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ABSTRACT
Cognitive flexibility, the capacity to update behavior to meet the needs of a changing
environment, is crucial to daily life and is notably compromised in advancing age. The
neuromodulator Acetylcholine (ACh) is known to support cognitive flexibility in young
animals and humans, and declining cholinergic function contributes to cognitive aging.
We sought to gain insight on how cholinergic neuromodulation supports cognitive
flexibility, how this contributes to declining cognitive flexibility seen in normal aging,
and whether a body-brain manipulation could be utilized to combat such decline. We
assessed cognitive flexibility by challenging subjects to overcome proactive
interference (PI), the phenomenon wherein past learning impinges on new learning for
similar information, using a paired associate task that can be performed with both
rodents and human participants. First, we combined pharmacological manipulation of
ACh with a comparison of young vs. aged Long Evans rats performing the PI resolution
task to probe the interacting influence of cholinergic modulation and aging on cognitive
flexibility. We demonstrated that aging and ACh inhibition have strikingly similar, non-

additive effects. We then recorded cortical population activity from the frontoparietal
cortices of young and aged rats resolving PI with and without ACh manipulation to
determine how this cortical system, known to support cognitive flexibility, is modulated
by ACh. Our results indicated that ACh-dependent beta oscillations in the posterior
parietal cortex are important for cognitive flexibility. Finally, building on past research
indicating that the vagus nerve, a key regulator of the parasympathetic nervous system,
may drive cortical ACh activity, and that vagal activity declines with age similarly to
ACh and cognitive function, we explored whether elevating vagal activity could reduce
age effects on cognitive flexibility in humans. Young and older adults performed the PI
resolution task paired with a breathing manipulation that boosted vagal function, which
elevated older adults’ cognitive flexibility to mimic that of young adults. Our results
shed light on the role of ACh in age-related declines in cognitive flexibility, the neural
mechanisms underlying this, and possible routes of intervention.
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PREFACE
My journey in neuroscience has been driven by a fascination with how microscopic physical events
in the brain give rise to the seemingly intangible phenomena of behavior and cognition. Early in
my doctoral work I was captured by how one such phenomenon, cognitive flexibility – the crucial
capacity to change our minds and adapt to new situations – may be driven by the neuromodulator
Acetylcholine (ACh) acting to make the brain itself more flexible.
Building upon a large body of research indicating that ACh supports cognitive flexibility,
including that of my dedicated mentor Dr. Eve De Rosa, a primary goal of my thesis was to further
clarify the mechanisms through which ACh supports cognitive flexibility and how these
mechanisms are impacted in aging. However, from the start it was a priority to me that my thesis
work would connect basic research with outcomes in the community outside academia. This
principle, and my advisors’ supportiveness of my interests, led me to pursue a far-reaching set of
work in my thesis, spanning rodent neurophysiology and neuropharmacology to human behavior
and qualitative interviews.
Working in a rodent model, rats, allowed us to manipulate cholinergic transmission and measure
the impacts on cognitive flexibility at a behavioral level, as well as the neural activity underlying
this. Additionally, by comparing old and young animals, we were able to assess the endogenous
effects of natural aging in comparison to exogenous manipulations of ACh through pharmacology.
We hoped to gain insight into how ACh supports cognitive flexibility and how this is impacted in
aging, contributing to a better scientific understanding of this neuromodulatory process as well as
shedding light on possible pathways for intervention in humans. Based on evidence that vagal
nerve stimulation, even indirectly through deep breathing, may be able to stimulate ACh activity
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in the brain, we moved into humans to perform a behavioral study exploring whether deep
breathing could improve cognitive flexibility in older adults.
This cross-species body of research produced the three papers comprising this thesis, but we did
not end there. Stepping fully out of the laboratory setting (often literally), we conducted a
qualitative study to examine whether older adults use interventions against cognitive decline, and
how interventions can be shaped to meet this population’s needs. This study forms the conclusion
of this thesis.
Not only has this the breadth of this work allowed me to learn skills ranging from building
microelectrode arrays to interviewing older adults, but it also challenged me to view my research
topic from multiple vantage points and appreciate the contributions of numerous approaches to
research. I believe this in turn will allow me to approach the remainder of my neuroscience journey
with a richer understanding and, fittingly, a more flexible perspective.
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INTRODUCTION
Cognitive flexibility

1.1 Introduction and theories of cognitive flexibility
Imagine yourself on a mundane commute to work. Driving along busy streets, you must quickly
adjust your speed and following distance as you switch from open stretches to congested areas,
ever with the possibility of an inattentive pedestrian stepping in front of your car. Part way there,
you encounter a road closure and must quickly devise a new route to your destination. Upon
arriving you park in the garage below your building, only to return after work and find that you
can only remember the spot you were in yesterday, but not where you left the car this morning.
Even this quotidian task of getting to and from the workplace relies on flexibility: acting within
context, adjusting to unexpected changes in the environment, and updating information.
Inosecu (2012) describes two primary ways cognitive flexibility is defined in the literature: as a
skill, often equated with shifting (see section 1.2 below), or as a general property of cognition. In
the former sense, cognitive flexibility is a mental process akin to memory or attention, and one can
think of the brain as performing flexibility the same way as it might perform learning. However,
Ionescu (2012) notes that flexibility can be seen in a diverse multitude of behaviors ranging from
attention to creativity to categorization and is often expressed in different ways. Thus, the author
argues that cognitive flexibility is better thought of as property or capacity that arises from the
interaction of cognitive processes and can be exerted in many contexts, for example flexible
learning or flexible categorization (Ionescu, 2012).
In a similar vein, Dajani and Uddin (2015) argue that cognitive flexibility, which is often described
as an executive function, is instead an emergent property reflecting efficiency in component
3

executive functions. Cognitive flexibility, they suggest, draws on numerous processes including
attention to changes in the environment, switching among rules, suppressing interference from
prepotent responses that are either incorrect in context or no longer applicable due to a change in
the environment, and working memory to maintain multiple rules and apply them as needed in
guiding behavior (Dajani & Uddin, 2015).
Both these frameworks emphasize the multifaceted nature of cognitive flexibility. In keeping with
this, the present thesis uses this term broadly to refer to the adjustment of behavior such that it is
optimally appropriate for the situation at hand. As such, cognitive flexibility can be seen in
numerous processes and tasks, the leading examples of which are described below.

1.2 Component processes and measuring cognitive flexibility in humans and animals
Perhaps the most common conception of cognitive flexibility is as switching among behaviors or
rules, operationalized in task switching and set shifting paradigms, which typically ask participants
to alternate among two task, for example switching from determining whether a number is even or
odd to determining whether the number is large or greater than a target value (Monsell, 2003,
originally credited to Jerslid, 1927). The switch is often cued shortly before the first trial of the
new task, and switches may occur between blocks of trials or interleaved within a single block
(Monsell, 2003). Switching behavior is measured in the cost to accuracy or, more commonly,
reaction time in trials that follow a switch compared to trials that repeat the preceding task. These
paradigms are through to draw upon flexibility in cognitive control (Barber & Carter, 2005).
Set shifting tasks similarly ask participants to adjust the rules they use to guide decisions, often
changing which dimensions of stimuli are relevant – their color, shape, location, etc. A classic
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example is the Wisconsin Card Sorting (WCST; Berg, 1948). In this task, participants are
presented with cards that are distinguishable in several dimensions, such as their color and pattern,
and are asked to categorize each card. Unlike in task-switching paradigms, in set-shifting subjects
are generally not informed of rules but instead must discover them through trial and error with
feedback from the experimenter. Once subjects have made several correct sorting responses the
rule is altered without subjects’ knowledge. For example, initially subjects may receive positive
feedback by placing red cards in one group and blue cards in another, following a color rule, then
rule may be changed such that subjects must sort cards with circles into one group and those with
triangles into another, regardless of color.
Similarly, attentional set shifting tasks are applicable to non-human primates and rodents as well
as human subjects, and ask subjects to discriminate among multiple response options based on a
particular dimension, for example choosing the object in a particular spatial location (Birrell &
Brown, 2000; Roberts et al., 1994). In intradimentional (ID) shifts, new stimuli must be
discriminated but the same rule (e.g. location) is applied, whereas in extradimensional (ED) shifts,
stimuli must be discriminated based on a feature that was previously irrelevant, such as odor
(Roberts et al., 1994). The demand for cognitive flexibility can typically be seen in the cost to
accuracy and reaction time associated shifts. Specifically, ED shifts have a greater performance
cost than ID shifts (Birrell & Brown, 2000; Roberts et al., 1994). As implied by the name,
attentional set shifting elicits flexibility in allocation of attention to particular aspects of stimuli
(Tait et al., 2018).
Cognitive flexibility is also assessed through reversal learning tasks, wherein subjects learn a
stimulus-response association, such as always selecting the red stimulus out of pairs of red and
blue choices (Lai et al., 1995). Typically, this involves the target stimulus being associated with a
5

reward, while the distractor stimulus is associated with neutrality or even aversive outcomes, and
once the initial association is learned, the target and distractor roles are reversed, e.g. such that
blue stimuli must be selected to elicit reward while red stimuli are no longer reinforced (Lai et al.,
1995). Reversal learning is generally considered a manipulation of response inhibition or of
flexibility in reward learning (Izquierdo et al., 2017).
Cognitive flexibility also required to overcome proactive interference (PI) occurs when prior
learning impairs the acquisition of new information that is similar or conflicting (Bergstrom, 1893;
Underwood, 1957). Originally conceptualized as a phenomenon of memory, PI directly impacts
cognitive flexibility (Badre & Wagner, 2005). This is seen in daily life, for example, when a
student learning French in college might erroneously generate phrases in Spanish, which she
studied in high school; interference impairs the student’s ability to behave appropriately for the
situation at hand, the quintessential function of cognitive flexibility. Thus, another way of
measuring cognitive flexibility is through tasks that require subjects to resolve PI.
Researchers can elicit PI in paired-associate tasks by including pairs that overlap (Atri et al., 2004;
Shimamura et al., 1995). For example, participants can be asked to learn lists of word couplets
such as “chair – desk” then subsequently learn new word lists, including items that overlap with
those learned previously (e.g., “chair – table”) and non-overlapping items (e.g. “water – glass”).
Due to PI with the initial pairs, overlapping items will be generally require more practice to acquire
and incur more errors during retrieval than non-overlapping items (Shimamura et al., 1995).
De Rosa and Hasselmo (2000) developed a PI paradigm for rats using pairs of odors. In this version
of the task rats must learn that within each pair, one odor is a target (i.e., selecting this odor elicits
a reward) and one is a distractor. Rats first acquire one odor pair, e.g. the odors cinnamon and rose
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in which the cinnamon odor is rewarded, then must learn an overlapping pair such as thyme and
cinnamon, in which thyme is rewarded and the previously learned response toward cinnamon
creates PI (De Rosa & Hasselmo, 2000). Consequently, rats have lower accuracy and require more
acquisition trials to learn overlapping pairs compared to novel odor sets, e.g. vanilla and lavender
(De Rosa & Hasselmo, 2000). Additionally, this paradigm elicits the use of context in guiding
behavior, for example learning to treat cinnamon as a target when paired with rose but not when
paired with thyme.
The same task can be executed in human subjects using visual stimuli such as colors or abstract
images presented on a computer screen (Dixon et al., 2009). The cross-species capabilities of this
paradigm make it ideally suited to translational investigations. This is the task that will be used to
measure cognitive flexibility throughout this thesis.

