object recognition memory, or the
ability to perceive a previously encountered item as familiar (e.g., Jutras
and Buffalo, 2010). In monkeys, the most common test of object
recognition memory is the delayed nonmatching-to-sample task (DNMS),
which assesses an animal’s ability to recognize an object as familiar and
coordinate its behavior accordingly (Chapters 2 and 4). Numerous studies
have reported that lesions to the hippocampus (Alvarez et al., 1995;
Beason-Held et al., 1999; Zola-Morgan et al., 1994), and parahippocampal
and perirhinal cortices (Alvarez et al., 1995; Zola-Morgan et al., 1994,
1993, 1989) result in sustained impairments in DNMS performance across
different delays. Furthermore, lesions to the ventromedial and orbital
components of the prefrontal cortex, including areas 13, 14, 24, and 25,
also result in long-lasting DNMS impairment (Bachevalier and Mishkin,
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1986; Hara et al., 2012). Remarkably, lesions to these ventral prefrontal
cortical regions do not alter a monkey’s ability to learn the rules of the
DNMS task. Rather, lesions restricted to the dorsolateral prefrontal cortex
disrupt this form of learning (Bachevalier and Mishkin, 1986). This pattern
of impairment following region-selective lesions indicates that distinct brain
networks mediate DNMS task acquisition and DNMS performance across
delays.
In humans, FA estimates derived from the UF pathway and frontal
thalamic radiations have been shown to decline across the lifespan,
although it is not clear how these changes relate to cognitive decline
(Hasan et al., 2009; Pfefferbaum et al., 2005; Sullivan et al., 2006).
Whether similar FA reductions in white matter associated with anterior
temporal lobe and ventral prefrontal cortex interactions exist in macaque
monkeys is not currently known. Thus, the primary aims of the study
presented in this section were to address the unresolved questions of 1)
whether the FA associated with anterior temporal lobe and ventral
prefrontal cortex connectivity declines with age in monkeys as it appears
to in humans, and 2) whether the FA of the white-matter connecting these
two regions correlates with behaviors that require intact interactions
between them, particularly with respect to reward devaluation and object
recognition memory.
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6.3 - Experiment 1 Results
6.3.1 - Diffusion-tensor imaging results: Uncinate fasciculus and
amygdalofugal pathway FA are inversely correlated
Estimates of UF fractional anisotropy were not statistically different
between adult and aged monkeys, nor was there a statistically significant
hemispheric difference (ANOVA, Age: F (1, 19) = 0.11, p = 0.74;
Hemisphere: F (1, 19) = 0.72, p = 0.41; Figure 6.1C). Estimates of AF
fractional anisotropy also did not differ between adult and aged animals,
nor were there hemispheric differences (2-way ANOVA, Age: F (1, 19) =
0.7, p = 0.41; Hemisphere: F (1, 19) = 2.63, p = 0.12; Figure 6.1D).
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Figure 6.1 – Uncinate fasciculus and ventral amygdalofugal pathway fractional anisotropy
estimates. A) Representative probability map of the right hemisphere uncinate fasciculus,
derived from probabilistic tractography in FSL, overlaid upon a T1-weighted MRI. B)
Representative probability map of the right hemisphere ventral amygdalofugal pathway
overlaid upon a T1-weighted MRI from the same animal depicted in A. C) Boxplots of
uncinate fasciculus fractional anisotropy indices for each individual monkey separated by left
and right hemisphere. Boxes represent the middle 50% of the data, and horizontal lines
mark the median of each distribution. Each filled circle indicates an individual monkey, with
black circles representing adult animals and grey representing the aged. D) Boxplots of
amygdalofugal pathway fractional anisotropy indices for each individual monkey separated
by left and right hemisphere. Boxplots as in C. There were no FA differences between age
groups in either the uncinate fasciculus or amygdalofugal pathways.

UF and AF fractional anisotropy measures were significantly
negatively correlated with one another in the left hemisphere (robust
regression: p = 0.049, r = -0.61, t = -2.25; Figure 6.2), and a similar trend
was seen in the right hemisphere (robust regression, p = 0.16, r = -0.44, t
= -1.55; Figure 6.2).
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Figure 6.2 – Relationship between uncinate fasciculus and ventral amygdalofugal pathway
normalized fractional anisotropy estimates. Data from the left hemisphere is depicted in
black and data from the right hemisphere in grey. There was a significant negative
correlation between left hemisphere estimates, and a similar non-significant trend was
observed in the right hemisphere. Dotted trend lines denote non-statistically significant
relationship, and solid trend lines denote significant relationships. Left hemisphere data are
depicted in black, and right hemisphere in grey.

6.3.2 - Fractional anisotropy measures from the frontal radiation were
not associated with fractional anisotropy estimates from the inferior
radiation
Normalized fractional anisotropy measures from the frontal thalamic
radiation were not different between adult and aged monkeys (ANOVA,
F(1,10) = 0.79, p = 0.39; Figure 6.3C), and there was no effect of
hemisphere (ANOVA, F(1,10) = 0.03, p = 0.85; Figure 6.3C). Similarly,
normalized fractional anisotropy estimates from the inferior thalamic
radiation were not different between adult and aged monkeys (ANOVA,
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F(1,10) = 0.27, p = 0.61; Figure 6.3D), and there was no effect of
hemisphere (ANOVA, F(1,10) = 0.83, p = 0.37; Figure 6.3D).

Figure 6.3 – Frontal and inferior thalamic radiation fractional anisotropy estimates. A)
Representative probability map of the right hemisphere frontal radiation, derived from
probabalistic tractography in FSL, overlaid upon a T1-weighted MRI. B) Frontal radiation
probability map overlaid upon a fractional anisotropy (FA) map pseudo-colored in copper. C)
Boxplots of frontal radiation fractional anisotropy for each individual monkey separated by
left and right hemisphere. Boxes represent the middle 50% of the data, and horizontal lines
mark the median of each distribution. Each filled circle indicates an individual monkey, with
black circles representing adult animals and grey representing the aged. D) Representative
probability map of the right hemisphere inferior radiation, derived from probabilistic
tractography in FSL, overlaid upon a T1-weighted MRI. E) Inferior radiation probability map
overlaid upon a fractional anisotropy (FA) map pseudo-colored in copper. F) Boxplots of
inferior radiation fractional anisotropy indices for each individual monkey separated by left
and right hemisphere. There were no age-related differences in fractional anisotropy for
either tract.

Unlike in the case with the UF and AF pathways, fractional
anisotropy estimates between the frontal and inferior thalamic radiation
showed a weak, non-statistically significant, positive relationship in both
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hemispheres (robust regression, left hemisphere: p = 0.50, r = 0.24, t =
0.7; right hemisphere: p = 0.29, r = 0.13, t = 1.13; Figure 6.4).

Figure 6.4 – Relationship between normalized fractional anisotropy estimates derived from
the frontal and inferior thalamic radiations. Data from the left hemisphere is depicted in
black and data from the right hemisphere in grey. Neither left nor right hemisphere
measures were significantly correlated between the two pathways. Dotted trend lines
denote non-statistically significant relationship. Left hemisphere data are depicted in black,
and right hemisphere in grey.

6.3.3 - Anterior temporal lobe-ventral prefrontal cortex fractional
anisotropy measures were not associated with reward devaluation or
reversal learning
Left hemisphere fractional anisotropy estimates derived from both
the UF and AF did not significantly correlate with the object-based version
of the reward devaluation task (robust regression - UF: p = 70, r = 0.18, t =
0.41; AF: p = 0.91, r = 0.05, t = 0.12; Figure 6.5A, 6.5B). Right
hemisphere UF and AF fractional anisotropy estimates were also not
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significantly correlated with performance on the object-based version of
the task (robust regression - UF: p = 0.47, r = 30, t = 0.76; AF: p = 0.22, r
= -0.51, t = -1.35; Figure 6.5A, 6.5B). Left hemisphere fractional
anisotropy estimates for the UF and AF were also not significantly
associated with the object-free version of the reward devaluation task
(robust regression - UF: p = 0.38, r = 0.37, t = 0.95; AF: p = 0.72, r = 0.13,
t = 0.38; Figure 6.5C, 6.5D). Similarly, right hemisphere fractional
anisotropy estimates derived from the UF and AF pathway did not
correlate with performance on the object-free version of the reward
devaluation task (robust regression - UF: p = 0.13, r = -0.60, t = -1.73; AF:
p = 0.18, r = 0.56, t = 1.52; Figure 6.5C, 6.5D).
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Figure 6.5 - Relationships between uncinate and amygdalofugal pathway fractional
anisotropy (FA) and reward devaluation behavior. A) Uncinate fasciculus FA plotted against
difference scores from the object-based reward devaluation task. B) Amygdalofugal pathway
FA plotted against difference scores from the object-based reward devaluation task. C)
Uncinate fasciculus FA plotted against difference scores from the object-free reward
devaluation task. D) Amygdalofugal pathway FA plotted against difference scores from the
object-free reward devaluation task. Dotted trend lines denote non-statistically significant
relationships. Left hemisphere data are depicted in black, and right hemisphere in grey.

Left and right hemisphere UF fractional anisotropy estimates did
not correlate with the estimated learning trial of the reversal learning task
during either the object discrimination learning phase (robust regression;
left hemisphere: p = 0.17, r = -0.28, t = 1.50; right hemisphere: p = 0.54, r
= -0.14, t = 0.63) or the reversal phase (robust regression; left
hemisphere: p = 0.28, r = -0.11, t = 1.15; right hemisphere: p = 0.78, r =
0.02, t = 0.29; Figure 6.6A, 6.6C). Similarly, left and right hemisphere AF

217

fractional anisotropy indices did not correlate with either the object
discrimination or reversal component of the reversal learning task (robust
regression; OD – left hemisphere: p = 0.49, r = 0.46, t = 0.72; right
hemisphere: p = 0.71, r = 0.48, t = 0.38; RL – left hemisphere: p = 0.51, r
= 0.32, t = 0.69; right hemisphere: p = 0.45, r = 0.35, t = 0.79; Figure
6.6B, 6.6D).

Figure 6.6 – Relationships between uncinate and amygdalofugal pathway fractional anisotropy (FA)
and reversal learning behavior. A) Uncinate fasciculus FA plotted against the estimated learning trial
from the object discrimination phase of the reversal learning task. B) Amygdalofugal pathway FA
plotted against the estimated learning trial from the object discrimination phase of the reversal
learning task. C) Uncinate fasciculus FA plotted against the estimated learning trial from the object
discrimination phase of the reversal learning task. D) Amygdalofugal pathway FA plotted against the
estimated learning trial from the object discrimination phase of the reversal learning task. Dotted
trend lines denote non-statistically significant relationships. Left hemisphere data are depicted in
black, and right hemisphere in grey.
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Fractional anisotropy estimates from both the left and right
hemisphere frontal thalamic radiation were not significantly associated
with object-based reward devaluation difference scores (robust
regression, left hemisphere: p = 0.64, r = 0.20, t = 0.49; right hemisphere:
p = 0.25, r = 0.51, t = 1.28; Figure 6.7A). Left and right hemisphere
fractional anisotropy measures from the inferior thalamic radiation were
also not significantly correlated with object-based reward devaluation
difference scores (robust regression, left hemisphere: p = 0.69, r = -0.18, t
= -0.42; right hemisphere: p = 0.83, r = -0.10, t = -0.22; Figure 6.7B).
Object-free reward devaluation difference scores were not associated with
frontal thalamic radiation fractional anisotropy from either hemisphere
(robust regression, left hemisphere: p = 0.67, r = 0.14, t = 0.45; right
hemisphere: p = 0.12, r = -0.64, t = -1.81; Figure 6.7C). Left hemisphere
fractional anisotropy estimates of the inferior thalamic radiation were,
however, significantly positively correlated with object-free reward
devaluation difference scores (robust regression, p = 0.026, r = 0.18, t =
2.94; Figure 6.7D), although right hemisphere measures were not (robust
regression, p = 0.10, r = 0.18, t = 1.91; Figure 6.7D).
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Figure 6.7 – Relationships between frontal and inferior thalamic radiation fractional
anisotropy (FA) and reward devaluation behavior. A) Frontal thalamic radiation FA plotted
against difference scores from the object-based reward devaluation task. B) Inferior
thalamic radiation FA plotted against difference scores from the object-based reward
devaluation task. C) Frontal thalamic radiation FA plotted against difference scores from the
object-free reward devaluation task. D) Inferior thalamic radiation FA plotted against
difference scores from the object-free reward devaluation task. Solid trend lines indicate a
statistically significant relationship and dotted trend lines denote non-statistically significant
relationships. Left hemisphere data are depicted in black, and right hemisphere in grey.

Both left and right hemisphere fractional anisotropy estimates from
the frontal thalamic radiations were not significantly correlated with the
estimated learning trial from the object discrimination phase of the reversal
learning task (robust regression, left hemisphere: p = 0.78, r = -0.13, t = 0.29; right hemisphere: p = 0.13, r = -0.41, t = -1.67; Figure 6.8A).
Fractional anisotropy estimates from the left and right hemisphere inferior
thalamic radiations were also not significantly associated with the object
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discrimination phase of the reversal learning task, although a strong
negative trend was observed in the left hemisphere (robust regression, left
hemisphere: p = 0.06, r = -0.64, t = -2.19; right hemisphere: p = 0.32, r = 0.38, t = -1.05; Figure 6.8B). Left and right hemisphere fractional
anisotropy estimates from the frontal thalamic radiations were not
significantly correlated with the estimated learning trial from the reversal
phase of the reversal learning task (robust regression, left hemisphere: p =
0.65, r = 0.18, t = 0.48; right hemisphere: p = 0.76, r = -0.12, t = -0.32;
Figure 6.8C). Fractional anisotropy estimates from the left and right
hemisphere inferior thalamic radiations were not significantly associated
with the reversal phase of the reversal learning task, although a strong
positive trend was observed in both hemispheres (robust regression, left
hemisphere: p = 0.078, r = 0.64, t = 2.02; right hemisphere: p = 0.097, r =
0.57, t = 1.88; Figure 6.8D).
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Figure 6.8 - Relationships between frontal and inferior thalamic radiation fractional
anisotropy (FA) and reversal learning behavior. A) Frontal radiation FA plotted against the
estimated learning trial from the object discrimination phase of the reversal learning task. B)
Inferior radiation FA plotted against the estimated learning trial from the object
discrimination phase of the reversal learning task. C) Frontal thalamic radiation FA plotted
against the estimated learning trial from the object discrimination phase of the reversal
learning task. D) Inferior thalamic radiation FA plotted against the estimated learning trial
from the object discrimination phase of the reversal learning task. Dotted trend lines denote
non-statistically significant relationships. Left hemisphere data are depicted in black, and
right hemisphere in grey.

6.3.4 - Anterior temporal lobe-ventral prefrontal cortex fractional
anisotropy measures were associated with object recognition
memory
Fractional anisotropy estimates from the right hemisphere uncinate
fasciculus were significantly positively correlated with the proportion of
correct responses on the delayed nonmatching-to-sample 10 minute delay
condition (robust regression, p = 0.049, r = 0.64, t = 2.30; Figure 6.9A),
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whereas left hemisphere fractional anisotropy from this tract was not
(robust regression, p = 0.72, r = 0.14 t = 0.37). Fractional anisotropy
estimates from the right hemisphere amygdalofugal pathway were
significantly negatively associated with the proportion of correct responses
on the delayed nonmatching-to-sample 10-minute delay condition (robust
regression, p = 0.0063, r = -0.81, t = -3.67; Figure 6.9B), whereas left
hemisphere measures from this pathway were not (robust regression, p =
0.34, r = -0.35 t = -1.02). Neither right nor left hemisphere uncinate
fasciculus fractional anisotropy measures significantly predicted the
estimated learning trial of the DNMS task (robust regression, left
hemisphere: p = 0.94, r = -0.10, t = -0.08; right hemisphere: p = 0.83, r =
0.27, t = 0.22; Figure 6.9C). Similarly, neither right nor left hemisphere
amygdalofugal fractional anisotropy measures significantly predicted the
estimated learning trial of the DNMS task (robust regression, left
hemisphere: p = 0.99, r = 0.047, t = -0.0073; right hemisphere: p = 0.47, r
= 0.18, t = 0.77; Figure 6.9D).
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Figure 6.9 – Relationship between uncinate fasciculus and amygdalofugal pathway fractional
anisotropy (FA) and delayed nonmatching-to-sample (DNMS) acquisition and performance
across delays. A) Normalized FA estimates from the uncinate fasciculus plotted against the
proportion of correct responses from the DNMS 10-minute delay condition. A significant
positive trend was observed in the right hemisphere. B) Relationship between
amygdalofugal pathway FA measures and the proportion of correct responses from the
DNMS 10-minute delay condition. A significant negative trend was observed in the right
hemisphere. C) Relationship between FA estimates from the uncinate fasciculus plotted
against the estimated learning trial during the acquisition phase of the DNMS task. D)
Normalized FA estimates from the amygdalofugal pathways FA estimates and the estimated
learning trial during the acquisition phase of the DNMS task. Dotted trend lines denote nonstatistically significant relationship, and solid trend lines denote significant relationships.
Left hemisphere data are depicted in black, and right hemisphere in grey.

Both left and right hemisphere fractional anisotropy estimates from
the frontal thalamic radiations were not significantly correlated with the
proportion of correct response on the delayed nonmatching-to-sample 10minute delay condition (robust regression, left hemisphere: p = 0.37, r = 0.34, t = -0.96; right hemisphere: p = 0.32, r = -0.38, t = 1.07; Figure
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6.10A). Fractional anisotropy estimates from the right hemisphere inferior
thalamic radiation were significantly negatively correlated with the
proportion of correct responses on the delayed nonmatching-to-sample
10-minute delay condition (robust regression, p = 0.01, r = -0.65, t = -3.01;
Figure 6.10B), although left hemisphere measures did not correlate
(robust regression, p = 0.32, r = -0.36, t = -1.07). Right hemisphere frontal
thalamic radiation fractional anisotropy estimates were significantly
positively correlated with the estimated learning trial of the delayed
nonmatching-to-sample task (robust regression, p = 0.0054, r = 0.78, t =
3.78; Figure 6.10C), although left hemisphere measures were not (robust
regression, p = 0.43, r = 0.36, t = 0.83). Neither left nor right hemisphere
estimates of fractional anisotropy from the inferior thalamic radiation were
significantly correlated with the estimated learning trial of the delayed
nonmatching-to-sample task (robust regression, left hemisphere: p = 0.20,
r = 0.50, t = 1.41; right hemisphere: p = 0.58, r = 0.37, t = 0.57; Figure
6.10D).
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Figure 6.10 – Relationship between frontal and inferior thalamic radiation fractional anisotropy
(FA) and delayed nonmatching-to-sample (DNMS) acquisition and performance across delays. A)
Normalized FA estimates from the frontal thalamic radiation plotted against the proportion of
correct responses from the DNMS 10-minute delay condition. B) Relationship between inferior
thalamic radiation FA measures and the proportion of correct responses from the DNMS 10minute delay condition. A significant negative trend was observed in the right hemisphere. C)
Relationship between FA estimates from the frontal thalamic radiation plotted against the
estimated learning trial during the acquisition phase of the DNMS task. A significant positive
trend was observed in the right hemisphere. D) Normalized FA estimates from the inferior
thalamic radiation FA estimates and the estimated learning trial during the acquisition phase of
the DNMS task. Dotted trend lines denote non-statistically significant relationships, and solid
trend lines denote significant relationships. Left hemisphere data are depicted in black, and right
hemisphere in grey.
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6.4 - Experiment 1 Discussion
6.4.1 - Summary of findings