1.3 Role of the frontoparietal cortices in cognitive flexibility
Converging evidence indicates that cognitive flexibility is supported by a set of regions in the
prefrontal and posterior parietal cortices (PFC and PPC, respectively) that are richly interconnected
and share projection targets (Olsen et al., 2019; Reep et al., 1994; Selemon & Goldman-Rakic,
1988). Early evidence of this came from human patients with surgical excisions, as researcher
observed that individuals with damage to the prefrontal cortex were uniquely susceptible to
cognitive flexibility impairment on the WCST (Milner, 1963; Stuss et al., 2000). Work in rodents
complemented this, showing that lesions or inactivation of the medial PFC (mPFC), commonly
considered a homolog to the primate dorsolateral PFC (Hamilton and Brigman, 2015), reduced
rats’ ability to switch among tasks or learn ED attentional shifts (Birrell & Brown, 2000;
Ragozzino et al., 1999). Recent electrophysiological evidence has expanded on this even further.
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For example, Kaefer identified spatial replay events in the mPFC of rats performing a plus maze
task, and found that when the maze rules were altered the rate of prefrontal replay correlated with
faster shifting to the new rule (Kaefer et al., 2020).
Functional magnetic resonance imaging (fMRI) further stressed the recruitment of the PPC as well
as the PFC in cognitive flexibility (Breitborde et al., 2015; Bucci, 2009; Fox et al., 2018; Kim et
al., 2012; Smith et al., 2004; Wager et al., 2004). The PPC has long been implicated in learning
and attention, in a manner leading Bucci to suggest that this region is particularly involved in
organizing attention to changes in the environment that are relevant to learning (Bucci, 2009).
Meta-analyses of fMRI studies on set shifting and task switching have consistently shown
activation of the PPC and some portions of the PFC (Kim et al., 2012; Wager et al., 2004). Smith
et al. (2004), using a modified switching task to reduce working memory demands seen in complex
paradigms like the WCST and isolate switching itself, confirmed a network of activation centered
around PFC and PPC. Furthermore, lesioning the PPC in rats causes impairment to ED attentional
shifting much like lesioning the mPFC (Fox et al., 2018).
There are contradictory findings on the precise role of the PFC in cognitive flexibility: Barber and
Carter (2005) found that dorsolateral PFC was activated in inhibiting a prepotent response but not
in switching between tasks, and Johnston et al. (2007) found that in monkeys, spiking activity in
the PFC did not track with task switching, although it is worth noting that the task switch used was
a simple reversal of the monkey’s saccade direction. Conversely, in rats lesioning the mPFC
impaired tasks that have high interference even when there was no need to suppress previously
learned responses (Peters et al., 2013). Badre and Wagner (2005, 2007) argue that the PFC,
especially ventromedial regions, is particularly involved in resolving PI. Reviews of the
dorsolateral PFC / mPFC in monkeys and rodents, respectively, confirm past findings that this
8

region is involved in ED shifts but not in simple changes or reversal (Bissonette et al., 2013;
Hamilton & Brigman, 2015). Based on these findings, the exact role of PFC in cognitive flexibility
is not clear, but this region appears to be more involved in changing strategies and handing
interference than in simple reversals.
Several studies have also investigated the relative contributions of the PFC and PPC (Badre &
Wagner, 2006; Buschman & Miller, 2007; Kim et al., 2012; Ravizza & Carter, 2008). In pursuit
of this, researchers have distinguished between conceptual flexibility, where the rules guiding
responses must be updated, and perceptual flexibility, in which the stimuli or the manner of
responding changes. A number of fMRI studies have suggested that the PFC is primarily involved
in conceptual changes while the PPC plays a role in perceptual flexibility about stimuli and
responses (Badre & Wagner, 2006; Kim et al., 2012; Ravizza & Carter, 2008). Such a division of
labor would also correspond with research suggesting that the PFC is more involved in top-down
attention while the PPC is more responsible for bottom-up attention (Buschman & Miller, 2007).
Together such work suggests that the PFC may be involved in flexibly aligning behavior with
rules, while the PPC may play a larger role in flexibly adjusting to the environment.

1.4 Cognitive flexibility and aging
Advancing age generally comes with declines in cognitive flexibility (Head et al., 2009; Hirsch et
al., 2016; Ravizza & Carter, 2008; Verhaeghen & Cerella, 2002). A meta-analysis of 26 studies on
aging and task switching found a profound effect of age (Verhaeghen & Cerella, 2002). Moreover,
older adults receive less benefit from preparation for task switching (Hirsch et al., 2016). Although
aging effects on cognitive flexibility are often discussed in terms of PFC dysfunction (e.g., Head
et al., 2009), Hirsch et al. (2016) demonstrated that task switching involving conflict among
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stimuli, which preferentially recruits the PPC (Ravizza and Carter, 2008), is particularly
challenging for older adults. Thus, it is likely that declines in both the PFC and PPC contribute to
aging effects in cognitive flexibility.
A meta-analysis by Rhodes (2004) captured the large body of work showing that older adults are
more challenged by the WCST than young adults, both in terms of how far they made it through
the test and in terms of the number of perseverative errors incurred. Performance was also
considerably more variable among older adults than their younger counterparts (Rhodes, 2004).
An analog of the WCST for non-human primates showed increases in the number of trials needed
to reach criteria and the number of perseverative errors with advancing age (Lacreuse et al., 2018).
Likewise, aged rats require more trials to achieve criterion in ED shifts and are more variable on
response reversals than young rats (Barense et al., 2002). Older mice were more variable in ED
shifts but did not see an overall effect of aging (Young et al., 2010); however, the young mice in
this study required similar trials to criterion as aged rats (15-20 trials in young mice and aged rats,
vs. approximately 5 trial in young rats, Barense et al., 2002; Young et al., 2010), so it is possible
that basal difference in species capabilities obscured aging effects.
Aging also exacerbates PI (Ebert & Anderson, 2009; Emery et al., 2008; Pettigrew & Martin, 2014;
Winocur, 1984). For example, rats who learned a visual discrimination task after learning a similar
task with a conflicting strategy perform worse than those who had learned a compatible task, and
this difference was greater in aged rats (Winocur, 1984). Pettigrew and Martin (2014) tested 18to 32-year-old and 64- to 87-year old human subjects on multiple tasks designed to elicit PI and
found significantly worse performance in older adults on all measures. Furthermore, difficulty
overcoming PI may relate to other aspects of cognitive aging and dementia. Greater susceptibility
to PI contributes to worse working memory performance in older adults compared to young adults,
10

and even age difference among older adults are associated with faster accumulation of interference
(Emery et al., 2008). Ebert and Anderson (2009) found that not only did healthy older adults
require more training to reach criterion on an interfering word list than did young adults, but older
adults with amnesic Mild Cognitive Impairment required even more practice than their healthy
peers.
Cognitive flexibility is only one of numerous functions that are typically challenged in both normal
aging and pathological dementia (Harada et al., 2013). Considerable evidence indicates that agerelated cognitive decline is driven at least in part be changes to the neuromodulator Acetylcholine,
as we will explore in the next section.

The cholinergic system in cognitive flexibility

2.1 Impact of age on acetylcholine and implications for cognition
The neuromodulator Acetylcholine (ACh) influences processing in target brain regions to support
cognition, among other functions (Picciotto et al., 2012). The observation that post-mortem brain
samples from patients with Alzheimer’s Disease displayed prominent degradation of cholinergic1
neurons, together with evidence that impeding ACh transmission in young adults mimicked
memory loss seen in older age, led to the “cholinergic hypothesis,” i.e. that loss of cholinergic
function contributes considerably to cognitive aging and dementia (Bartus et al., 1982;
Contestabile, 2011; Drachman & Leavitt, 1974).

The term “cholinergic” describes cells that produce ACh or signaling, functions, etc. that are of or
related to ACh.
1
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Further research has continued to support ACh’s role in Alzheimer’s Disease (e.g. FernándezCabello et al., 2020), but also highlighted that even normal aging strongly impacts the cholinergic
system. Decreases in acetylcholinesterase2 (AChE) and choline acetyltransferase3 (ChAT) have
been repeatedly documented with age, though effects vary by brain region and sex (Biegon et al.,
1986; Luine et al., 1986; Springer et al., 1987). Reductions in cell body size and number are seen
in the basal forebrain (BF), a collection of nuclei that supply ACh to the cortex, hippocampus, and
amygdala (see section 2.2). Gibson and Peterson (1981) recorded a 67% reduction of ACh
synthesis and a 75% reduction of ACh release in aged mice compared to young, and density and
binding of ACh receptors also decreases prominently with age in both rodents (Gurwitz et al.,
1987; James & Kanungo, 1976) and humans (Suhara et al., 1993).
Furthermore, ChAT activity was inversely related to the degree of impairment on a mental test
battery among patients with Alzheimer’s Disease or depression (Perry et al., 1978), suggesting that
loss of ACh correlates with cognitive decline. In animal models, aged rats as a group performed
worse on a radial arm maze than did young rats, and performance within the aged group correlated
with ChAT level (Luine et al., 1990). Similarly, in a water maze, some but not all aged rats were
impaired relative to young adult rats, and performance was negatively related to cell counts in the
BF (Fischer et al., 1992). Such studies further raise the possibility that variation in cholinergic
decline may underly the variability of cognitive aging across individuals. More recently, fMRI has
demonstrated that decreasing basal forebrain volume correlates with global cognitive function in
older adult humans (Lammers et al., 2018; Wolf et al., 2014), and that older adults who complain

2
3

The enzyme primarily responsible for breakdown of ACh in the synapse
The enzyme that catalyzes ACh synthesis
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of subjective cognitive decline have significantly reduced basal forebrain volume than peers who
do not experience decline (Scheef et al., 2019).
Together, these findings suggest that on average cholinergic function declines considerably in
normal aging and dementia, with associated declines in cognitive function. Indeed, inhibitors of
AChE remain the primary pharmacological treatment for dementia (Sharma, 2019), though results
are mixed and relatively modest (Knight et al., 2018). Better understanding of the mechanisms
through which ACh supports critical age-sensitive processes such as cognitive flexibility holds the
potential to reveal more promising avenues of intervention.

2.2 Anatomy and modulatory effects of the cholinergic system
While ACh acts widely on target areas through axonal projections, it is primarily synthesized in a
small number of brain regions, specifically the brainstem cholinergic nuclei, which innervate the
thalamus (Mesulam et al., 1983b), and the BF which sends projections to the neocortex,
hippocampus, amygdala and sensory cortices (Figure 1, Mesulam, Mufson, Levey, & Wainer,
1983; Mesulam, Mufson, Wainer, & Levey, 1983). An additional population of cholinergic
interneurons exists within the striatum (Woolf, 1991; Abudukeyoumu et al., 2019).
The BF can be further subdivided into sub-regions with distinct projection targets (Mesulam,
Mufson, Levey, et al., 1983; Mesulam, Mufson, Wainer, et al., 1983; Woolf, 1991).. Based on
anatomical tracing on monkeys, Mesulam, Mufson, Wainer, et al., (1983) proposed the Ch
(abbreviated from cholinergic) 1-4 nomenclature, with each numbered Ch nucleus roughly
capturing a corresponding region in the rodent BF. The Ch1 region (the medial septum) along with
Ch2 (the vertical limb of the horizontal band) largely innervates the hippocampal formation, Ch3
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Figure 1: The cholinergic system in humans (left) and rats (right). Ch1 = medial septum, Ch2 = vertical
limb of diagonal band, Ch3 = horizontal limb of diagonal band; Ch4 = Nucleus basalis; Ch 5-8 = brainstem
cholinergic nuclei. The cortical projections from Ch4 (NBM) are schematically represented in yellow.
Modified from Galvin et al., 2018

(the horizontal limb of the diagonal band) targets olfactory cortices and the olfactory bulb, and
Ch4 (the nucleus basalis of Meynert, also known as the nucleus basalis magnocellularis in rodents)
targets the neocortex and amygdala (Mesulam, Mufson, Levey, et al., 1983; Mesulam, Mufson,
Wainer, et al., 1983; Woolf, 1991). The Ch1-Ch3 regions also provide input the hypothalamus
(Woolf, 1991). More recent evidence suggests that within the BF, cholinergic neurons projecting
to functionally related or anatomically connected cortical areas are clustered together (Laszlo
Záborszky et al., 2015), potentially enabling coordinated ACh release to functional groups of
cortical areas.
At target sites, ACh acts via ionotropic nicotinic receptors, which directly gate cation channels to
exert excitatory effects, and metabotropic muscarinic receptors, which trigger intracellular signal
transduction cascades to drive either excitatory or inhibitory effects (Ballinger et al., 2016; Thiele,
2013; Laszlo Záborszky et al., 2018). Multiple types exist for both nicotinic and muscarinic
receptors.

14

Nicotinic receptors comprise five subunits, and while 12 possible subunits exist (α2- α10 and β2β4), the cortex is primarily populated by two combinations: α7 receptors that are made entire of
α7 subunits, and α4β2 receptors that consist of two α4 subunits, two β2 subunits, and a variable
fifth subunit (Bloem et al., 2014). The α4β2 receptors have particularly high affinity for ACh
compared to the α7 receptors (Bloem et al., 2014). Nicotinic receptors often target interneurons,
and can localize pre- and post-synaptically or outside of the synapse (Arroyo et al., 2014; Ballinger
et al., 2016; Bloem et al., 2014).
Muscarinic receptors, which are G-protein coupled receptors, fall into five subtypes. These are
often grouped into M1 type which includes types M1, M3, and M5, and M2 type which includes
M2 and M4 (Thiele, 2013). The M1 type receptors act via Gq/11 proteins and have overall excitatory
effects, in part by decreasing potassium conductance and increasing calcium levels, whereas M2
type receptors generally have inhibitory effects and act through Gi/o proteins, in part by elevating
potassium conductance and reducing calcium conductance (Ballinger et al., 2016; Thiele, 2013).
The M1 receptors, which localize to the soma and dendrites, and M2 receptors that are often
presynaptic, are the most common varieties found in cortex, while somatodendritic M4 receptors
are also present (Levey et al., 1991). Among the M2 receptors are cholinergic autoreceptors, which
are located pre-synaptically on cholinergic cells and decrease ACh release in a negative feedback
loop (Ballinger et al., 2016).
While both muscarinic and nicotinic receptors have been implicated in cognition (Klinkenberg et
al., 2011), the slower acting muscarinic receptors presumably exert a longer lasting modulatory
effect while rapid nicotinic receptors may be expected to have more transient effects (Thiele,
2013), motivating our emphasis on this the muscarinic system in the current thesis. Research on
cholinergic modulation of cognition has been greatly aided by the availability of non-selective
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muscarinic receptor inhibitor scopolamine (SCOP). Whereas SCOP inhibits ACh transmission
throughout the body and brain, the methylated version methylscoplamine (MSCOP) is inefficient
in crossing the blood brain barrier, allowing researchers to contrast the effects of these drugs and
isolate the involvement of central ACh.
As a general motif, cholinergic modulation appears to shift cortical circuit processing in favor of
incoming sensory stimuli while reducing the influence of intracortical connections (Figure 2,
Hasselmo, 1999;Záborszky et al., 2018). Afferent input conveying sensory information is
enhanced by nicotinic receptor activity at thalamocortical projections (Disney et al., 2007; Gil et
al., 1997; Vidal & Changeux, 1993). Sensitivity to incoming stimuli is further augmented by
cholinergic depolarization of principles cells within the cortex, allowing for stronger and more
sustained responses (Cole & Nicoll, 1984; Krnjevj et al., 1971). At the same time, muscarinic
inhibition of intrinsic connections among principles cells suppresses background activity within
the circuit (Gil et al., 1997; Hasselmo, 1999; Hsieh et al., 2000). Cholinergic modulation of
inhibitory
disinhibit

interneurons
cortical

activity

may
by

stimulating vasointestinal peptidepositive cells that in turn inhibit other
interneuron populations, though ACh
also

depolarizes

somatostatin-

positive interneurons, suggesting a
more complicated overall effect of
interneuron modulation (Záborszky
et al., 2018).