The first major aim of the present study was to determine whether
the fractional anisotropy (FA) of prominent white-matter tracts connecting
regions in the anterior temporal lobe with the prefrontal cortex differs
across age in macaque monkeys. Comparisons of FA estimates extracted
from the uncinate fasciculus, ventral amygdalofugal pathway, frontal
thalamic radiation, and inferior thalamic radiation were all not different
between adult and aged monkeys. Second, these experiments set out to
determine whether FA measures from these white-matter pathways relate
to a monkey’s ability to perform cognitive operations that require
interactions between the anterior temporal lobe and prefrontal cortex. FA
values from the right hemisphere uncinate fasciculus, ventral
amygdalofugal, and inferior radiation pathways were all significantly
associated with performance on a delayed nonmatching-to-sample
(DNMS) task with a ten-minute delay. Right hemisphere frontal thalamic
radiation FA was not associated with performance on the DNMS tensecond delay task, although it was positively correlated with the speed of
DNMS task acquisition. Object-based reward devaluation and object
reversal learning performance scores were not significantly associated
with FA from any tract analyzed.
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Together these results indicate that the condition of the white
matter connecting the anterior temporal lobe with the ventral prefrontal
cortex has functional consequences on some cognitive functions that
emerge due to network interactions between these brain structures, but
not others since reward devaluation behaviors are known to require these
regions.
6.4.2 - Frontal cortex-associated white-matter does not change with
age in bonnet macaques

In humans, studies that have used DTI methods to investigate ageassociated changes in FA have generally reported linear decreases in
healthy adults starting around the age of 20 ( e.g., Lutz et al., 2007; Ota et
al., 2006; Sullivan and Pfefferbaum, 2006). Importantly, these reductions
in the FA are not uniform across the brain, but rather vary significantly
between distinct white matter tracts (e.g., Sullivan and Pfefferbaum,
2006). One regional pattern that has emerged is a tendency for white
matter that innervates the frontal cortex to show age-related FA decline
more than other tracts ( e.g., Head et al., 2004; Sullivan and Pfefferbaum,
2006; Yoon et al., 2008), although some debate remains as to how robust
this pattern is.
Like in humans, the white matter associated with frontal cortical
regions in rhesus macaques has shown a similar vulnerability to ageassociated reductions in FA. For example, Makris et al., (2007) showed
significantly reduced FA in corticocortical fiber pathways associated with

228

the frontal lobes (specifically within the superior longitudinal fasciculus II,
cingulum bundle, and anterior segment of the corpus callosum), but not in
the more posterior corticospinal tracts. In the present study, there were no
significant age-associated reductions in FA in any of the fiber tracts
analyzed, which argues against the idea that white matter tracts
innervating the frontal cortex are particularly impacted by aging in bonnet
macaques. The observation that frontal cortex-associated FA appears to
decline across the lifespan in rhesus macaques, but not in bonnets
macaques, may provide a neurobiological explanation for the observations
in chapter 5 that aged bonnet macaques on average do not experience
deficits in cognitive functions dependent on the frontal lobe, as rhesus
macaques do (Comrie et al., 2018; Chapter 5).
6.4.3 - Fractional anisotropy estimates associated with anterior
temporal lobe-prefrontal cortex connectivity is correlated with object
recognition memory

Relationships between FA and brain function have been regularly
observed using DTI methods in human subjects ( e.g., Madden et al.,
2004; Schulte et al., 2005; Sullivan et al., 2001; Sullivan and Pfefferbaum,
2006). A central aim of the current study was to test the hypothesis that
the FA of white matter associated with anterior temporal lobe-prefrontal
cortex connectivity relates specifically to behaviors known to require these
brain regions, and not to tasks that do not. It was therefore imperative to
select behaviors that both do and do not probe the integrity of these
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neuronal networks. As mentioned previously, reward devaluation
performance in monkeys is significantly impaired following lesions that
disrupt amygdala-OFC interactions (Baxter et al., 2000; Baxter and
Murray, 2002; Hatfield et al., 1996). Object recognition is known to require
distinct regions of the anterior temporal lobe-prefrontal cortex system,
including the perirhinal cortex, hippocampus, orbitofrontal, and
ventromedial prefrontal cortex (Alvarez et al., 1995; Bachevalier and
Mishkin, 1986; Zola-Morgan et al., 1994, 1993, 1989). Finally, concurrent
object reversal learning does not appear to depend upon interactions
between these regions, but rather on the inferotemporal cortex ( e.g.,
Izquierdo et al., 2017; Wilson and Gaffan, 2008). Thus, the concurrent
reversal learning task served as a quasi-negative control in these
experiments since white matter associated with frontal cortex regions
should not relate to this behavior, and indeed this was the case.
The observation that FA estimates from all analyzed fiber tracts
significantly predicted object recognition memory, but not reward
devaluation, supports the conceptualization that regional declines in white
matter condition may underlie specific, rather than more global aspects of
cognitive decline. Furthermore, these data suggest that object recognition
memory may depend more upon interactions between the frontal lobe and
anterior temporal lobe than does reward devaluation, despite the fact that
both behaviors require the integrity of regions in this network. Reward
devaluation may instead require more local network activity that would not

230

be reflected in FA measures from relatively long-reaching fiber tracts. In
support of this idea, Burke et al. (2014) demonstrated that that
orbitofrontal cortex areas 11/13 volume significantly correlates with reward
devaluation, although this study did not assess how object recognition
memory related to these volumes.
6.4.4 - Fractional anisotropy estimates from the uncinate fasciculus
and amygdalofugal pathways were inversely correlated

An interesting relationship that emerged from this set of
experiments is that the FA of the uncinate fasciculus and ventral
amygdalofugal pathways were significantly negatively correlated. This
pattern indicates that there may exist a sort of ‘push-pull’ relationship in
the state of white matter between these two pathways associated with
amygdala-orbitofrontal cortex connectivity. Intriguingly, FA estimates from
these two pathways were differentially associated with object recognition
memory such that uncinate fasciculus estimates were positively correlated
and amygdalofugal pathway estimates were negatively correlated. This
finding indicates that a potential factor mediating object recognition
memory is the relative strength of amygdala-OFC connectivity in the more
lateral uncinate fasciculus pathway compared to the more medial
amygdalofugal pathway.
This proposed functional dissociation between the uncinate
fasciculus and amygdalofugal pathways with respect to object recognition
memory is well supported in the context of the known functional

231

specializations of the medial and lateral OFC. In macaques, ablations
restricted to lateral OFC areas 11/13 and 12 cause deficits in a monkey’s
ability to attribute reward credit to appropriate stimuli (reward credit
assignment) and in the rapid updating of object values ( e.g., Noonan et
al., 2010; Rudebeck et al., 2017; Rudebeck and Murray, 2011). In
contrast, monkeys with lesions restricted to the medial OFC show no such
deficits, but rather are impaired in reward-guided decision making as
reflected by a tendency to perseverate on previously rewarded stimuli
during extinction tasks (Noonan et al., 2010; Rudebeck and Murray,
2011). Since amygdala-OFC fibers contained within the uncinate
fasciculus pathway are known to preferentially terminate in the lateral
OFC, whereas the fibers contained within the amygdalofugal pathway
preferentially terminate in the medial OFC (Lehman et al., 2011; Von Der
Heide et al., 2013), the present findings that object recognition memory
differentially relates to estimates of white matter integrity from these two
pathways fits into this framework of specialization across the OFC’s
medial-lateral axis.
6.5 - Experiment 2 Introduction