Figure 2: Schematic of cholinergic modulation on cortical
principle cells. Thal = thalamic input, pyr = pyramidal cell, BF Ch
= BF cholinergic input, M = muscarinic receptor, N = nicotinic
receptor. Green arrows indicate excitatory effects, red line indicates
inhibitory effects.
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Acetylcholine also shapes cortical oscillatory activity in ways that have been linked to arousal and
attention (Buzsáki & Gage, 1989; Klinkenberg & Blokland, 2010; Metherate et al., 1992). It has
been known for some time that ACh is affiliated with disruption of large amplitude, slow
oscillations and a shift to higher frequency oscillations, and effect termed “activation” or
“desynchronization” (Buzsáki & Gage, 1989). Metherate et al. (1992) demonstrated that
stimulating the BF desynchronizes slow waves through muscarinic signaling, as well as shifting
subthreshold oscillations in cortical principal cells to a higher frequency. As reviewed by
Klinkenberg and Blokland (2010), impeding cholinergic transmission with SCOP generally
reduces high frequency activity and permits more low frequency activity, in both rodents and
humans. The disruption of lower frequency oscillations may be related to increased overall firing
likelihood (Metherate et al., 1992), wherein tonic activity would replace the phasic troughs and
valleys of excitation needed to produce waves, or to decorrelation of principle cells’ firing from
that of other principle cells (Goard & Dan, 2009) precluding the ensemble activity needed to
generate large-amplitude waves. Findings from optogenetic manipulations attribute cholinergic
cortical activation to somatostatin-positive interneurons, which once facilitated by ACh in turn act
on parvalbumin-positive interneurons and principle cells to decorrelate responses among principle
cells (Chen et al., 2015). Though cholinergic cortical activation was traditionally associated with
arousal, such as sleep-to-wake transitions, this has also been proposed to support attention (Harris
& Thiele, 2011).
In addition to disrupting low frequency population activity, ACh can also support oscillatory
activity, with implications for cognition: Howe et al. (2017) used simultaneous electrochemistry
and electrophysiology recordings from the rat mPFC to determine that cue detection, compared to
trials when rats missed a cue, was associated with an increase in ACh release and a concomitant
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burst of gamma oscillations (30-100 Hz). The gamma activity was disrupted by cholinergic
antagonists (Howe et al., 2017), further suggesting it was orchestrated by ACh. Theta oscillations
(4-7 Hz) in the hippocampus, which are important for learning and memory, can be promoted by
ACh (Alger et al., 2014; Hasselmo, 2006). Similarly, beta oscillations (10-30 Hz) in the
frontoparietal cortices were associated with cue detection in a task where rats must flexibly allocate
attention, and this beneficial beta activity was largely abolished in rats with lesions to BF
cholinergic neurons (Ljubojevic et al., 2018).
As seen here, ACh shapes cortical circuit function and population activity in way that are highly
relevant for cognition and behavior. We next explore how cholinergic neuromodulation has been
related to cognitive processes.

2.3 Frameworks of Acetylcholine’s role in cognition
While early research emphasized cholinergic support of memory (Drachman & Leavitt, 1974),
over time a more complex role of ACh in cognition has emerged. One function ACh appears to
support is learning. Microdialysis suggests that ACh release is elevated when animals learn an
association but not when that association is recalled (Orsetti et al., 1996). Stimulating the BF drove
plasticity in cortical map organization (Kilgard & Merzenich, 1998), indicating that ACh could
contribute to learning at the systems level. Novel stimuli increased ACh release but familiar stimuli
did not (Miranda et al., 2000), and electrophysiological responses to unexpected or novel stimuli
were suppressed by SCOP (Caldenhove et al., 2017), suggesting ACh may be recruited when there
is something new in the environment to learn about. However, antagonizing muscarinic receptors
impairs learning when there is conflict with past information, but not learning simple
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discriminations (Chen et al., 2004; De Rosa et al., 2001; De Rosa & Hasselmo, 2000), hinting at a
more complex role of ACh.
Cholinergic modulation is strongly implicated in attention (Arnold et al., 2002; Bruno et al., 2006;
Chaudhury et al., 2009; Herrero et al., 2008; Himmelheber et al., 2001; Parikh et al., 2007).
Lesioning cholinergic BF neurons impaired performance when rats attempted to detect cues
against a distracting background, but not when there was no distraction (Himmelheber et al., 2001).
Release of ACh, measured by microdialysis, was considerably greater for a task that required
attention compared one with low attentional demand, though both elevated release above baseline
(Arnold et al., 2002). Analysis on a finer time scale using choline-sensitive electrochemical sensors
(Bruno et al., 2006) revealed that ACh release was specifically elevated for trials where rats
detected a visual target, compared to trials where they missed the target (Parikh et al., 2007). At a
sensory and perceptual level, reducing ACh clearance – thus increasing ACh duration at the
synapse – improved discrimination among similar odorants (Chaudhury et al., 2009), and
application of ACh increased firing of visual neurons when spatial attention was directed to that
neuron’s receptive field (Herrero et al., 2008). Thus, ACh appears to be broadly involved in
attentional processing and important for cue detection specifically.
In light of implications for ACh in memory, learning, attention, novelty processing and more,
researchers have put forward several potential frameworks attempting to define the larger role (or
roles) ACh serves in cognition.
In an early attempt to draw unifying conclusions about the cognitive function of cortical ACh,
Sarter and Bruno (1997) argued that cholinergic modulation has a widespread and relatively
uniform effect of amplifying incoming information to cortical circuits, thus improving attentional
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processing. The authors suggested that this amplification and attentional benefit permits better
detection and selection of relevant stimuli so that neural and cognitive resources can be efficiently
directed toward these stimuli, and that attention represents a potential “bottleneck” to successful
higher-order cognitive processing that is improved by ACh.
Hasselmo and McGaughy (2004) suggested that ACh modulates the relative balance of encoding
vs. consolidation of memories, with higher levels of ACh biasing the system toward encoding new
information and lower levels favoring consolidation and retrieval. This model can be directly
connected to known circuit effects of ACh: by facilitating sensory afferents and enhancing long
term potentiation while simultaneously reducing background activity and suppressing local
connections with a circuit, the authors proposed, ACh favors incoming information over
representations of past associations. Conversely, low levels of ACh would allow recurrent activity,
promoting consolidation. Appealingly, this model is able to capture diverse observed roles of ACh
in behavior, e.g., this general cortical mechanism would be relevant to both learning and attention,
and explains seemingly contradictory effects of ACh in enhancing some aspects of cortical
transmission while inhibiting others.
Relatedly, Yu and Dayan (2005) proposed that ACh’s function may be to signal uncertainty and
to bias processing toward bottom-up information in uncertain settings. The authors made the
distinction between uncertainty that is expected, representing poor reliability of cues and learned
associations in a given context, and unexpected uncertainty when the context itself changes
without warning, and suggest ACh is specifically related to the former. In evidence of this, the
authors point out that ACh levels appear to vary inversely with reliance on cues in a Posner cued
attention task, in which cues have variable validity (Yu & Dayan, 2005). That is, ACh release is
elevated when cues are less reliable.
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While these frameworks stress ACh’s role in promoting sensory information, other models focus
on the confluence of internal goals and the external environment. Sarter et al. (2005) suggested
that ACh can be recruited through two mechanisms: when stimuli are salient, physiological
responses to the stimuli trigger norepinephrine release which in turn drives BF neurons to release
ACh. When internal goals mandate the detection of some signals and filtering out of others, the
PFC is thought to drive ACh release in other cortical regions by acting on the BF and on cholinergic
terminals at target areas of cortex. This supported by the finding that cholinergic activity in the
PFC can drive ACh release in the PPC (Nelson et al., 2005).
Similarly, a more recent model proposed that ACh has two functions: on a short timescale, ACh
activates task sets (i.e. stimulus-response associations appropriate to a given situation) and bottomup detection of cues, while on a longer time scale ACh stabilizes goals and contributes to top-down
regulation (Sarter & Lustig, 2019). The authors highlighted findings, as described earlier, that ACh
release on the order of several seconds corresponds with cue detection, and specifically with a
change in behavior from rest to reporting a cue (Howe et al., 2013). This transient ACh activity is
overlaid against slower changes in ACh level on the scale of tens of seconds to minutes, which the
authors conclude are more broadly associated with goal-driven task performance. Thus, they
suggest that these two timescales of ACh activity carry out complementary functions integrating
stimulus-driven and goal-driven information to guide behavior.
These various conceptualizations of how ACh is involved in cognition reveal a suite of actions for
ACh that revolve around promoting what is relevant to the task at hand; favoring the present stimuli
over past learning; and addressing the potential need to change behavior, as in the face of
uncertainty. Picciotto et al. (2012) captured many of these ideas in their description of ACh as a
system that “potentiates behaviors that are adaptive to environmental stimuli and decreases
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responses to ongoing stimuli that do not require immediate action” (p. 226). By fostering such
adaptability ACh may be a critical component of the neural mechanisms underlying cognitive
flexibility, as will be explored in the next section.

2.4 Acetylcholine in cognitive flexibility
Consistent with the suggestions above, past findings indicate that ACh is important to cognitive
flexibility (Prado et al., 2017). Impairing ACh reduces set-shifting ability: SCOP increased the
number of trials needed for rats to master an ED shift task in a dose-dependent manner, with higher
doses also hindering response reversal (Chen et al., 2004). Mimicking the pattern seen with mPFC
lesion and with aging, SCOP does not impair ID shifts (Chen et al., 2004). Similarly, when
knockout mice lacking M2 receptors were tested on a circular maze task in which the exit was
moved after mice had learned an initial position, these mice took twice as long to learn the new
exit position and made approximately five times as many perseverative errors as wildtype mice
(Seeger et al., 2004).
Conversely, administering either nicotine or allosteric agonists of nicotinic ACh receptors reduced
the number of trials needed for rats to master an ED shift or response reversal, although these
compounds did not improve initial learning or performance on a test of sustained attention
(Nikiforuk et al., 2015; Wood et al., 2016). The role of nicotine may be dose dependent: Ortega et
al. (2013) used considerably higher doses of nicotine than other researchers and found an increase
in perseveration that hindered reversal learning, and no effect on set shifting.
Furthermore, in rats performing the paired-associates odor task described in section 1.3, SCOP
drove a pronounced and specific impairment of PI resolution with no impact on learning novel,
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non-interfering stimuli or recalling previously learned associations (De Rosa et al., 2001; De Rosa
& Hasselmo, 2000), indicating that ACh is important in resolving PI. This finding was
subsequently extended to humans: participants who received SCOP injections, compared to those
who received injections of a placebo or no injection, made more errors when learning an interfering
list of word pairs (Atri et al., 2004). fMRI showed that, in a visual version of the paired-associates
task, BF was activated during PI resolution in healthy human participants (De Rosa et al., 2004).
ACh is also known to act on the frontoparietal cortices, for instance electrochemistry has suggested
that ACh release in the mPFC mediates shifts in behavior (Howe et al., 2013). Lesioning the BF
impaired flexible learning in marmosets, but behavior was rescued by implanting ACh-rich tissue
to the mPFC (Ridley et al., 1994). Likewise, selectively lesioning cholinergic projections to the
PPC hindered attention to changes in environment (Bucci et al., 1998), and BF lesions decreased
the selectivity of PPC neurons that usually prefer task-relevant stimuli, reducing firing rate
responses to relevant cue and increase responses to distractors (Broussard et al., 2009). Of
particular relevance to the current thesis, ACh-dependent beta oscillations in the PPC, as well as
beta frequency coherence between mPFC and PPC, supported dynamic allocation of attention
(Ljubojevic et al., 2018) and flexible disengagement of attention when cues violated expectations
(Ljubojevic, 2014).
In summary, ACh, putatively through modulation of the frontoparietal cortex, is heavily implicated
in cognitive flexibility. A related function of promoting adaptive responding may be ascribed to
cholinergic activity in the peripheral nervous system, where ACh acts as a neurotransmitter to
adjust body state. We turn next to the postulated role of ACh in body-brain interactions, and the
implications of such a bidirectional system for cognitive flexibility and aging.
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Acetylcholine and the vagus nerve in cognition and aging