Age-related changes in auditory function are notable at all levels of
the ascending auditory system ( e.g., Huang and Tang, 2010; Recanzone,
2018; Schmiedt, 2010; Schuknecht, 1955). Paradoxically, older adults
tend to maintain high-level comprehension of acoustically-complex stimuli
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such as language, particularly when background noise levels are low
(Peelle and Wingfield, 2016). Several studies in older human subjects
have indicated that functional changes in auditory and cognitive brain
networks precede the expression of hearing impairments, and may serve
to maintain language perception (for reviews see Peelle and Wingfield,
2016; Wingfield and Grossman, 2006). For example, older individuals
with clinically normal audiometric thresholds show enhanced activation of
certain temporoparietal and frontal brain regions that likely compensate for
observed reductions in primary auditory cortex grey-matter volumes and
language-driven activation within the same subjects (Peelle et al., 2011,
2010). Similar recruitments are observed in younger subjects with normal
hearing as well, although these activations are significantly less in
magnitude than those observed in older people (Lee et al., 2018).
In the context of presbycusis, these studies indicate that the extent
of this compensatory recruitment should be enhanced as auditory acuity
declines, possibly negatively impacting higher-order brain functions to a
greater extent. In support of this idea, enhanced cortical activations, even
at the level of the primary auditory cortex, are noted in older individuals
with expressed presbycusis relative to hearing-intact controls (Profant et
al., 2015). As explained previously auditory decline may impact cognition
through a resource-allocation framework, and predict that cognitive
functions emerging from network activity in recruited regions should be
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more negatively influenced by poor auditory acuity than those that arise
elsewhere in the brain.
The experiments presented in chapter 5 indicate that a factor
driving relationships between hearing function and cognition may be the
fact that auditory brain regions and those necessary for certain cognitive
functions reside within the temporal lobe. Such conclusions were drawn
exclusively from previous lesion studies in macaques, however, and
therefore must be taken with caution since numerous factors can result in
cohort differences. In order to obtain anatomical correlates for apparent
relationships between auditory function and cognition, diffusion-MRI
probabilistic tractography analyses of thalamocortical white matter were
performed on scans from the same monkeys, and relationships between
these measures with estimates of sensory and cognitive function were
assessed. These measures obtained from nonhuman primates should
provide deeper mechanistic insights into sensory contributions to cognitive
decline in older humans.
6.6 - Experiment 2 Results
6.6.1 - Fractional anisotropy of sensory thalamocortical projections
and relationships with sensory function
Acoustic radiation
Normalized fractional anisotropy measures from the acoustic
radiations were not different between adult and aged monkeys (ANOVA,
F(1,10) = 0.01, p = 0.91; Figure 6.11C), and there was no effect of
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hemisphere (ANOVA, F(1,10) = 0.05, p = 0.83). Neither right nor left
hemisphere acoustic radiation fractional anisotropy measures were
significantly associated with ABR wave IV latency differences (robust
regression, left hemisphere p = 0.76, r = 0.82, t = 0.31; right hemisphere: p
= 0.58; r = 0.19; t = 0.56; Figure 6.11D). Similarly, neither left nor right
hemisphere acoustic radiation fractional anisotropy indices correlated with
ABR thresholds (robust regression, left hemisphere: p = 0.74, r = -0.11, t =
-0.35; right hemisphere: p = 0.82, r = -0.06, t = -0.24; Figure 6.11E).
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Figure 6.11 – Acoustic radiation fractional anisotropy (FA) results. A) Representative
probability map of the right hemisphere acoustic radiation, derived from probabilistic
tractography in FSL, overlaid upon a T1-weighted MRI. B) The same probability map
overlaid upon a fractional anisotropy (FA) map pseudo-colored in copper. C) Boxplots of
acoustic radiation normalized fractional anisotropy estimates for each individual monkey
separated by left and right hemisphere. Boxes represent the middle 50% of the data, and
horizontal lines mark the median of each distribution. Each filled circle indicates an
individual monkey, with black circles representing adult animals and grey representing the
aged. D) Relationship between acoustic radiation fractional anisotropy estimates and
temporal ABR wave IV latency differences. In all scatterplots solid trend lines represent
significant relationships as tested with a robust regression analysis, and dotted trend lines
represent non-significant relationships. E) Relationship between acoustic radiation
fractional anisotropy estimates and ABR thresholds. There were no age-associated changes
in acoustic radiation FA.

Optic radiation
Estimates of optic radiation fractional anisotropy were significantly
lower in aged animals compared to adults (ANOVA, F(1,10) = 11.2, p =
0.0036, Figure 6.12C), although there was no hemispheric difference
(ANOVA, F(1,10) = 0.37, p = 0.55).

Posthoc tests confirmed that
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normalized fractional anisotropy measures were significantly lower in aged
animals in the left hemisphere (t-test, p = 0.019, t = 2.85), and a similar
trend was seen in the right (t-test, p = 0.097, t = 1.8). Right hemisphere
fractional anisotropy measures were significantly associated with VEP P75
latency differences (robust regression, p = 0.01, r = -0.60, t = -3.35; Figure
6.12D).

Left hemisphere fractional anisotropy estimates were not

significantly correlated with VEP P75 latency differences (robust regression,
p = 0.58, r = -0.17, t = -0.58; Figure 6.12D). VEP P75 latencies were not
significantly associated with either left or right hemisphere fractional
anisotropy estimates (robust regression, left hemisphere: p = 0.97, r = -0.03,
t = -0.04; right hemisphere, p = 0.54, r = 0.24, t = 0.63 Figure 6.12E).
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Figure 6.12 – Optic radiation fractional anisotropy (FA) results. A) Representative probability
map of the right hemisphere optic radiation, overlaid upon a T1-weighted MRI. B) The same
probability map overlaid upon a FA map pseudo-colored in copper. C) Boxplots of optic
radiation fractional anisotropy indices for each individual monkey separated by left and right
hemisphere. Boxplots as in C. Asterisk (*) denotes that p < 0.05. D) Relationship between
optic radiation fractional anisotropy indices with temporal VEP P75 latency differences.
Right hemisphere optic radiation fractional anisotropy significantly correlated with VEP P75
latency differences. E) Relationship between optic radiation fractional anisotropy indices
and VEP P75 latencies. There was an age-associated change in optic radiation FA in the left
hemisphere.

Superior thalamic radiation
Estimates of superior thalamic radiation fractional anisotropy were
not statistically different between adult and aged monkeys (ANOVA, F(1,10)
= 0.35, p = 0.56; Figure 6.13C). Right hemisphere fractional anisotropy
measures were significantly lower than left hemisphere estimates (ANOVA;
F(1,10) = 0.4.42, p = 0.049).
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Figure 6.13 – Superior thalamic radiation fractional anisotropy (FA) results. A)
Representative probability map of the right hemisphere superior thalamic radiation, derived
from probabilistic tractography in FSL, overlaid upon a T1-weighted MRI. B) Superior
radiation probability map overlaid upon a fractional anisotropy (FA) map pseudo-colored in
copper. C) Boxplots of superior radiation fractional anisotropy indices for each individual
monkey separated by left and right hemisphere. Boxes represent the middle 50% of the
data, and horizontal lines mark the median of each distribution. Each filled circle indicates
an individual monkey, with black circles representing adult animals and grey representing
the aged. There were no age-associated changes in superior radiation FA.

6.6.2 - Optic and acoustic radiation fractional anisotropy are
associated with object discrimination learning
Right hemisphere optic radiation fractional anisotropy estimates
were significantly associated with the estimated learning trials on the object
discrimination task (robust regression, p = 0.01, r = - 0.81, t = -3.30; Figure
6.14A). Left hemisphere fractional anisotropy estimates showed a similar
trend that did not reach statistical significance (robust regression, p = 0.092,
r = - 0.51, t = -1.91; Figure 6.14A).
Fractional anisotropy estimates from the left hemisphere acoustic
radiation were significantly correlated with estimated learning trials on the
object discrimination task (robust regression, p < 0.001, r = - 0.89, t = -5.1;
Figure 6.14B). Right hemisphere fractional anisotropy measures were not
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significantly associated with estimated learning trials on the object
discrimination task (robust regression, p = 0.26, r = - 0.41, t = -1.2; Figure
6.14B).

Figure 6.14 – Optic and acoustic radiation fractional anisotropy correlates with object
discrimination learning. A) Relationship between optic radiation normalized fractional
anisotropy measures and the estimated learning trial of the object discrimination task. In all
scatterplots solid trend lines represent significant relationships as tested with a robust
regression analysis, and dotted trend lines represent non-significant relationships. A
significant negative trend was observed in the right hemisphere. B) Relationship between
acoustic radiation normalized fractional anisotropy measures and the estimated learning
trial of the object discrimination task. A significant negative trend was observed in the left
hemisphere

Fractional anisotropy measures from the acoustic and optic
radiations were both not correlated with the number of errors to criterion on
the 92% similarity visual discrimination task (robust regression, acoustic
radiation-left hemisphere: p = 0.55, r = 0.29, t = 0.64; acoustic radiation-
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right hemisphere: p = 0.74, r = -0.15, t = -0.35; Figure 6.15A; optic radiationleft hemisphere: p = 0.11, r = -0.68, t = -1.96; optic radiation-right
hemisphere: p = 0.77, r = -0.16, t = -0.31; Figure 6.15B).

Figure 6.15 – Acoustic and optic radiation fractional anisotropy is not associated with visual
discrimination of stimuli with high feature overlap. A) Relationship between optic radiation
normalized fractional anisotropy estimates and the number of errors to criterion on the 92%
similarity visual discrimination task. B) Relationship between acoustic radiation normalized
fractional anisotropy estimates and the number of errors to criterion on the 92% similarity
visual discrimination task.

6.6.3 - Fimbria-Fornix fractional anisotropy estimates were
associated with better visual discrimination of stimuli with high
feature overlap, temporal-ABR, and threshold-ABR measures
Normalized fractional anisotropy measures from the fimbria-fornix
were not different between adult and aged monkeys (ANOVA, F(1,10) =
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0.96, p = 0.34; Figure 6.16C), and there was no effect of hemisphere
(ANOVA, F(1,10) = 0.24, p = 0.63).

Figure 6.16 – Fimbria-fornix fractional anisotropy results. A) Representative probability map
of the right hemisphere fimbria-fornix, derived from probabilistic tractography in FSL,
overlaid upon a T1-weighted MRI. B) The same probability map overlaid upon a fractional
anisotropy (FA) map pseudo-colored in copper. C) Boxplots of fimbria-fornix fractional
anisotropy estimates for each individual monkey separated by left and right hemisphere.
Boxes represent the middle 50% of the data, and horizontal lines mark the median of each
distribution. Each filled circle indicates an individual monkey, with black circles representing
adult animals and grey representing the aged. There was no age-associated change in FA in
the fimbria-fornix

Right hemisphere estimates of fractional anisotropy in the fimbriafornix were significantly associated with better performance on the 92%
similarity visual discrimination task (robust regression, p = 0.011, r = -0.71,
t = -3.98; Figure 6.17).
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Figure 6.17 – Relationship between fimbria-fornix fractional anisotropy and the number of
errors to criterion on the 92% similarity visual discrimination task. In all scatterplots solid
trend lines represent significant relationships as tested with a robust regression analysis, and
dotted trend lines represent non-significant relationships. Fractional anisotropy in the right
hemisphere fimbria-fornix was negatively correlated with the number of errors to criterion
on the visual discrimination task.

Right hemisphere fractional anisotropy estimates from the fimbriafornix significantly predicted latency differences derived from the temporalABR analysis (robust regression, p < 0.001, r = - 0.56, t = -5.25; Figure
6.18A), and ABR thresholds (robust regression, p = 0.028, r = - 0.68, t = 2.62; Figure 6.18B).

Fractional anisotropy estimates from the left

hemisphere did not correlate with either the visual discrimination
performance, temporal-, or threshold-ABR measures (robust regression;
92% VD: p = 0.76, r = 0.13, t = 0.32, t = -1.87; temporal-ABR: p = 0.89, r =
-0.05, t = -0.14; threshold-ABR: p = 0.72, r = -0.11, t = -0.37).
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Figure 6.18 – Right hemisphere fimbria-fornix fractional anisotropy predicts temporal-ABR
and threshold-ABR measures of auditory function. A) Relationship between fimbria-fornix
fractional anisotropy estimates and temporal ABR wave IV latency differences. A significant
negative trend was observed in the right hemisphere. B) Relationship between fimbria-fornix
fractional anisotropy estimates and ABR thresholds. Again, a significant negative trend was
observed in the right hemisphere, but not the left.

6.6.4 - Frontal thalamic radiation fractional anisotropy is not
associated with temporal-ABR or threshold-ABR measures
As presented in experiment 1, normalized fractional anisotropy
measures from the frontal thalamic radiation were not different between
adult and aged monkeys (ANOVA, F(1,10) = 0.79, p = 0.39; Figure 6.19C),
and there was no effect of hemisphere (ANOVA, F(1,10) = 0.03, p = 0.85).
Neither right nor left hemisphere frontal thalamic radiation fractional
anisotropy measures were significantly associated with ABR wave IV
latency differences (robust regression, left hemisphere p = 0.33, r = -0.37, t
= -1.02; right hemisphere: p = 0.29, r = 0.13, t = 1.13; Figure 6.19D.
Similarly, neither left nor right hemisphere frontal thalamic radiation
fractional anisotropy indices correlated with ABR thresholds (robust
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regression, left hemisphere: p = 0.21, r = -0.42, t = -1.34; right hemisphere:
p = 0.86, r = -0.06, t = -0.21; Figure 6.19E).

Figure 6.19 – Frontal thalamic radiation fractional anisotropy does not predict temporal-ABR
or threshold-ABR measures of auditory function. A) Representative probability map of the
right hemisphere frontal thalamic radiation, derived from probabilistic tractography in FSL,
overlaid upon a T1-weighted MRI. B) The same probability map overlaid upon a fractional
anisotropy (FA) map pseudo-colored in copper. C) Boxplots of frontal thalamic radiation
fractional anisotropy estimates for each individual monkey separated by left and right
hemisphere. Boxes represent the middle 50% of the data, and horizontal lines mark the
median of each distribution. Each filled circle indicates an individual monkey, with black
circles representing adult animals and grey representing the aged. D) Relationship between
frontal radiation fractional anisotropy estimates and temporal ABR wave IV latency
differences. E) Relationship between frontal radiation fractional anisotropy estimates and
ABR thresholds.
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6.7 - Experiment 2 Discussion: DTI results support a shared temporal
lobe locus as a factor driving covariation in auditory and cognitive
function

To establish an anatomical basis by which auditory function and
cognition may be related, diffusion magnetic resonance imaging and
probabilistic tractography approaches were used to assess the
microstructural condition of various thalamocortical white matter tracts
associated with sensory processing and cognition. Two key findings
arose from these analyses that provide insights into the association
between auditory and cognitive function in these aging macaques.
First, fractional anisotropy estimates extracted from both the optic
and acoustic radiations were significantly associated with better object
discrimination learning, but not with any other task in the cognitive battery.
Numerous lesion studies in macaques have demonstrated that object
discrimination learning requires multiple cortical areas along the ventral
visual stream, ranging from regions as low in the hierarchy as the
prestriate cortex (V2) to the higher-order inferotemporal cortex (e.g.,
Dean, 1976; Gross et al., 1971; Mishkin, 1982). The relationship between
optic radiation fractional anisotropy and object discrimination learning
likely arises from the optic radiation’s innervation of the prestriate cortex,
suggesting that the condition of visual thalamocortical white-matter has a
functional impact on visual discrimination abilities. In support of this idea,
optic radiation fractional anisotropy was also positively associated with
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better visual system function as assessed through visual evoked
potentials in these monkeys. A different framework is necessary for
understanding the relationship between acoustic radiation fractional
anisotropy and object discrimination. This association could result from
shared age-related alterations in regions of the superior and inferior
temporal gyri necessary for auditory processing and object discrimination,
respectively (see chapter 7 for discussion).
The second finding to provide insights into the association between
auditory and cognitive function was that higher fractional anisotropy in the
right hemisphere fimbria-fornix predicted better visual discrimination
abilities, temporal-ABR measures, and ABR thresholds. Data from the
visual discrimination task with varying levels of pattern overlap indicated
that aged macaques were able to discern patterns as well as adults when
stimuli have less than 90% overlap, whereas aged monkeys were severely
impaired in the 92% overlap condition (see Burke et al., 2011).
Discriminating stimuli with a high level of feature overlap is known to
require neuronal computations between the perirhinal cortex and other
medial temporal lobe networks ( e.g., Ahn and Lee, 2015; Bartko et al.,
2007; Devlin and Price, 2007; Norman and Eacott, 2004). Furthermore,
medial temporal lobe-dependent visual discrimination abilities are
particularly vulnerable to the effects of normative aging ( e.g., Burke et al.,
2011; Ryan et al., 2012; Stark et al., 2013). The current data suggest that
the degree of structural connectivity from the medial temporal lobe to the
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anterior thalamic nuclei via the fimbria-fornix may impact the ability to
discriminate stimuli with high feature overlap. The observation that
fimbria-fornix fractional anisotropy measures were also associated with
higher auditory function as assessed by two independent measures
provides an anatomical basis by which better auditory processing might be
associated with better visual pattern discrimination.
The current results fit into a framework where brain functions
dependent on temporal lobe regions covary to some degree across the
lifespan, possibly due to regional similarities in cerebral blood flow, high
neuronal connectivity, or embryological origins (see Chapter 7 for
discussion). The observation that frontal thalamic radiation fractional
anisotropy estimates were not associated with any measure of auditory
function in these monkeys further supports this hypothesis. Ultimately,
more precise anatomical and electrophysiological analyses aimed at
understanding how brain structure and function correlate between
modalities is necessary to further support these ideas.
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Chapter 7 - General Conclusions and Future
Directions
The data presented in this dissertation extend our understanding of
age-related cognitive decline, presbycusis, and the association between
the two. Furthermore, this thesis highlights the value and importance of
studying multiple brain systems within the same set of animals since
covariations in brain function can be appreciated with such designs. The
following discussion will highlight the major novel findings of this body of
work and future directions that these new results suggest.
7.1 - Cognitive decline in macaques is modality- and species-specific

One of the more powerful aspects of the behavioral component of
this thesis is that seven distinct cognitive functions were all assessed
within the same colony of bonnet macaques. The results from these
analyses demonstrated striking specificity in the effects of aging on distinct
cognitive functions. Spatial short-term memory and object recognition
memory, for example, were preserved in older bonnet macaques, whereas
there was a robust change in reversal learning, reward devaluation,
attentional control, and visual discrimination abilities. These results
highlight the fact that distinct mental operations are under the control of
disparate brain systems that respond to the effects of aging
independently. Further evidence for this idea came from observations that
there is often no relationship in performance between tasks, even when
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comparing outcome measures from two behaviors negatively impacted by
aging in cross-sectional experiments ( e.g., Gray et al., 2017; Hara et al.,
2012b; Rapp et al., 1997). Thus, just because a monkey is deficient in one
cognitive function does not necessarily mean that it will perform below
average on others. From a neurobiological perspective, dissociations
such as this suggest that the pattern of network dysfunction is variable
between individuals. This highlights the importance of understanding an
individual’s unique cognitive aging profile since more targeted treatment
approaches could be developed to combat the impact of normative aging
and neurodegenerative diseases on cognition.
A second novel finding from the behavioral component of this
dissertation is that the pattern of cognitive decline differs between
macaque species. In particular, it was shown that rhesus macaques
perform more poorly than do bonnet macaques in tests of spatial shortterm memory, regardless of age, and that aging impacts the learning of
object recognition and object discrimination abilities to a greater extent in
rhesus monkeys. Taken together, these results suggest that, in general,
bonnet macaques execute tasks classically considered to involve
prefrontal cortical neural networks more effectively than do rhesus
macaques at all ages. Both species, however, are comparably vulnerable
to the effects of age on tasks traditionally thought to rely on the
inferotemporal cortex and medial temporal lobe. Importantly, although the
functions of the frontal and temporal lobes can be dissociated to some
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extent, bidirectional communication between these structures supports the
organization, consolidation, and retrieval of memories ( e.g., GoldmanRakic et al., 1984; Lavenex and Amaral, 2000; Rempel-Clower and
Barbas, 2000; Rosene and Hoesen, 1977). It must also be noted that
bonnet macaques are not exempt from age-related declines in all
prefrontal cortex-dependent functions, as exemplified by the findings
showing that aged bonnet macaques are more susceptible than are
younger adults to deficits in task switching and reward devaluation.
Because bonnet and rhesus macaques show distinct cognitive
aging patterns across tasks, one or the other species may be better suited
as an experimental model, depending on the aspect of cognitive decline
that is under investigation. As additional cross-species comparisons are
conducted, an increasingly holistic view of the strengths and weaknesses
of each model with respect to specific cognitive functions will emerge.
More precise characterizations will provide a better context for interpreting
existing and novel data, and for guiding future experimental designs.
7.2 - Auditory temporal processing deficits may precede shifts in
auditory acuity