3.1 The vagus nerve links peripheral and central acetylcholine modulation
In addition to its effects in the central nervous system, ACh is released in the periphery from postganglionic cells in the parasympathetic nervous system, including those that comprise the vagus
nerve (Loewi, 1924). Extending widely throughout the body, the vagus nerve is a primary seat of
control for the parasympathetic nervous system, functioning synergistically with the sympathetic
nervous system to adaptively control our body state (Câmara & Griessenauer, 2015). For example,
interplay between the parasympathetic and sympathetic systems allow heart rate to increase or
decrease flexibly as the body’s needs change when we go from a stroll to a run and back to rest.
Moreover, through cholinergic control of heart contractions, the vagus nerve increases heart rate
variability (HRV), the difference in intervals between heart beats. Indeed HRV, which can be noninvasively measured through electrocardiogram or pulse recordings, is the primary index of vagal
function (Task Force, 1996).
Importantly, the vagus nerve is bidirectional, not only transmitting regulatory information from
the brain to the periphery but also conveying sensory information from the periphery to the brain:
vagal afferents terminate at the nucleus of the solitary tract, which in turn projects to the BF directly
(Záborszky et al., 1991) and via the noradrenergic locus coeruleus (Karelina & Norman, 2009;
Schwarz & Luo, 2015). A growing body of research suggests that vagal activity contributes to
central as well as peripheral ACh release, suggesting that the vagus nerve may bridge cholinergic
function between the body and the brain (Hays, Rennaker, & Kilgard, 2013; Nichols et al., 2011).
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Support for this has come primarily from research in nonhuman animals. Electrical stimulation of
the vagus nerve impacts cortical plasticity in ways that mimic stimulation of the BF, for example,
pairing vagal nerve stimulation in rats with a particular tone resulted greater auditory cortex area
being dedicated to that tone (Engineer et al., 2011), and vagal nerve stimulation accompanying a
simple forelimb movement in rats drove reorganization of motor cortex in favor of that movement
(Porter et al., 2012). Not only do these effects resemble those of ACh, but lesioning cholinergic
cells in the BF prevents vagal stimulation from driving cortical map plasticity (Hulsey et al., 2016).
Like ACh, vagal stimulation decorrelates responses among nearby principle cells in the cortex and
increases their excitability, and administering SCOP prevents this modulation (Nichols et al.,
2011). Finally, similarly to the role of ACh, vagal activity supports flexible cognitive functioning,
as reviewed below.

3.2 Vagal influence on cognition and cognitive flexibility
The nurovisceral intergration theory proposed that the vagus nerve and the frontal cortices form
an integrated system for adaptive self-regulation of physiology, emotion, and cognition (Thayer et
al., 2009; Thayer & Lane, 2000). This theory rest in part on evidence from functional neuroimaging
data, indicating that activity in the frontal cortices correlates with activity of the vagus nerve (Lane
et al., 2009; Thayer et al., 2012). That is, the vagus nerve appears to be closely associated with
brain systems underlying cognitive flexibility, among other functions (Badre & Wagner, 2007;
Dajani & Uddin, 2015; Irlbacher et al., 2014; Jonides & Nee, 2006).
Higher levels of vagally mediated-HRV have been correlated with better self-regulation (Holzman
& Bridgett, 2017; Zahn et al., 2016) and executive function performance (Forte, Favieri, &
Casagrande, 2019; Hildebrandt, Mccall, Engen, & Singer, 2016; van Bochove et al., 2018;
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Volokhov & Demaree, 2010). For example, young men with higher HRV demonstrated better
sustained attention and working memory than those with lower HRV (Hansen et al., 2003) and
older adults who undergo aerobic exercise training show both improved executive function
performance and concurrently enhanced HRV (Albinet et al., 2016; Masley et al., 2009).
Furthermore, individuals with higher vagally mediated HRV were quicker to switch among tasks
(Colzato, Ritter, et al., 2018; Gaebler et al., 2013) and at inhibiting one action to initiate another
(Colzato & Steenbergen, 2017).
Further evidence that vagal activity bolsters cognitive function is found by stimulating the vagus
nerve. Electrical stimulation of the vagus nerve through implanted devices is an approved therapy
for intractable epilepsy, creating the opportunity to study the effects of stimulation in human
patients. Vagal stimulation after learning a list of words improved memory of the words (Clark et
al., 1999; Ghacibeh et al., 2006) and stimulation during a flanker task improved attentional control
(van Bochove et al., 2018). Indirect activation of the vagus nerve can be achieve through
transcutaneous stimulation, which has generally been achieved by rubbing an area of the outter ear
that is rich in vagal afferents (Murray et al., 2016). In young adults, transcutanous stimulation
improved response time in task swithcing (Steenbergen et al., 2015) and increased crative problem
solving (Colzato, Jongkees, et al., 2018), while in older adults transcuataneous stimulation
improved recall in an associative learning task, though it did not improve performance on any of
the neuropsychological tests examined (Jacobs et al., 2015).
An additional means of driving vagal activity, as determined by elevation of vagally mediated
HRV, is through slow-paced diaphragmatic breathing (Bartur et al., 2014; Li et al., 2018; Weippert
et al., 2015). Breathing itself has been shown entrain neural oscillations, including those thought
to communicate between the hippocampus and prefrontal cortex (Heck et al., 2019), and these
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oscillatory effects appear to influence memory formation (Zelano et al., 2016), though the
researchers did not test whether vagal mechanisms contributed to these effects. Diaphragmatic
breathing may improve complex cognitive functions. Yadav and Mutha (2016) found that 30
minutes of slow breathing after learning a new motor task, compared to rest without slow
breathing, improved retention both immediately and 24 hours later. Ma et al. (2017) assessed the
effect of multi-day deep breathing training on a sustained attention test administered before and
after the training program and found a significant improvement in performance after training.
However, a no-contact control group also improved, and the authors do not address whether the
breath training group showed larger gains (Ma et al., 2017). Thus, there is mixed but encouraging
evidence that slow breathing may improve cognition, though whether this occurs through vagal
and cholinergic mechanisms remains to be definitively determined.
Together, this body of work indicates that vagal activity, potentially through central ACh, can
improve cognition, including cognitive flexibility functions such as task switching. This in turn
suggests the possibility of using non-invasive vagus nerve stimulation, such as slow breathing, to
enhance cholinergic neuromodulation and improve cognition. This is particularly appealing as a
potential way to combat cognitive aging.

3.3 Impact of aging on vagal function
Studies of HRV suggest that, much like the central cholinergic function, vagal activity declines
with age. Umetani et al. (1998) measured HRV of 260 participants ranging in age from 10 to 99
years, and found substantial declines in HRV, particularly in the shift from middle age to older
adulthood, as well as a lower inter-individual variation in HRV among older individuals. A study
of 653 adults aged 20-81 years replicated this, again showing a steady decline of HRV in the shift
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from middle to later life which then plateaued near the age of 50-60 years (Antelmi et al., 2004).
A study of 13,943 subjects from infancy to 89 years of age found that some measures of HRV
declined by half or more from young adulthood to the last decades of life (van den Berg et al.,
2018).
Furthermore, a study of community-dwelling senior women found increased prevalence of
cognitive impairment on the Mini-Mental State Examination (MMSE) among individuals in the
lowest quartiles of several HRV measurements (Kim et al., 2006). Similar results were seen in a
large population sample of 4,763 community-dwelling adults 55 years and over, where participants
in the lower quintiles on several HRV measures showed significantly lower scores on the Montreal
cognitive assessment than those with higher HRV (Frewen et al., 2013). Al Hazzouri et al. (2014)
likewise found that seniors in lower quartiles of HRV had worse MMSE scores than seniors with
higher HRV. Such findings suggest that reduced HRV is related to cognitive decline during aging.
For example,
Given these findings and the relationship between vagal activity and cognition evidenced in young
adults, researchers have hypothesized that increasing vagal function may reverse cognitive decline
and dementia. A pilot study in Alzheimer’s Disease patients suggested chronic treatment with an
implanted vagus nerve stimulator improved cognition, measured by the Alzheimer’s Disease
Assessment Scale and the MMSE, in most participants (Sjögren et al., 2002). A follow-up study
using a larger sample found that after a year, 41% of patients had improved cognitive symptoms
and 71% had not declined in the intervening time (Merrill et al., 2006). Outside of pathology, as
mentioned previously, transcutaneous stimulation elevated associative memory in healthy older
adults (Jacobs et al., 2015). Aerobic exercise can also increase vagal function (Routledge et al.,
2010), and Albinet et al. (2010) demonstrated that a 12-week exercise program, contrasted with to
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a control program of only stretching, improved older adults’ HRV and concurrently improved set
shifting in a WCST.
In summary, older age is characterized by decreased vagal function, individuals with lower vagal
activity tend to experience greater cognitive decline and increasing vagal activity may reduce these
effects. Vagal mediation of ACh release in the brain may underly this connection to cognitive
aging, and the vagus nerve could present an opportunity to bolster central cholinergic
neuromodulation without pharmacology. This field is rich with possibility for future work into
how non-invasive vagal stimulation, such as through deep breathing, can combat cognitive aging.

Thesis overview

4.1 Objectives
As outlined above, a large body of research suggests that ACh is critical to cognitive flexibility,
and that degradation of the cholinergic system over the life course may contribute cognitive aging
including loss of cognitive flexibility. Moreover, increasing evidence indicates that aspects of body
state such as breathing and heart rate variability may be connected to cognitive function via the
vagus nerve driving the release of central, as well as peripheral ACh, highlighting a possible route
for intervention. This thesis presents a series of experiments combining work in young and aged
rats and humans to explore the role of ACh in cognitive flexibility, how this relationship changes
across the lifespan, and the use of a body state manipulation to bolster cognitive flexibility in later
life.
These objectives are pursued in three papers, here represented as Chapters 1-3 of this thesis. In
Chapter 1 we extend past research on ACh’s role in PI resolution to a population of older rats,
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comparing the effects of pharmacological manipulations of ACh and of natural aging on cognitive
flexibility. Chapter 2 uses local field potential recordings to probe how cholinergic modulation of
cortical population dynamics impacts cognitive flexibility in young and aged rats. In Chapter 3 we
moved to human participants to assess whether deep breathing could reverse age effects in
cognitive flexibility.
The following sections outline the PI resolution task we used to assess cognitive flexibility, then
provides an overview of the approach employed in each chapter and methodological
considerations.

4.2 Proactive interference resolution task
Throughout this thesis, we will assess cognitive flexibility using a paired-associate task in which
subjects must resolve PI, that is, they must overcome prior learning that conflicts with a current
situation. This task has been successfully used both rats and humans (De Rosa & Hasselmo, 2000;
De Rosa et al., 2001; De Rosa et al., 2004).
In the rodent PI resolution task, rats are presented with pairs of odors stimuli. Odors emanate
simultaneously from two nosepoke ports and rat must select one odor by poking one of the ports.
The side each odor appears on is counterbalanced and pseudorandomized. Rats learn through trial
and error that one odor is a target, meaning that they will be rewarded for selecting this odor
regardless of which side it appears on. Rats are water restricted prior to the task, and correct
responses are rewarded with water, whereas incorrect responses elicit a mildly aversive error tone
and light. Odors are plant-based essential oils mixed in mineral oil and are selected to be neither
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appetitive nor aversive, to have no inherent significance, and to be clearly distinguishable from
one another.
Rats first learn a baseline stimulus pair (e.g., A+ / B-, where + indicates a rewarded target stimulus
and – indicates a non-rewarded distractor stimulus, Figure 3). After becoming proficient at
indicating the target of this baseline pair, rats advance to a testing phase consisting of interleaved
trials of two types: PI trials in which the target from the baseline pair is now the distractor (C+ /
A-), and a new stimulus is the target; and Novel trials consisting of two new stimuli (D+ / E-).
To succeed in PI trials rats must overcome past learning about a former target stimulus, thus is
eliciting interference. Additionally, each session in the testing phase begins with a short block of
reminder baseline trials, so to maximize reward rats must learn context rather than overwriting the
previous learning: odor A is a target in the context of pairing with B but a distractor in the context
of pairing with odor C. The primary outcome measure is accuracy, the percentage of trials of each
type in which the rat selected the correct odor. Lower accuracy in the PI trials compared to the
Novel trials suggests that subjects are experiencing interference, biasing their toward inappropriate
retrieval of past learning rather than adaptive encoding of a new scenario. Indeed, rats often show
accuracy below chance early in learning the PI pairs, indicating that their responses were biased
toward the distractor.
This task can be employed in human participants using visual stimuli presented on a computer
screen. In the present thesis, we used colorful abstract images as the stimuli. Each stimulus filled
half the computer monitor, and participants responded with a keypress to select either the left or
right image. Each trial in the human task had a maximum duration of 0.66 seconds, and failure to
respond within this window was considered an error. Participants received auditory feedback in
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the form of a “ding” tone for correct responses and a “buzz” tone for error responses. Differing
from past publications using this task with human subjects (e.g. De Rosa et al., 2004), in the present
version participants were not instructed which image was the target in each pair. Instead, to
maximize comparability with the rodent version of the task, in the human version too participants
discovered which image was the target through trial and error.
As in the rodent version of the task, human participants first learned baseline A+/B- pairs, then
learned PI (C+/A-) pairs of images. Rather than contrasting this with novel learning, in the human
experiment this was contrasted with simple response reversal (RR) pairs (B+/A-), allowing us to
compare the impact of our breathing manipulation on multiple forms of cognitive flexibility.
Rather than being interleaved, PI pairs were learned in one block, and RR pairs were learned in a
separate block, each based on distinct baseline pairs. However, as with rodents, the comparison
between PI learning and RR learning is analyzed within
subjects. Because human participants often reach ceiling
accuracy on such tasks, we examined reaction time, i.e., the
time in seconds for a response to be lodged, in addition to
accuracy.