Auditory brainstem responses (ABR) have been used to assess
auditory thresholds in several cohorts of aging nonhuman primates ( e.g.,
Fowler et al., 2010; Lasky et al., 1999; Ng et al., 2015). Despite subtle
methodological differences between studies, ABR thresholds have been
shown to increase with age at an estimated rate of 1.12 to 1.8 dB per year
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( e.g., Engle et al., 2013; Fowler et al., 2010; Ng et al., 2015). In the
present group of monkeys, pure tone average and click thresholds were
not statistically different between adult and aged monkeys, although clear
trends towards higher thresholds in older animals were noted for both
types of stimuli. A larger sample size would likely have yielded significant
age-associated increases in ABR thresholds. When thresholds were
compared at each individual stimulus frequency, the aged animals had
significantly higher thresholds at the 2 kHz and 8 kHz conditions relative to
adults, but not in the 16 kHz or 32 kHz conditions. These results suggest
that high-frequency hearing loss in the adult animals had begun to
deteriorate at the time of recording despite relatively preserved lowfrequency hearing. Aged animals, on the other hand, appeared to be
impaired at both low and high frequencies. These results agree with
previous reports suggesting that high-frequency hearing loss deteriorates
prior to low-frequency hearing loss in monkeys, similar to the case in
humans ( e.g., Fowler et al., 2010; Ng et al., 2015).
Since traditional ABR methods cannot detect suprathreshold
hearing deficits, there has been interest in developing complementary
physiological assessments of auditory function that can. ABR wave I
amplitudes, produced by the compound action potential of the
cochlearvestibular nerve, are significantly reduced in individuals with
suprathreshold hearing loss (Liberman, 2017; Liberman et al., 2016;
Stamper and Johnson, 2015). Mehraei et al., (2016) demonstrated that
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ABR wave-V latencies in humans and mice relate to wave-I amplitudes,
suggesting that cochlear synaptopathy may also impact ABR waveform
latencies. A follow up to this study demonstrated that wave-V latencies
are significantly longer in a forward masking paradigm as the interval
between the masker and target becomes shorter, suggesting that such
latency shifts may provide an estimate of auditory temporal processing
capacities (Mehraei et al., 2017). In support of this idea, latency
differences between short and long masker-to-target interval conditions
significantly correlate with performance on a perceptual test of acoustic
gap detection (e.g., Mehraei et al., 2017). The temporal ABR used in the
present study was designed to compare ABR waveform latencies in
conditions where acoustic stimuli were separated by 20 ms (50 Hz) and 50
ms (20 Hz). As expected, latencies were significantly longer in the 50 Hz
condition, and wave IV latency differences between the 20 Hz and 50 Hz
conditions were therefore taken as an approximation of auditory temporal
processing capacities in these animals.
Compared to adults, aged animals had significantly greater ABR
wave-IV latency differences, suggesting that temporal auditory processing
abilities are reduced across the lifespan in macaques. This is the first
report of such a latency shift in aging macaques. In combination with the
threshold-ABR results, these findings may indicate that changes in
temporal auditory processing precede changes in auditory sensitivity in
aging macaques. In support of this hypothesis, older humans with
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clinically normal audiometric thresholds experience difficulties in
understanding temporally compressed human speech relative to younger
adults (Peelle et al., 2010; Peelle and Wingfield, 2016).
7.3 - Auditory temporal processing correlates with specific cognitive
domains

Cross-sectional and longitudinal studies have shown associations
between cognitive decline and both peripheral and central age-related
hearing loss in older humans ( e.g., Deal et al., 2017; Gates et al., 2002,
1996; Lin et al., 2011; Profant et al., 2015; Valentijn et al., 2005). The
present results indicate that auditory temporal processing abilities in aging
monkeys correlate with age-related cognitive decline, whereas auditory
thresholds and visual temporal processing do not. This is the first report
describing an association between auditory deficits and cognitive decline
in aging nonhuman primates. A detailed look at the correlations between
temporal auditory processing estimates and each cognitive task revealed
that only certain cognitive domains correlated with auditory function,
whereas others did not. As discussed in chapter 5, based on results from
decades-worth of lesions studies in the macaque, it appears that the
cognitive domains significantly associated with auditory function were
those that heavily depend on the function of temporal lobe brain
structures. Frontal cortex-dependent behaviors, on the other hand, did not
correlate with auditory processing. Since auditory processing in the
forebrain is primarily carried out in the temporal lobe, this pattern of results
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provides a novel framework with which to understand covariations in
auditory and cognitive function (see discussion below).
The observations discussed above may indicate that auditory brain
regions share certain characteristics with other temporal lobe structures
that cause them to be comparably impacted by the aging process. One
hypothesis is that regional differences in neurovascular function between
the frontal and temporal lobes may cause auditory abilities to covary with
certain cognitive operations more than others. Blood supply to the lateral
surface of the macaque temporal lobe arrives through the posterior branch
of the middle cerebral artery, whereas the frontal cortex is supplied via the
anterior cerebral artery and to a lesser extent an anterior bifurcation of the
middle cerebral artery ( e.g., Kapoor et al., 2003; Kumar et al., 2009). In
addition, the posterior cerebral artery supplies blood to the medial
temporal lobe, and this vessel is a major bifurcation of the basal artery that
supplies auditory regions in the posterior thalamus, midbrain and
brainstem ( e.g., Musiek and Baran, 2018). Neurovascular dysfunction is
often observed during normative aging and can initiate a series of
molecular events that lead to regional neurodegeneration (for review see
Nelson et al., 2016; Sweeney et al., 2018). If such changes had a
compromising impact on patterns of network activity, any lobar differences
in cerebral blood flow, blood-brain barrier breakdown, or microbleed
density could bias certain brain functions to covary more than others
based on anatomical proximity.
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Another possibility is that the extent of neuronal connectivity
between regions may determine the degree to which brain functions
covary across the lifespan through mechanisms associated with
excitability, cellular metabolism, or chemical signaling. Anatomical tracttracing studies indicate that auditory regions are heavily interconnected
with the inferotemporal, parahippocampal, and perirhinal cortices in the
temporal lobe ( e.g., Hackett et al., 1998; Seltzer and Pandya, 1978;
Suzuki and Amaral, 1994), and in this study higher performance on
cognitive tests that rely on these brain regions were all associated with
better auditory function. It is possible that the physiological consequences
of aberrant neuronal activity in certain temporal lobe structures drive
physiological changes in connected brain regions to alter function. Under
this framework, insults to one system may impact network activity in a
different system due to side effects associated with hyperexcitability (e.g.,
Juarez-Salinas et al., 2010) and/or changes in synaptic function (e.g.,
Hara et al., 2012a; Morrison and Baxter, 2012). A connectivity hypothesis
cannot be exhaustive, however, since long-range connections exist
between the auditory cortices and the frontal lobe (e.g., Romanski et al.,
1999). Perhaps the extent to which regions are monosynaptically
connected plays a role in how they affect each other’s function across the
lifespan, although the necessary quantification of connectivity strength
between different auditory and cognitive brain regions do not currently
exist to support this idea.
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Finally, the distinct embryological origins and developmental
trajectories of the frontal and temporal lobes may predispose cells and
circuits in each lobe to succumb to different age-related risk factors. For
example, there is a relative enrichment of inhibitory cells in the primate
frontal cortex that are derived from distinct neural progenitor pools in the
dorsal pallium compared to inhibitory cells that are destined for the
primate temporal, parietal, and occipital lobes that are derived from the
ganglionic eminence (Džaja et al., 2014; Hladnik et al., 2014; Petanjek et
al., 2009, 2008). Developmental differences such as this may protect the
frontal lobes from the hyperexcitability that is observed in the temporal
lobe. This hypothesis is in line with observations that certain temporal lobe
brain regions, including the auditory cortices and hippocampus, exhibit
neuronal hyperexcitability in aged macaques (e.g., Juarez-Salinas et al.,
2010; Thomé et al., 2015; Chapter 2) that is not observed in the frontal
lobe (Wang et al., 2011; Chapter 2). All of these hypotheses require
empirical experimentation to confirm or refute.
7.4 - Insights into the relationship between auditory and cognitive
function from diffusion tensor imaging experiments

If anatomical proximity is a factor driving the relationship between
cognitive and auditory function, then thalamocortical white-matter
innervating cognitive regions of the temporal lobe should correlate with
auditory function, whereas white matter innervating the prefrontal cortex
should not. The reverse formulation is also valid – that is, white-matter
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associated with sensory systems should correlate with cognitive functions
driven by network activity in brain regions adjacent to those necessary for
information processing in that particular sensory system. Indeed, both of
these scenarios were observed to some extent in this data set as
discussed in chapter 6. The acoustic radiations, for example, only
correlated with object discrimination learning, which heavily relies on the
inferotemporal cortex that sits just ventral to the auditory cortices. With
respect to auditory function in particular, these data provide additional
evidence that the function of temporal lobe brain structures covary across
the lifespan to some degree. Further support for this idea comes from the
observation that fractional anisotropy of white matter associated with the
frontal lobes showed no relationships with any measure of auditory
function in these macaques. More broadly, the DTI experiments used in
this thesis highlight the major advantage of deriving numerous estimates
of connectivity that these methods facilitate. Many of the conclusions
presented would not have been possible to arrive at without the ability to
estimate connectivity strength from white matter innervating numerous
cognitive, auditory, and visual brain regions.

7.5 - Patterns in compensatory mechanisms may in part determine
the degree to which brain functions covary across the lifespan
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A process fundamental to brain function is the ability of neurons to
alter their molecular expression profile, connectivity and physiological
response properties based upon their interactions with both internal
physiological processes and the external world. Age-related declines in
neural plasticity mechanisms have been described previously in some
detail ( e.g., Burke and Barnes, 2006), and are believed to be a major
driving force behind the cognitive changes associated with aging. Despite
these deficits, aged brains do retain the ability to restructure themselves
physically and functionally in response to differences in their environment,
sometimes in adaptive ways when in response to an event that
compromises function.
Within the medial temporal lobe, there is in fact evidence for
generalized vulnerability that may be compensated for to maintain
function. In the dentate gyrus there are fewer axospinous synapses from
projection neurons of the medial entorhinal cortex (MEC) onto granule
cells in aged rats (Geinisman et al., 1992, 1995). The inputs from MEC
contact the middle third of the granule cell molecular layer. Cells are not
lost with age in MEC ( e.g., Gazzaley et al., 1997; Merrill et al., 2001,
2000), and therefore cannot account for this synapse loss. Rather,
electrophysiological data suggest that reduced synapse number is due to
axon collateral pruning, as aged animals exhibit reduced perforant path
presynaptic fiber potential amplitudes (Barnes and McNaughton, 1980). In
line with these findings, MRI volumetric measurements, diffusion tensor
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imaging, and tractography suggests that aged humans also have
significant decreases in parahippocampal white matter, which includes the
axons of the perforant path ( e.g., Rogalski et al., 2012; Stoub et al.,
2012). Alongside the reduction of axon collaterals from the entorhinal
cortex, the amplitude of the field excitatory postsynaptic potential (fEPSP)
of aged rat granule cells is also reduced (Barnes, 1979; Barnes and
McNaughton, 1980). The resulting reduction in the depolarization of aged
granule cells from a major cortical input could profoundly affect the ability
of the circuit to accurately carry out network computations.
How do the granule cells reach action potential discharge threshold
with such a significant loss of synapses? Another observed age-related
change in this circuit may provide at least a partial answer to this question.
It is possible to measure the amplitude of the intracellularly recorded
depolarization caused by stimulation of a single axon collateral (unitary
EPSP), thereby enabling an estimate of the strength of individual
synapses. When such an experiment was conducted in young and aged
rats, each perforant path – granule cell synapse was found to be more
powerful on average in the older animals (Barnes and McNaughton, 1980)
(Figure 7.1). Thus, it is possible that more potent synapses help
counterbalance the effects of synaptic loss in this region. This may well be
an example of biological compensation at the level of a single synapse.
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Figure 7.1 – Granule cells lose synaptic contacts with age, but individual synapses become
more potent. A) Dentate gyrus granule cells (as outlined by the white box) receive input
from perforant path axons (blue) from layer II stellate cells in the medial entorhinal cortex.
B) Quantification of synapse numbers (blue) in the middle molecular layer of the dentate
gyrus reveals significant decreases with age. C) While fewer in number, the remaining
synapses in old rats produce larger intracellularly-recorded EPSPs with respect to the
extracellularly recorded presynaptic fiber potential. From Gray and Barnes, 2015.

A similar process of structural and functional compensation may be
at play in the temporal lobe to give rise to the observed covariations in
auditory function and behavior. For example, higher fractional anisotropy
in the fimbria-fornix was significantly associated with better measures of
visual discrimination, auditory acuity, and temporal processing of acoustic
information. Thus, under the framework of compensation between brain
regions, these results might suggest that animals with greater structural
connectivity between the medial temporal lobe and anterior thalamic
nuclei have more processing resources in the temporal lobe to share
amongst brain functions impacted by the effects of normative aging.
Importantly, there does not have to be a direct interaction between
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auditory regions and the hippocampus for this formulation to hold. Rather,
if higher fimbria-fornix fractional anisotropy values reflect better
hippocampal function, then it is possible that hippocampus-dependent
cognitive functions will not engage compensatory mechanisms in other
temporal lobe regions that could be used to more effectively boost
auditory processing (see Peelle and Wingfield, 2016; Wingfield and
Grossman, 2006). It is also possible that the hippocampus and auditory
regions act directly as unpublished data has shown a high level of
functional connectivity between the primary auditory cortex and
hippocampus in macaques when the auditory cortex is microstimulated as
functional MRI images are collected (Rocchi et al., 2018 society for
neuroscience abstract). Future studies employing electrophysiological
and anatomical techniques with the ability to provide superior spatial
resolution and chemical anatomical information will help refine which
particular regions of the temporal lobe are particularly susceptible to
common age-associated insults across the lifespan.
7.6 - Subcortical auditory nuclei may interact with brainstem and
midbrain neuromodulatory structures to impact cognition

The experiments presented in this thesis indicate that cognitive
functions mediated by temporal lobe structures are more likely to correlate
with hearing abilities than those driven by activity in other lobes of the
brain. As discussed earlier in this chapter, these observations may arise
from auditory regions sharing certain effects of normative aging with
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specific cognitive regions in the temporal lobe due to lobar differences in
neurovascular function, connectivity strength, or developmental
trajectories. Under this same framework, some of the findings suggesting
interactions between auditory and cognitive function may arise due to the
close proximity of subcortical auditory nuclei and neuromodulatory
brainstem and midbrain structures. A Nissl section at the level of the
locus coeruleus, for example, also contains the principle subdivisions of
the superior olivary complex just below it and the inferior colliculus just
above, both integral nuclei in the ascending auditory system (Paxinos et
al. 2000; Figure 7.2). While limited, there is evidence that both of these
subcortical auditory nuclei send projections to and receive input from the
locus coeruleus ( e.g., Luppi et al., 1995; Thompson and Schofield, 2000),
and these auditory regions express noradrenergic receptors ( e.g., Holmes
et al., 1994; Jones and Friedman, 1983; Levitt and Moore, 1979). Further
evidence for an interaction between auditory and noradrenergic nuclei
comes from studies that have recorded auditory-responsive single-neuron
activity in the locus coeruleus ( e.g., Hervé-Minvielle and Sara, 1995; Sara
and Bouret, 2012). Serotonergic neurons in the dorsal raphe nucleus, and
dopaminergic neurons in the ventral tegmental area also respond to
acoustic stimuli ( e.g., Heym et al., 1982; Horvitz et al., 1997), indicating
that similar interactions could exist between these neuromodulatory
systems and the auditory system.
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Figure 7.2 – Saggital Nissl section demonstrating the anatomical proximity of the locus
coeruleus and two prominent auditory nuclei: the superior olivary complex and inferior
colliculus. Arrows denote known monosynaptic or multi-synaptic interactions between the
areas shown. Nissl image from Brainmaps.org.

Of all components of the central auditory system that have been
studied in the context of aging, the auditory brainstem and midbrain have
by far received the most attention. These auditory nuclei are known to
undergo relatively pronounced neurochemical and electrophysiological
changes with age such that markers of cellular metabolism and firing rates
both increase ( e.g., Caspary et al., 2008, 2006, 2005; Gray and
Recanzone, 2017; Ouda et al., 2012, 2008; Chapter 2). Such ageassociated changes could have functional consequences on activity
patterns in the neuromodulatory nuclei running alongside the auditory
regions, which would provide another functional anatomical substrate
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through which audition and cognition might interact across the lifespan.
This idea would fit a connectivity-based hypothesis of functional
covariation (see section 7.3.3). The close proximity of auditory brainstem
and subcortical neuromodulatory structures could also fit into theories
where regional neurovascular dysfunction or embryonic similarities (see
section 7.3.3) drive covariations in brain function later in life. Again, direct
experimentation will be necessary to understand which of these
hypotheses are most valid.
Regardless of the underlying cause, functional alterations in
these relatively broad-projecting neuromodulatory centers could have
profound impacts on network processing in the forebrain to alter cognitive
function. Currently, our understanding of how the subcortical auditory
system integrates with brainstem neuromodulatory centers is too
incomplete to approach the question of covariations in auditory and
cognitive function from this angle. Future anatomical experiments will be
necessary to understand the structural basis by which the auditory system
interacts with subcortical neuromodulatory structures.
7.7 - Conclusion