4.3 Chapter 1: “Cholinergic disruption mimics the effect of
natural aging on cognitive flexibility”
Figure 3: schematic of stimulus
pairs in paired-associates PI
resolution task. Colors/letters
indicate different odor stimuli
(rodent version) or different visual
stimuli (human version). +
indicates target, - indicates
distractor.

In Chapter 1, experiment 1 we compared performance on the
PI resolution task of young adult rats (10 months of age) to
that of aged rats (21-23 months). While previous research
demonstrated the importance of ACh in this task through
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muscarinic receptor antagonism (De Rosa et al., 2001; De Rosa & Hasselmo, 2000), it had not
been tested in an aged population. The natural lifespan of Long Evans rats in our colony was
approximately 24-25 months, so this group represents a population in the last 20% or so of life,
similar to testing humans in the range of 65+ years.
In the second experiment of Chapter 1 we probed the interaction ACh and natural aging, using
pharmacological blockade of ACh transmission in young and aged rats during the test phase of the
PI-resolution task. By manipulating ACh during the test phase only, we isolated the role of ACh
in overcoming PI, rather than in the initial learning of the baseline pair. We manipulated ACh
using scopolamine (SCOP), a central muscarinic ACh receptor antagonist. As a control, we used
the methylated molecule, methylscoplamine (MSCOP), which crosses the blood brain barrier less
effectively; this comparison allowed us to isolate the effects of SCOP within the brain and
eliminate effects in the periphery. Both substances were administered systemically through I.P.
injection 20 minutes prior to the behavioral task, as a dosage of 0.25 milligram / kilogram body
weight, a dosage and administration that has been previously demonstrated to selectively impair
PI resolution in this task (De Rosa & Hasselmo, 2000). The SCOP manipulation was carried out
within rats, with drug order counterbalanced across individuals. Thus, each animal went through
two complete rounds of the experiment. The PI resolution task can be administered repeatedly
using different stimulus sets without diminishing the effect of PI, and the within-subjects
manipulation reduces the impact of individual differences between rats.
Through this combination of techniques, we pursued the question of how ACh modulation and
natural aging interact in cognitive flexibility, shedding light on how declines in the cholinergic
system may contribute to the reduce cognitive flexibility typical of aging.
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4.4 Chapter 2: “Acetylcholine-sensitive cortical population dynamics in cognitive flexibility and
aging”
Whereas Chapter 1 explores the behavioral and pharmacological nature of ACh’s role in agerelated loss of cognitive flexibility, in Chapter 2 we sought to gain insight into the neural
mechanisms through which ACh supports cognitive flexibility. Again, we employed the same PI
resolution task and manipulated ACh through both SCOP injections and natural aging. We
assessed ACh’s impact on population activity by measuring local field potentials from the medial
prefrontal cortex (mPFC) and the posterior parietal cortex (PPC). As discussed in sections 1.3 and
2.4, these regions have been consistently implicated in cognitive flexibility in both rodents and
humans, and are known to receive cholinergic modulation critical to these cognitive functions
(Dajani & Uddin, 2015; Ljubojevic et al., 2018; Parikh et al., 2007; Prado et al., 2017).
The rodent mPFC, as the nomenclature suggests, lies along the medial wall of the frontal lobe, and
comprises three sub-regions: the anterior cingulate, prelimbic, and infralimbic cortices (Figure 4A,
Seamans et al., 2008; Hamilton and Brigman, 2015; Laubach et al., 2018). The rodent mPFC is
thought to be analogous, and perhaps directly homologous, to the dorsolateral PFC in primates
(Brown and Bowman, 2002; Uylings et al., 2003; Seamans et al., 2008). The PPC is located at the
dorsal surface of the brain caudal to somatosensory cortex and rostral to visual cortex in both
rodents and primates, and researchers have argued that PPC is functionally similar across species
(Figure 4B, Bucci, 2009; Whitlock, 2017). The PPC can be further divided into medial and lateral
portions although it is not currently clear whether these have discrete functional roles (Olsen &
Witter, 2016). Stereotaxic targets for neural recording were selected on the basis of Paxinos and
Watson (2007) and sites used in past research from our laboratory and other (Bucci, 2009; Cao et
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al., 2016; Fox et al., 2018; Ljubojevic et al., 2014, 2018; Nelson et al., 2005; Parikh et al., 2007).
We targeted the right hemisphere one half of the rats and the left hemisphere in the remaining half.
The local field potential (LFP) is a measure of neural population activity recorded extracellularly
from within the brain, similar to extracranial electroencephalograms (EEG). LFPs form a
continuous voltage signal, thought to represent the cumulative activity – primarily synaptic
potentials, though other sources of electrical fluctuation also contribute – of neurons on the
surrounding population (Buzsáki et al., 2012). The spatial range of LFP signals is not conclusively
known, though estimates place it at 240-400 micrometeres with some input from more distant
sources (Kajikawa, 2012). As with EEG, LFP
allows the detection of oscillatory activity in the
brain. These oscillations, thought to reflect
synchronous activity across numerous neurons,
occur at particular frequencies that have been
connected to behavior and cognition (Buzsáki and
Draguhn, 2004; Buzsáki et al., 2012).
We collected LFPs throughout behavioral sessions
in the test phase. This allowed us to compare
oscillatory population activity that related to
cognitive flexibility vs. basal learning, and to
determine how this population activity was
impacted by disruptions of ACh transmission.
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Figure 4: target locations for the mPFC (A) and
PPC (B) in rat. Cgl = anterior cingulate cortex,
PrL = prelimbic cortex, IL = infralimbic cortex,
LPtA = lateral parietal association cortex, i.e.
lateral PPC, MPtA = lateral parietal association
cortex, i.e. medial PPC.

4.5 Chapter 3: “Taking twelve slow breaths enhances cardiovascular and cognitive plasticity”
In Chapter 3 we move into human participants, utilizing the computerized visual version of the PI
resolution task. Here, rather than pharmacologically inhibiting ACh transmission, we compare the
impact on young and older adults of a deep breathing exercise designed to stimulate the vagus
nerve, putatively increasing central ACh activity. We used this to probe whether a body-brain
manipulation could counteract the effects of age in reducing cognitive flexibility.
The manipulation centered on having participants breath at specified paces following auditory
instructions. As we demonstrate in Chapter 3, both young and older adults effectively modulated
their respiration according to the designated pace. We further used heart rate variability, derived
from pulse measurements, to assess the effects of slow breathing on vagal activity. We compared
slow breathing to “sham” breathing, i.e., a condition in which respiration was controlled but the
pace was within a typical range. By comparing to this sham condition, we could isolate the impact
of slow, deep breaths separately from the impact of exerting cognitive control over respiration.
We explored the effect of breathing on behavior by having participants complete a two-minute
breathing run immediately before beginning the baseline phase of the task, which in turn was
immediately followed by one of the manipulations (PI or RR). We employed a within-subjects
design to compare the effects of slow vs. sham breathing on cognitive flexibility: participants
completed one breathing run and an associated cognitive flexibility task run, then a second
breathing run second cognitive flexibility task run, with new stimuli. However, to avoid potential
spillover effects if slow breathing was performed first and continued to impact cognition into
subsequent sham breathing runs, we chose to use a task order in which sham breathing was always
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performed first and slow breathing second. Between participants we counterbalanced which
cognitive flexibility task – PI or RR – was associated with each breathing condition.
This design allowed us to assess the effect of slow breathing, vs. normal-paced controlled
breathing, on vagal activity and cognitive flexibility, how this effect interacted with aging, and
whether slow breathing had varied impacts on different aspects of cognitive flexibility.
Chapter 3 was completed with the contribution of several co-authors. I am the first author of this
work, having collaborated with my advisors Eve De Rosa and Adam Anderson the initial design
the experiment; developed the programming of the experimental tasks; completed all statistical
analyses; and drafted the manuscript and created the manuscript figures.

4.6 Conclusions
While Chapters 1-3 explore the nature of cholinergic support for cognitive flexibility over the
lifespan, probe the neural mechanisms of this, and develop a potential avenue for intervention, the
concluding chapter of this thesis points toward the future of this work. Understanding the how the
cholinergic system contributes to changes in cognitive flexibility, and other aspects of cognitive
aging, is a critical basis for developing scientifically sounds interventions. However, such tools
are only truly effective if they are used by older adults in the community. Our concluding chapter
uses qualitative methods to explore older adults’ interest in, and preferences regarding,
intervention tools to combat cognitive aging. Thus, the concluding chapter represents the final step
in this thesis’s goal to bring together biological understanding with societal impact.

References
Albinet, C. T., Abou-Dest, A., André, N., & Audiffren, M. (2016). Executive functions
improvement following a 5-month aquaerobics program in older adults: Role of cardiac

37

vagal control in inhibition performance. Biological Psychology, 115, 69–77.
https://doi.org/10.1016/j.biopsycho.2016.01.010
Albinet, C. T., Boucard, G., Bouquet, C. A., & Audiffren, M. (2010). Increased heart rate
variability and executive performance after aerobic training in the elderly. European
Journal of Applied Physiology, 109(4), 617–624. https://doi.org/10.1007/s00421-010-1393y
Alger, B. E., Nagode, D. A., & Tang, A. H. (2014). Muscarinic cholinergic receptors modulate
inhibitory synaptic rhythms in hippocampus and neocortex. Frontiers in Synaptic
Neuroscience, 6(SEP), 1–23. https://doi.org/10.3389/fnsyn.2014.00018
Antelmi, I., De Paula, R. S., Shinzato, A. R., Peres, C. A., Mansur, A. J., & Grupi, C. J. (2004).
Influence of age, gender, body mass index, and functional capacity on heart rate variability
in a cohort of subjects without heart disease. American Journal of Cardiology, 93(3), 381–
385. https://doi.org/10.1016/j.amjcard.2003.09.065
Arnold, H. M., Burk, J. A., Hodgson, E. M., Sarter, M., & Bruno, J. P. (2002). Differential
cortical acetylcholine release in rats performing a sustained attention task versus behavioral
control tasks that do not explicitly tax attention. Neuroscience, 114(2), 451–460.
https://doi.org/10.1016/S0306-4522(02)00292-0
Arroyo, S., Bennett, C., & Hestrin, S. (2014). Nicotinic modulation of cortical circuits. Frontiers
in Neural Circuits, 8(MAR), 1–6. https://doi.org/10.3389/fncir.2014.00030
Atri, A., Sherman, S., Norman, K. A., Kirchhoff, B. A., Nicolas, M. M., Greicius, M. D.,
Cramer, S. C., Breiter, H. C., Hasselmo, M. E., & Stern, C. E. (2004). Blockade of central
cholinergic receptors impairs new learning and increases proactive interference in a word
paired-associate memory task. Behavioral Neuroscience, 118(1), 223–236.
Badre, D., & Wagner, A. D. (2006). Computational and neurobiological mechanisms underlying
cognitive flexibility. Proceedings of the National Academy of Sciences, 103(18), 7186–
7191. https://doi.org/10.1073/pnas.0509550103
Badre, David, & Wagner, A. D. (2005). Frontal lobe mechanisms that resolve proactive
interference. Cerebral Cortex, 15(12), 2003–2012. https://doi.org/10.1093/cercor/bhi075
Badre, David, & Wagner, A. D. (2007). Left ventrolateral prefrontal cortex and the cognitive
control of memory. Neuropsychologia, 45(13), 2883–2901.
https://doi.org/10.1016/j.neuropsychologia.2007.06.015
Ballinger, E. C., Ananth, M., Talmage, D. A., & Role, L. W. (2016). Basal Forebrain Cholinergic
Circuits and Signaling in Cognition and Cognitive Decline. Neuron, 91(6), 1199–1218.
https://doi.org/10.1016/j.neuron.2016.09.006
Barber, A. D., & Carter, C. S. (2005). Cognitive control involved in overcoming prepotent
response tendencies and switching between tasks. Cerebral Cortex, 15(7), 899–912.
https://doi.org/10.1093/cercor/bhh189
Barense, M. D., Fox, M. T., & Baxter, M. G. (2002). Aged rats are impaired on an attentional
set-shifting task sensitive to medial frontal cortex damage in young rats. Learning and
Memory, 9(4), 191–201. https://doi.org/10.1101/lm.48602
Bartur, G., Vatine, J. J., Raphaely-Beer, N., Peleg, S., & Katz-Leurer, M. (2014). Heart rate
autonomic regulation system at rest and during paced breathing among patients with CRPS
as compared to age-matched healthy controls. Pain Medicine (United States), 15(9), 1569–
1574. https://doi.org/10.1111/pme.12449
Bartus, R. T., Dean, R. L., Beer, B., & Lippa, A. S. (1982). The cholinergic hypothesis of
geriatric memory dysfunction. Science, 217(4558), 408–414.

38

https://doi.org/10.1126/science.7046051
Berg, E. A. (1948). A simple objective technique for measuring flexibility in thinking. Journal of
General Psychology, 39(1), 15–22. https://doi.org/10.1080/00221309.1948.9918159
Bergstrom, J. (1893). Experiments upon Physiological Memory by Means of the Interference of
Associations. The American Journal of Psychology, 5(3), 356–369.
http://www.jstor.org/stable/1410999
Biegon, A., Greenberger, V., & Segal, M. (1986). Quantitative histochemistry of brain
acetylcholinesterase and learning rate in the aged rat. Neurobiology of Aging, 7(3), 215–
217. https://doi.org/10.1016/0197-4580(86)90046-1
Birrell, J. M., & Brown, V. J. (2000). Medial frontal cortex mediates perceptual attentional set
shifting in the rat. Journal of Neuroscience, 20(11), 4320–4324.
https://doi.org/10.1523/jneurosci.20-11-04320.2000
Bissonette, G. B., Powell, E. M., & Roesch, M. R. (2013). Neural structures underlying setshifting: Roles of medial prefrontal cortex and anterior cingulate cortex. Behavioural Brain
Research, 250, 91–101. https://doi.org/10.1016/j.bbr.2013.04.037
Bloem, B., Poorthuis, R. B., & Mansvelder, H. D. (2014). Cholinergic modulation of the medial
prefrontal cortex: the role of nicotinic receptors in attention and regulation of neuronal
activity. Frontiers in Neural Circuits, 8. https://doi.org/10.3389/fncir.2014.00017
Breitborde, N. J. K., Dawley, D., Bell, E. K., Vanuk, J. R., Allen, J. J. B., & Lane, R. D. (2015).
A personalized paced-breathing intervention to increase heart rate variability among
individuals with first-episode psychosis following stress exposure. Schizophrenia Research,
169(1–3), 496–497. https://doi.org/10.1016/j.schres.2015.11.005
Broussard, J. I., Karelina, K., Sarter, M., & Givens, B. (2009). Cholinergic optimization of cueevoked parietal activity during challenged attentional performance. European Journal of
Neuroscience, 29(8), 1711–1722. https://doi.org/10.1111/j.1460-9568.2009.06713.x
Brown, V. J., & Bowman, E. M. (2002). rodent models of prefrtonal cortical function. 25(7),
340–343.
Bruno, J. P., Sarter, M., Gash, C., & Parikh, V. (2006). Choline- and Acetylcholine-Sensitive
Microelectrodes. In Encyclopedia of Sensors: Vol. X (pp. 1–15).
Bucci, D. J. (2009). Posterior parietal cortex: An interface between attention and learning?
Neurobiology of Learning and Memory, 91(2), 114–120.
https://doi.org/10.1016/j.nlm.2008.07.004
Bucci, D. J., Holland, P. C., & Gallagher, M. (1998). Removal of cholinergic input to rat
posterior parietal cortex disrupts incremental processing of conditioned stimuli. The Journal
of Neuroscience : The Official Journal of the Society for Neuroscience, 18(19), 8038–8046.
http://www.ncbi.nlm.nih.gov/pubmed/9742170
Buschman, T. J., & Miller, E. K. (2007). Top-Down Versus Bottom-Up Control of Attention in
the Prefrontal and Posterior Parietal Cortices. Science, 315, 1860–1862.
https://doi.org/10.1126/science.1138071
Buzsáki, G., Anastassiou, C. A., & Koch, C. (2012). The origin of extracellular fields and
currents-EEG, ECoG, LFP and spikes. Nature Reviews Neuroscience, 13(6), 407–420.
https://doi.org/10.1038/nrn3241
Buzsáki, G., & Draguhn, A. (2004). Neuronal oscillations in cortical networks. Science,
304(5679), 1926–1929. https://doi.org/10.1126/science.1099745
Buzsáki, G., & Gage, F. H. (1989). The cholinergic nucleus basalis: a key structure in neocortical
arousal. Exs, 57, 159–171.

39

Caldenhove, S., Borghans, L. G. J. M., Blokland, A., & Sambeth, A. (2017). Role of
acetylcholine and serotonin in novelty processing using an oddball paradigm. Behavioural
Brain Research, 331(April), 199–204. https://doi.org/10.1016/j.bbr.2017.05.031
Câmara, R., & Griessenauer, C. J. (2015). Anatomy of the Vagus Nerve. Nerves and Nerve
Injuries, 1, 385–397. https://doi.org/10.1016/B978-0-12-410390-0.00028-7
Cao, B., Wang, J., Shahed, M., Jelfs, B., Chan, R. H. M., & Li, Y. (2016). Vagus Nerve
Stimulation Alters Phase Synchrony of the Anterior Cingulate Cortex and Facilitates
Decision Making in Rats. Scientific Reports, 6(October), 1–12.
https://doi.org/10.1038/srep35135
Chaudhury, D., Escanilla, O., & Linster, C. (2009). Bulbar acetylcholine enhances neural and
perceptual odor discrimination. Journal of Neuroscience, 29(1), 52–60.
https://doi.org/10.1523/JNEUROSCI.4036-08.2009
Chen, K. C., Baxter, M. G., & Rodefer, J. S. (2004). Central blockade of muscarinic cholinergic
receptors disrupts affective and attentional set-shifting. European Journal of Neuroscience,
20(4), 1081–1088. https://doi.org/10.1111/j.1460-9568.2004.03548.x
Chen, N., Sugihara, H., & Sur, M. (2015). An acetylcholine-activated microcircuit drives
temporal dynamics of cortical activity. Nature Neuroscience, 18(6), 892–902.
https://doi.org/10.1038/nn.4002
Clark, K. B., Naritoku, D. K., Smith, D. C., Browning, R. A., & Jensen, R. A. (1999). Enhanced
recognition memory following vagus nerve stimulation in human subjects. Nature
Neuroscience, 2(1), 94–98. https://doi.org/10.1038/4600
Cole, A. E., & Nicoll, R. A. (1984). The pharmacology of cholinergic excitatory responses in
hippocampal pyramidal cells. Brain Research, 305(2), 283–290.
https://doi.org/10.1016/0006-8993(84)90434-7
Colzato, L. S., Jongkees, B. J., de Wit, M., van der Molen, M. J. W., & Steenbergen, L. (2018).
Variable heart rate and a flexible mind: Higher resting-state heart rate variability predicts
better task-switching. Cognitive, Affective and Behavioral Neuroscience, 18(4), 730–738.
https://doi.org/10.3758/s13415-018-0600-x
Colzato, L. S., Ritter, S. M., & Steenbergen, L. (2018). Transcutaneous vagus nerve stimulation
(tVNS) enhances divergent thinking. Neuropsychologia, 111(January), 72–76.
https://doi.org/10.1016/j.neuropsychologia.2018.01.003
Colzato, L. S., & Steenbergen, L. (2017). High vagally mediated resting-state heart rate
variability is associated with superior action cascading. Neuropsychologia.
https://doi.org/10.1016/j.neuropsychologia.2017.08.030
Contestabile, A. (2011). The history of the cholinergic hypothesis. Behavioural Brain Research,
221(2), 334–340. https://doi.org/10.1016/j.bbr.2009.12.044
Dajani, D. R., & Uddin, L. Q. (2015). Demystifying cognitive flexibility: Implications for
clinical and developmental neuroscience. Trends in Neurosciences, 38(9), 571–578.
https://doi.org/10.1016/j.tins.2015.07.003
De Rosa, E., Desmond, J. E., Anderson, A. K., Pfefferbaum, A., Sullivan, E. V, & Park, M.
(2004). The Human Basal Forebrain Integrates the Old and the New. Neuron, 41, 825–837.
De Rosa, E., & Hasselmo, M. E. (2000). Muscarinic cholinergic neuromodulation reduces
proactive interference between stored odor memories during associative learning in rats.
Behavioral Neuroscience, 114(1), 32–41. https://doi.org/10.1037/0735-7044.114.1.32
De Rosa, E., Hasselmo, M. E., & Baxter, M. G. (2001). Contribution of the cholinergic basal
forebrain to proactive interference from stored odor memories during associative learning in

40

rats. Behavioral Neuroscience, 115(2), 314–327. https://doi.org/10.1037/07357044.115.2.314
Disney, A. A., Aoki, C., & Hawken, M. J. (2007). Gain Modulation by Nicotine in Macaque V1.
Neuron, 56(4), 701–713. https://doi.org/10.1016/j.neuron.2007.09.034
Dixon, M. L., Ruppel, J., Pratt, J., & De Rosa, E. (2009). Learning to ignore: acquisition of
sustained attentional suppression. Psychonomic Bulletin & Review, 16(2), 418–423.
https://doi.org/10.3758/PBR.16.2.418
Drachman, D. A., & Leavitt, J. (1974). Human Memory and the Cholinergic System: A
Relationship to Aging? Archives of Neurology, 30(2), 113–121.
https://doi.org/10.1001/archneur.1974.00490320001001
Ebert, P. L., & Anderson, N. D. (2009). Proactive and retroactive interference in young adults,
healthy older adults, and older adults with amnestic mild cognitive impairment. Journal of
the International Neuropsychological Society, 15(1), 83–93.
https://doi.org/10.1017/S1355617708090115
Emery, L., Hale, S., & Myerson, J. (2008). Age differences in proactive interference, working
memory, and abstract reasoning. Psychology and Aging, 23(3), 634–645.
https://doi.org/10.1037/a0012577.Age
Engineer, N. D., Riley, J. R., Seale, J. D., Vrana, W. a., Shetake, J. a., Sudanagunta, S. P.,
Borland, M. S., & Kilgard, M. P. (2011). Reversing pathological neural activity using
targeted plasticity. Nature, 470(7332), 101–104. https://doi.org/10.1038/nature09656
Fernández-Cabello, S., Kronbichler, M., van Dijk, K. R. A., Goodman, J. A., Nathan Spreng, R.,
& Schmitz, T. W. (2020). Basal forebrain volume reliably predicts the cortical spread of
Alzheimer’s degeneration. Brain, 143(3), 993–1009. https://doi.org/10.1093/brain/awaa012
Fischer, W., Chen, K. S., Gage, F. H., & Björklund, A. (1992). Progressive decline in spatial
learning and integrity of forebrain cholinergic neurons in rats during aging. Neurobiology of
Aging, 13(1), 9–23. https://doi.org/10.1016/0197-4580(92)90003-G
Forte, G., Favieri, F., & Casagrande, M. (2019). Heart Rate Variability and Cognitive Function:
A Systematic Review. Frontiers in Neuroscience, 13.
https://doi.org/10.3389/fnins.2019.00710
Fox, M. T., Barense, M. D., & Baxter, M. G. (2018). Perceptual Attentional Set-Shifting Is
Impaired in Rats with Neurotoxic Lesions of Posterior Parietal Cortex. The Journal of
Neuroscience, 23(2), 676–681. https://doi.org/10.1523/jneurosci.23-02-00676.2003
Frewen, J., Finucane, C., Savva, G. M., Boyle, G., Coen, R. F., & Kenny, R. A. (2013).
Cognitive function is associated with impaired heart rate variability in ageing adults: The
Irish longitudinal study on ageing wave one results. Clinical Autonomic Research, 23(6),
313–323. https://doi.org/10.1007/s10286-013-0214-x
Gaebler, M., Daniels, J. K., Lamke, J. P., Fydrich, T., & Walter, H. (2013). Heart rate variability
and its neural correlates during emotional face processing in social anxiety disorder.
Biological Psychology, 94(2), 319–330. https://doi.org/10.1016/j.biopsycho.2013.06.009
Ghacibeh, G. A., Shenker, J. I., Shenal, B., Uthman, B. M., & Heilman, K. M. (2006). Effect of
vagus nerve stimulation on creativity and cognitive flexibility. Epilepsy and Behavior, 8(4),
720–725. https://doi.org/10.1016/j.yebeh.2006.03.008
Gibson, G. E., & Peterson, C. (1981). Aging Decreases Oxidative Metabolism and the Release
and Synthesis of Acetylcholine. Journal of Neurochemistry, 37(4), 987–984.
https://doi.org/10.1111/j.1471-4159.1981.tb04484.x
Gil, Z., Connors, B. W., & Amitai, Y. (1997). Differential regulation of neocortical synapses by