While numerous age-related changes to auditory and cognitive
function have been observed at multiple levels of analysis in macaque
monkeys, whether hearing deficits interact with cognitive function in aging
macaques remained unknown. The studies presented in this thesis
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combined auditory brainstem response recordings, diffusion magnetic
resonance imaging, and comprehensive behavioral assessments in a
colony of aging macaques to provide insights into this question. The
results presented here indicate that auditory system function and cognition
are related in aging macaque monkeys with striking selectivity with respect
to the particular cognitive domains associated with auditory processing
and white-matter composition. Furthermore, these data indicate that one
factor contributing to relationships between auditory and cognitive function
may be a shared effect of aging on brain regions in the temporal lobe.
Future studies designed to understand covariations in the impact of aging
on distinct sensory and cognitive brain regions will further our
understanding of how neuronal networks compensate for and adapt to
functional alterations that arise across the aging brain. Such studies will
not only provide fruitful mechanistic insights into sensory contributions to
cognitive decline in older humans but may also illuminate better
approaches to reduce the incidence of late-life cognitive impairments.
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Appendix A - Evidence for proactive and retroactive interference on
object discrimination and reversal learning tasks

The object discrimination and reversal learning tasks (Chapter 4, 5)
utilized a library of 40 object pairs. This design allowed for the influence of
the relative position of each object pair on learning to be assessed. To
determine whether objects at the beginning, middle or end of the
association pair list were learned differentially, objects were grouped into
three time epochs based on their order of presentation. Specifically, the
first fourteen objects were in the first group, the middle twelve were in the
second group, and the final fourteen were in the third group. The average
learning trials of each object within these three groups were then
compared on an individual animal basis. During both tasks, the second
and third group of objects were learned significantly faster than were the
first objects (LMM, main effects of second (third) epoch, tstat = −5.4
(−3.8), DF = 1114, p = 9.9e-8 (1.3e-4); Figure A1). Additionally, the
middle third of objects were learned significantly faster than the last third
of objects (LMM, Coef. Test, F = 1.6e + 01, DF = 1108; p = 7.1e-5; Figure
A1). There was no difference between age groups in any of these
measurements. These results suggest that young and aged monkeys did
not show either a ‘primacy’ or ‘recency’ effect in learning these
associations, but rather experience some level of proactive and retroactive
interference during associative and reversal learning.
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Figure A1 – Comparison of learning days for old and young monkeys combined for the first
14 objects, the second 12 objects and the final 14 objects of the object pair array (40 pairs
total). A) Object discrimination and B) reversal learning tasks. Box and whiskers indicate the
interquartile range (IQR) and the most extreme data points that are no more than 1.5 × IQR
from the edge of the box, respectively. Red lines indicate median values. Grey circles are
jittered so that individual animal performance scores can be more easily seen. Note that in
both cases, the middle third of objects were acquired faster than objects at the beginning or
end of the list.

Discussion
In the object reversal learning paradigm, 40 total object pairs were
presented daily in the exact same order, allowing for an analysis of serial
position effects on the acquisition and reversal of these associations.
There is a well-known bias towards remembering items both at the
beginning (primacy effect) and at the end (recency effect) of a list (e.g.,
Murdock Jr., 1962). Somewhat surprisingly, in the present data, we did not
observe a primacy or a recency effect in either the acquisition or reversal
components of the task. Rather, objects encountered in the middle third of
trials on each day were learned faster than were objects encountered in
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the first and last third of trials. This may suggest overriding effects of
proactive interference (when learned information disrupts the ability to
learn subsequently presented information) and retroactive interference
(when newly formed associations disrupt the recall of previously encoded
information) in these types of associative learning and affective shifting
tasks. In the present study, associations formed at the beginning of a
session likely experience the greatest amount of retroactive interference
since the majority of object pairs follow them. The opposite trend would be
expected for the effects of proactive interference on the array of object
pairs. These two forms of interference are thought to arise through
different neural mechanisms and would be expected to exert their effects
independently of one another (Irlbacher et al., 2014; Nee and Jonides,
2008). Interestingly, the effect sizes of the ‘middle-list advantage’ were not
different between young and aged monkeys, suggesting that there is a
similar susceptibility to proactive and retroactive interference in these
animals. To explain the present data, the effects of proactive and
retroactive interference cannot simply be additive – rather, they must exert
stronger influence at the beginning and ends of the lists, and this may
interact with the number of object-pair associations encountered to
produce the middle-list advantage.
Importantly, the order of the objects was not randomized from
session to session, which raises the possibility that this pattern was seen
due to a higher feature overlap between objects in the pairs that were
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encountered towards the beginning and towards the end of the session. A
future study in which the order of object pairs in the library is randomized
between sessions is necessary to confirm or disprove the current
observations.
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Appendix B - Comparing probabilistic tractography normalization
methods

The probabilistic tractography analyses used in this thesis yielded
connectivity-distribution maps where individual voxel intensities represent
the number of tracts that pass through the voxel and successfully reach
the target region. The algorithm also output a ‘way-total’, which is the total
number of tracks from the seed regions that successfully reached the
target region via any pre-specified inclusion masks. The connectivity
distribution maps were then divided by this way-total for voxel
normalization, and voxels with intensity values less than 40% of the 95th
percentile of the final weighted map were set to 0 (Galantucci et al., 2011).
Each voxel in this weighted mask represents the probability that the voxel
belongs to the tract connecting the seed and target regions. This
weighted map must be normalized before it is used to probabilisticallyweight fractional anisotropy values for comparison between individuals.
Two distinct normalization methods were employed, and the results from
these comparisons will be presented here.
The first normalization method divided each voxel’s probability
value in the weighted mask by the total number of voxels in the mask to
yield a fractional anisotropy index (FAI):
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The worry with this normalization methods is that the size of the
track may influence the FA index. While variation in the size of any given
track is to be expected, it is also possible that the seed regions in this
seed-based tractography analysis could impact the size of the estimated
track and consequently the FA index. Furthermore, the nature of the
normalization outputs FA index values that are orders of magnitude
smaller than real FA values, which present difficulties in directly comparing
the data to other work. To account for these two drawbacks, a second
normalization method was conceived (Dr. Theodore Trouard). In this
method, the weighted mask is divided by the sum of all probabilities in the
mask to give a normalized FA measure.

Theoretically, this normalization should eliminate any bias
introduced by volume differences in the seed regions. Furthermore it
should output normalized FA values that more closely reflect what these
values actually are.
To test these two normalization methods against each other, both
techniques were applied to the uncinate fasciculus and amygdalofugal
pathway data presented in chapter 6. Specifically, this analysis set out to
determine whether the size of the amygdala and orbitofrontal seed regions
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had a systematic effect on the estimate of FA that was derived from these
two pathways. To accomplish this, the sum of the volume of the two seed
regions were added together. A robust regression analysis (chapter 4)
was then used to statistically determine whether the size of these seed
regions were significantly correlated with the estimated FA values.
Results
Fractional anisotropy index values from the left hemisphere
amygdalofugal pathway were significantly associated with the volume of
the amygdala and orbitofrontal cortex seed regions, although this was not
the case with the right hemisphere data (robust regression, left
hemisphere: p = 0.024 r = 0.73, t = 2.79; right hemisphere: p = 0.31, r =
0.39, t = 1.09; Figure B1A). Fractional anisotropy weighted average
measures, on the other hand, were not significantly associated the volume
of these seed regions (robust regression, left hemisphere: p = 0.17 r =
0.52, t = 1.97; right hemisphere: p = 0.74, r = 0.13, t = 0.35; Figure B1B).
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Figure B1 – Relationship between amygdala and orbitofrontal cortex (OFC) seed volumes
and amygdalofugal pathway fractional anisotropy measures from two distinct normalization
methods. A) The sum of amygdala and OFC volumes plotted against fractional anisotropy
indices. B) The sum of amygdala and OFC volumes plotted against fractional anisotropy
weighted averages. Solid trend lines denote a significant relationship, and dotted trend lines
denote non-significant relationships.

Uncinate fasciculus fractional anisotropy index measures were not
associated with seed volumes regardless of the normalization method
used (robust regression, left hemisphere FA index: p = 0.42 r = 0.33, t =
0.86; right hemisphere FA index: p = 0.29, r = -0.19, t = -1.63; Figure
B2A). Similarly, fractional anisotropy weighted average measures were
also not associated with the volumes of the seed region (robust
regression, left hemisphere FA index: p = 0.28 r = -0.41, t = -1.15; right
hemisphere FA index: p = 0.43, r = -0.24, t = -0.84; Figure B2B).
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Figure B2 – Relationship between amygdala and orbitofrontal cortex (OFC) seed volumes
and uncinate fasciculus pathway fractional anisotropy measures from two distinct
normalization methods. A) The sum of amygdala and OFC volumes plotted against fractional
anisotropy indices. B) The sum of amygdala and OFC volumes plotted against fractional
anisotropy weighted averages. Solid trend lines denote a significant relationship, and dotted
trend lines denote non-significant relationships.

Discussion
The goal of these analyses was to determine whether the volume of
the seed regions used to estimate the uncinate fasciculus and
amygdalofugal pathways had any sort of systematic impact on the
fractional anisotropy (FA) estimates derived from these probabilistic
tractography methods. There was only minimal evidence that FA indices
were influenced by the size of the seed regions using the normalization
method that divides by the total number of voxels. Specifically, FA values
from only 1 in 4 tracts analyzed with this method showed a significant
correlation with seed volumes. FA values from the normalization method
that divides by the sum of the probabilities in the weighted mask was not
influenced at all by the size of the seed regions as assessed by these
regression analyses. Thus, while we cannot be certain from these data

275

that either normalization method resulted in systematic biases in the FA
estimates, the method used in this thesis of dividing the probability values
by the sum of the weighted mask appears to be a safer option since we
saw no evidence that these estimates are influenced by the size of the
seed regions.
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