41

neuromodulators and activity. Neuron, 19(3), 679–686. https://doi.org/10.1016/S08966273(00)80380-3
Goard, M., & Dan, Y. (2009). Basal forebrain activation enhances cortical coding of natural
scenes. Nature Neuroscience, 12(11), 1444–1451.
Gurwitz, D., Egozi, Y., Henis, Y. I., Kloog, Y., & Sokolovsky, M. (1987). Agonist and
antagonist binding to rat brain muscarinic receptors: Influence of aging. Neurobiology of
Aging, 8(2), 115–122. https://doi.org/10.1016/0197-4580(87)90020-0
Hamilton, D. A., & Brigman, J. L. (2015). Behavioral flexibility in rats and mice: Contributions
of distinct frontocortical regions. Genes, Brain and Behavior, 14(1), 4–21.
https://doi.org/10.1111/gbb.12191
Hansen, A. L., Johnsen, B. H., & Thayer, J. F. (2003). Vagal influence on working memory and
attention. International Journal of Psychophysiology, 48, 263–274.
https://doi.org/10.1016/S0167-8760(03)00073-4
Harada, C. N., Natelson Love, M. C., & Triebel, K. L. (2013). Normal cognitive aging. Clinics in
Geriatric Medicine, 29(4), 737–752. https://doi.org/10.1016/j.cger.2013.07.002
Harris, K. D., & Thiele, A. (2011). Cortical state and attention. Nature Reviews Neuroscience,
12(9), 509–523. https://doi.org/10.1038/nrn3084
Hasselmo, M. E. (1999). Neuromodulation: acetylcholine and memory consolidation. Trends in
Cognitive Sciences, 3(June 2006), 12–15. https://doi.org/10.1016/S1364-6613(99)01365-0
Hasselmo, M. E. (2006). The role of acetylcholine in learning and memory. Current Opinion in
Neurobiology, 16(6), 710–715. https://doi.org/10.1016/j.conb.2006.09.002
Hasselmo, M. E., & McGaughy, J. (2004). High acetylcholine levels set circuit dynamics for
attention and encoding and low acetylcholine levels set dynamics for consolidation.
Progress in Brain Research, 145, 207–231. https://doi.org/10.1016/S0079-6123(03)45015-2
Head, D., Kennedy, K. M., Rodrigue, K. M., & Raz, N. (2009). Age differences in perseveration:
Cognitive and neuroanatomical mediators of performance on the Wisconsin Card Sorting
Test. Neuropsychologia, 47(4), 1200–1203.
https://doi.org/10.1016/j.neuropsychologia.2009.01.003
Heck, D. H., Kozma, R., & Kay, L. M. (2019). The rhythm of memory: how breathing shapes
memory function. Journal of Neurophysiology, 122(2), 563–571.
https://doi.org/10.1152/jn.00200.2019
Herrero, J. L., Roberts, M. J., Delicato, L. S., Gieselmann, M. A., Dayan, P., & Thiele, A.
(2008). Acetylcholine contributes through muscarinic receptors to attentional modulation in
V1. Nature, 454(7208), 1110–1114. https://doi.org/10.1038/nature07141
Hildebrandt, L. K., Mccall, C., Engen, H. G., & Singer, T. (2016). Cognitive flexibility, heart
rate variability, and resilience predict fine-grained regulation of arousal during prolonged
threat. Psychophysiology, 53(6), 880–890. https://doi.org/10.1111/psyp.12632
Himmelheber, A. M., Sarter, M., & Bruno, J. P. (2001). The effects of manipulations of
attentional demand on cortical acetylcholine release. Cognitive Brain Research, 12(3), 353–
370. https://doi.org/10.1016/S0926-6410(01)00064-7
Hirsch, P., Schwarzkopp, T., Declerck, M., Reese, S., & Koch, I. (2016). Age-related differences
in task switching and task preparation: Exploring the role of task-set competition. Acta
Psychologica, 170, 66–73. https://doi.org/10.1016/j.actpsy.2016.06.008
Holzman, J. B., & Bridgett, D. J. (2017). Heart rate variability indices as bio-markers of topdown self-regulatory mechanisms: A meta-analytic review. Neuroscience and
Biobehavioral Reviews, 74, 233–255. https://doi.org/10.1016/j.neubiorev.2016.12.032

42

Howe, W. M., Berry, A. S., Francois, J., Gilmour, G., Carp, J. M., Tricklebank, M., Lustig, C., &
Sarter, M. (2013). Prefrontal cholinergic mechanisms instigating shifts from monitoring for
cues to cue-guided performance: converging electrochemical and fMRI evidence from rats
and humans. The Journal of Neuroscience : The Official Journal of the Society for
Neuroscience, 33(20), 8742–8752. https://doi.org/10.1523/JNEUROSCI.5809-12.2013
Howe, W. M., Gritton, H. J., Lusk, N. A., Roberts, E. A., Hetrick, V. L., Berke, J. D., & Sarter,
M. (2017). Acetylcholine Release in Prefrontal Cortex Promotes Gamma Oscillations and
Theta–Gamma Coupling during Cue Detection. The Journal of Neuroscience, 37(12),
3215–3230. https://doi.org/10.1523/JNEUROSCI.2737-16.2017
Hsieh, C. Y., Cruikshank, S. J., & Metherate, R. (2000). Differential modulation of auditory
thalamocortical and intracortical synaptic transmission by cholinergic agonist. Brain
Research, 880(1–2), 51–64. https://doi.org/10.1016/S0006-8993(00)02766-9
Hulsey, D. R., Hays, S. A., Khodaparast, N., Ruiz, A., Das, P., Rennaker, R. L., & Kilgard, M. P.
(2016). Reorganization of Motor Cortex by Vagus Nerve Stimulation Requires Cholinergic
Innervation. Brain Stimulation, 9(2), 174–181. https://doi.org/10.1016/j.brs.2015.12.007
Ionescu, T. (2012). Exploring the nature of cognitive flexibility. New Ideas in Psychology, 30,
190–200. https://doi.org/10.1016/j.newideapsych.2011.11.001
Irlbacher, K., Kraft, A., Kehrer, S., & Brandt, S. A. (2014). Mechanisms and neuronal networks
involved in reactive and proactive cognitive control of interference in working memory. In
Neuroscience and Biobehavioral Reviews (Vol. 46, Issue P1, pp. 58–70).
https://doi.org/10.1016/j.neubiorev.2014.06.014
Izquierdo, A., Brigman, J. L., Radke, A. K., Rudebeck, P. H., & Holmes, A. (2017). The neural
basis of reversal learning: An updated perspective. Neuroscience, 345, 12–26.
https://doi.org/10.1016/j.neuroscience.2016.03.021
Jacobs, H. I. L., Riphagen, J. M., Razat, C. M., Wiese, S., & Sack, A. T. (2015). Transcutaneous
vagus nerve stimulation boosts associative memory in older individuals. Neurobiology of
Aging, 36(5), 1860–1867. https://doi.org/10.1016/j.neurobiolaging.2015.02.023
James, T. C., & Kanungo, M. S. (1976). Alterations in atropine sites of the brain of rats as a
function of age. Biochemical And Biophysical Research Communications, 72(1), 170–175.
Johnston, K., Levin, H. M., Koval, M. J., & Everling, S. (2007). Top-Down Control-Signal
Dynamics in Anterior Cingulate and Prefrontal Cortex Neurons following Task Switching.
Neuron, 53(3), 453–462. https://doi.org/10.1016/j.neuron.2006.12.023
Jonides, J., & Nee, D. E. (2006). Brain mechanisms of proactive interference in working
memory. Neuroscience, 139, 181–193. https://doi.org/10.1016/j.neuroscience.2005.06.042
Kaefer, K., Nardin, M., Blahna, K., & Csicsvari, J. (2020). Replay of Behavioral Sequences in
the Medial Prefrontal Cortex during Rule Switching. Neuron, 106(1), 154-165.e6.
https://doi.org/10.1016/j.neuron.2020.01.015
Kajikawa, Y. (2012). How local is the local field potential? Neuron, 72(5), 847–858.
https://doi.org/10.1016/j.neuron.2011.09.029.How
Karelina, K., & Norman, G. J. (2009). Oxytocin influence on the nucleus of the solitary tract:
Beyond homeostatic regulation. Journal of Neuroscience, 29(15), 4687–4689.
https://doi.org/10.1523/JNEUROSCI.0342-09.2009
Kilgard, M. P., & Merzenich, M. M. (1998). Cortical map reorganization enabled by nucleus
basalis activity. Science, 279, 1714–1718.
Kim, C., Cilles, S. E., Johnson, N. F., & Gold, B. T. (2012). Domain general and domain
preferential brain regions associated with different types of task switching: A Meta-

43

Analysis. Human Brain Mapping, 33(1), 130–142. https://doi.org/10.1002/hbm.21199
Kim, D. H., Lipsitz, L. A., Ferrucci, L., Varadhan, R., Guralnik, J. M., Carlson, M. C., Fleisher,
L. A., Fried, L. P., & Chaves, P. H. M. (2006). Association between reduced heart rate
variability and cognitive impairment in older disabled women in the community: Women’s
Health and Aging Study I. Journal of the American Geriatrics Society, 54(11), 1751–1757.
https://doi.org/10.1111/j.1532-5415.2006.00940.x
Klinkenberg, I., & Blokland, A. (2010). The validity of scopolamine as a pharmacological model
for cognitive impairment: A review of animal behavioral studies. Neuroscience and
Biobehavioral Reviews, 34(8), 1307–1350. https://doi.org/10.1016/j.neubiorev.2010.04.001
Klinkenberg, I., Sambeth, A., & Blokland, A. (2011). Acetylcholine and attention. Behavioural
Brain Research, 221(2), 430–442. https://doi.org/10.1016/j.bbr.2010.11.033
Knight, R., Khondoker, M., Magill, N., Stewart, R., & Landau, S. (2018). A systematic review
and meta-analysis of the effectiveness of acetylcholinesterase inhibitors and memantine in
treating the cognitive symptoms of dementia. Dementia and Geriatric Cognitive Disorders,
45(3–4), 131–151. https://doi.org/10.1159/000486546
Krnjevj, K., Pumain, R., & Renaudt, L. (1971). The mechanism of excitation by acetylcholine in
the cerbral cortex. Journal of Physiology, 215, 247–268.
Lacreuse, A., Parr, L., Chennareddi, L., & Herndon, J. G. (2018). Age-related decline in
cognitive flexibility in female chimpanzees. Neurobiology of Aging, 72, 83–88.
https://doi.org/10.1016/j.neurobiolaging.2018.08.018
Lai, Z. C., Moss, M. B., Killiany, R. J., Rosene, D. L., & Herndon, J. G. (1995). Executive
system dysfunction in the aged monkey: Spatial and object reversal learning. Neurobiology
of Aging, 16(6), 947–954. https://doi.org/10.1016/0197-4580(95)02014-4
Lane, R. D., McRae, K., Reiman, E. M., Chen, K., Ahern, G. L., & Thayer, J. F. (2009). Neural
correlates of heart rate variability during emotion. NeuroImage, 44(1), 213–222.
https://doi.org/10.1016/j.neuroimage.2008.07.056
Laubach, M., Amarante, L. M., Swanson, K., & White, S. R. (2018). What, If Anything, Is
Rodent Prefrontal Cortex? ENeuro, 5(5), 315–333. https://doi.org/10.1523/ENEURO.031518.2018
Levey, A. I., Kitt, C. A., Simonds, W. F., Price, D. L., & Brann, M. R. (1991). Identification and
localization of muscarinic acetylcholine receptor proteins in brain with subtype-specific
antibodies. Journal of Neuroscience, 11(10), 3218–3226.
https://doi.org/10.1523/jneurosci.11-10-03218.1991
Li, C., Chang, Q., Zhang, J., & Chai, W. (2018). Effects of slow breathing rate on heart rate
variability and arterial baroreflex sensitivity in essential hypertension. Medicine, 97.
https://doi.org/10.1097/MD.0000000000010639
Ljubojevic, V. (2014). Cholinergic and Anatomical Dissociation of the Engagement and
Disengagement of Spatial Attention in Rats. In 2014 (Vol. 1, Issue 1).
https://doi.org/10.1007/s13398-014-0173-7.2
Ljubojevic, V., Luu, P., & De Rosa, E. (2014). Cholinergic contributions to supramodal
attentional processes in rats. The Journal of Neuroscience : The Official Journal of the
Society for Neuroscience, 34(6), 2264–2275. https://doi.org/10.1523/JNEUROSCI.102413.2014
Ljubojevic, V., Luu, P., Gill, P. R., Beckett, L.-A., Takehara-Nishiuchi, K., & De Rosa, E.
(2018). Cholinergic modulation of frontoparietal cortical network dynamics supporting
supramodal attention. The Journal of Neuroscience, 38(16), 2350–17.

44

https://doi.org/10.1523/JNEUROSCI.2350-17.2018
Loewi, O. (1924). Über Humorale Übertragbarkeit der Herznervenwirkung. Klinische
Wochenschrift, 3(8), 323. https://doi.org/10.1007/BF01754427
Luine, V., Bowling, D., & Hearns, M. (1990). Spatial memory deficits in aged rats: contributions
of monoaminergic systems. Brain Research, 537(1–2), 271–278.
https://doi.org/10.1016/0006-8993(90)90368-L
Luine, V. N., Renner, K. J., Heady, S., & Jones, K. J. (1986). Age and sex-dependent decreases
in ChAT in basal forebrain nuclei. Neurobiology of Aging, 7(3), 193–198.
https://doi.org/10.1016/0197-4580(86)90042-4
Ma, X., Yue, Z. Q., Gong, Z. Q., Zhang, H., Duan, N. Y., Shi, Y. T., Wei, G. X., & Li, Y. F.
(2017). The effect of diaphragmatic breathing on attention, negative affect and stress in
healthy adults. Frontiers in Psychology, 8(JUN), 1–12.
https://doi.org/10.3389/fpsyg.2017.00874
Masley, S., Roetzheim, R., & Gualtieri, T. (2009). Aerobic exercise enhances cognitive
flexibility. Journal of Clinical Psychology in Medical Settings, 16(2), 186–193.
https://doi.org/10.1007/s10880-009-9159-6
Merrill, C. A., Jonsson, M. A., Minthon, L., Ejnell, H., Silander, H. C., Blennow, K., Karlsson,
M., Nordlund, A., Rolstad, S., Warkentin, S., Ben-Menachem, E., & Sjogren, M. J. C.
(2006). Vagus nerve stimulation in patients with alzheimer’s disease: Additional follow-up
results of a pilot study through 1 year. Journal of Clinical Psychiatry, 67(8), 1171–1178.
Mesulam, M. M., Mufson, E. J., Levey, a I., & Wainer, B. H. (1983). Cholinergic innervation of
cortex by the basal forebrain: cytochemistry and cortical connections of the septal area,
diagonal band nuclei, nucleus basalis (substantia innominata), and hypothalamus in the
rhesus monkey. The Journal of Comparative Neurology, 214(2), 170–197.
https://doi.org/10.1002/cne.902140206
Mesulam, M. M., Mufson, E. J., Wainer, B. H., & Levey, A. I. (1983). Central cholinergic
pathways in the rat: An overview based on an alternative nomenclature (Ch1-Ch6).
Neuroscience, 10(4), 1185–1201. https://doi.org/10.1016/0306-4522(83)90108-2
Metherate, R., Cox, C. L., & Ashe, J. H. (1992). Cellular bases of neocortical activation:
modulation of neural oscillations by the nucleus basalis and endogenous acetylcholine. The
Journal of Neuroscience : The Official Journal of the Society for Neuroscience, 12(12),
4701–4711.
Milner, B. (1963). Effects of different brain lesions on card sorting: The role of the frontal lobes.
Archives of Neurology, 9(1), 90–100.
Miranda, M. I., Ramírez-Lugo, L., & Bermúdez-Rattoni, F. (2000). Cortical cholinergic activity
is related to the novelty of the stimulus. Brain Research, 882(1–2), 230–235.
https://doi.org/10.1016/S0926-6410(00)00050-1
Monsell, S. (2003). Task switching. Trends in Cognitive Sciences, 7(3), 134–140.
https://doi.org/10.1016/S1364-6613(03)00028-7
Murray, A. R., Atkinson, L., Mahadi, M. K., Deuchars, S. A., & Deuchars, J. (2016). The strange
case of the ear and the heart: The auricular vagus nerve and its influence on cardiac control.
Autonomic Neuroscience: Basic and Clinical, 199, 48–53.
https://doi.org/10.1016/j.autneu.2016.06.004
Nelson, C. L., Sarter, M., & Bruno, J. P. (2005). Prefrontal cortical modulation of acetylcholine
release in posterior parietal cortex. Neuroscience, 132(2), 347–359.
https://doi.org/10.1016/j.neuroscience.2004.12.007

45

Nichols, J. A., Nichols, A. R., Smirnakis, S. M., Engineer, N. D., Kilgard, M. P., & Atzori, M.
(2011). Vagus nerve stimulation modulates cortical synchrony and excitability through the
activation of muscarinic receptors. Neuroscience, 189, 207–214.
https://doi.org/10.1016/j.neuroscience.2011.05.024
Nikiforuk, A., Kos, T., Potasiewicz, A., & Popik, P. (2015). Positive allosteric modulation of
alpha 7 nicotinic acetylcholine receptors enhances recognition memory and cognitive
flexibility in rats. European Neuropsychopharmacology, 25(8), 1300–1313.
https://doi.org/10.1016/j.euroneuro.2015.04.018
Olsen, G. M., Hovde, K., Kondo, H., Sakshaug, T., Sømme, H. H., Whitlock, J. R., & Witter, M.
P. (2019). Organization of Posterior Parietal–Frontal Connections in the Rat. Frontiers in
Systems Neuroscience, 13(August), 1–23. https://doi.org/10.3389/fnsys.2019.00038
Olsen, G. M., & Witter, M. P. (2016). Posterior parietal cortex of the rat: Architectural
delineation and thalamic differentiation. Journal of Comparative Neurology, 524(18),
3774–3809. https://doi.org/10.1002/cne.24032
Orsetti, M., Casamenti, F., & Pepeu, G. (1996). Enhanced acetylcholine release in the
hippocampus and cortex during acquisition of an operant behavior. Brain Research, 724(1),
89–96. https://doi.org/10.1016/0006-8993(96)00292-2
Ortega, L. A., Tracy, B. A., Gould, T. J., & Parikh, V. (2013). Effects of chronic low- and highdose nicotine on cognitive flexibility in C57BL/6J mice. Behavioural Brain Research,
238(1), 134–145. https://doi.org/10.1016/j.bbr.2012.10.032
Parikh, V., Kozak, R., Martinez, V., & Sarter, M. (2007). Prefrontal Acetylcholine Release
Controls Cue Detection on Multiple Timescales. Neuron, 56(1), 141–154.
https://doi.org/10.1016/j.neuron.2007.08.025
Paxinos, G., & Watson, C. (2007). The rat brain in stereotaxic coordinates (Academic).
Perry, E. K., Bergmann, K., Tomlinson, B. E., Blessed, G., Gibson, P. H., & Perry, R. H. (1978).
Correlation of cholinergic abnormalities with senile plaques and mental test scores in senile
dementia. British Medical Journal, 2(6150), 1457–1459.
https://doi.org/10.1136/bmj.2.6150.1457
Peters, G. J., David, C. N., Marcus, M. D., & Smith, D. M. (2013). The medial prefrontal cortex
is critical for memory retrieval and resolving interference. Learning and Memory, 20(4),
201–209. https://doi.org/10.1101/lm.029249.112
Pettigrew, C., & Martin, R. C. (2014). Cognitive declines in healthy aging: Evidence from
multiple aspects of interference resolution. Psychology and Aging, 29(2), 187–204.
https://doi.org/10.1037/a0036085
Picciotto, M. R., Higley, M. J., & Mineur, Y. S. (2012). Acetylcholine as a Neuromodulator:
Cholinergic Signaling Shapes Nervous System Function and Behavior. Neuron, 76(1), 116–
129. https://doi.org/10.1016/j.neuron.2012.08.036
Porter, B. A., Khodaparast, N., Fayyaz, T., Cheung, R. J., Ahmed, S. S., Vrana, W. a., Rennaker,
R. L., & Kilgard, M. P. (2012). Repeatedly pairing vagus nerve stimulation with a
movement reorganizes primary motor cortex. Cerebral Cortex, 22(10), 2365–2374.
https://doi.org/10.1093/cercor/bhr316
Prado, V. F., Janickova, H., Al-Onaizi, M. A., & Prado, M. A. M. (2017). Cholinergic circuits in
cognitive flexibility. Neuroscience, 345, 130–141.
https://doi.org/10.1016/j.neuroscience.2016.09.013
Ragozzino, M. E., Detrick, S., & Kesner, R. P. (1999). Involvement of the Prelimbic–Infralimbic
Areas of the Rodent Prefrontal Cortex in Behavioral Flexibility for Place and Response

46

Learning. The Journal of Neuroscience, 19(11), 4585–4594.
https://doi.org/10.1523/JNEUROSCI.19-11-04585.1999
Ravizza, S. M., & Carter, C. S. (2008). Shifting set about task switching: Behavioral and neural
evidence for distinct forms of cognitive flexibility. Neuropsychologia, 46(12), 2924–2935.
https://doi.org/10.1016/j.neuropsychologia.2008.06.006
Reep, R. L., Chandler, H. C., King, V., & Corwin, J. V. (1994). Rat posterior parietal cortex:
topography of corticocortical and thalamic connections. Experimental Brain Research,
100(1), 67–84. https://doi.org/10.1007/BF00227280
Rhodes, M. G. (2004). Age-related differences in performance on the Wisconsin card sorting
test: A meta-analytic review. Psychology and Aging, 19(3), 482–494.
https://doi.org/10.1037/0882-7974.19.3.482
Ridley, R. M., Baker, J. A., Baker, H. F., & MacLean, C. J. (1994). Restoration of cognitive
abilities by cholinergic grafts in cortex of monkeys with lesions of the basal nucleus of
meynert. Neuroscience, 63(3), 653–666. https://doi.org/10.1016/0306-4522(94)90512-6
Roberts, A. C., De Salvia, M. A., Wilkinson, L. S., Collins, P., Muir, J. L., Everitt, B. J., &
Robbins, T. W. (1994). 6-Hydroxydopamine lesions of the prefrontal cortex in monkeys
enhance performance on an analog of the Wisconsin card sort test: Possible interactions
with subcortical dopamine. Journal of Neuroscience, 14(5 I), 2531–2544.
https://doi.org/10.1523/jneurosci.14-05-02531.1994
Routledge, F. S., Campbell, T. S., McFetridge-Durdle, J. a, & Bacon, S. L. (2010).
Improvements in heart rate variability with exercise therapy. The Canadian Journal of
Cardiology, 26(6), 303–312. https://doi.org/10.1016/S0828-282X(10)70395-0
Sarter, M, & Bruno, J. P. (1997). Cognitive functions of cortical acetycholine: toward a unifying
hypothesis. 23, 28–46.
Sarter, Martin, Hasselmo, M. E., Bruno, J. P., & Givens, B. (2005). Unraveling the attentional
functions of cortical cholinergic inputs: interactions between signal-driven and cognitive
modulation of signal detection. Brain Research Reviews, 48(1), 98–111.
https://doi.org/10.1016/j.brainresrev.2004.08.006
Sarter, Martin, & Lustig, C. (2019). Cholinergic double duty: cue detection and attentional
control. In Current Opinion in Psychology (Vol. 29, pp. 102–107).
https://doi.org/10.1016/j.copsyc.2018.12.026
Schwarz, L. A., & Luo, L. (2015). Organization of the locus coeruleus-norepinephrine system.
Current Biology, 25(21), R1051–R1056. https://doi.org/10.1016/j.cub.2015.09.039
Seamans, J. K., Lapish, C. C., & Durstewitz, D. (2008). Comparing the prefrontal cortex of rats
and primates: insights from electrophysiology. 14(2,3), 249–262.
Seeger, T., Fedorova, I., Zheng, F., Miyakawa, T., Koustova, E., Gomez, J., Basile, A. S.,
Alzheimer, C., & Wess, J. (2004). M2 Muscarinic Acetylcholine Receptor Knock-Out Mice
Show Deficits in Behavioral Flexibility, Working Memory, and Hippocampal Plasticity.
Journal of Neuroscience, 24(45), 10117–10127. https://doi.org/10.1523/JNEUROSCI.358104.2004
Selemon, L. D., & Goldman-Rakic, P. S. (1988). Common cortical and subcortical targets of the
dorsolateral prefrontal and posterior parietal cortices in the rhesus monkey: evidence for a
distributed neural network subserving spatially guided behavior. Journal of Neuroscience,
8(11), 4049–4068. https://doi.org/10.1523/jneurosci.08-11-04049.1988
Sharma, K. (2019). Cholinesterase inhibitors as Alzheimer’s therapeutics (Review). Molecular
Medicine Reports, 20(2), 1479–1487. https://doi.org/10.3892/mmr.2019.10374

47

Shimamura, A. P., Jurica, P. J., Mangels, J. A., Gershberg, F. B., & Knight, R. T. (1995).
Susceptibility to memory interference effects following frontal lobe damage: Findings from
tests of paired-associate learning. Journal of Cognitive Neuroscience, 7(2), 144–152.
https://doi.org/10.1162/jocn.1995.7.2.144
Sjögren, M. J. C., Hellström, P. T. O., Jonsson, M. A. G., Runnerstam, M., Silander, H. C.-S., &
Ben-Menachem, E. (2002). Cognition-enhancing effect of vagus nerve stimulation in
patients with Alzheimer’s disease: a pilot study. Journal of Clinical Psychiatry, 63(11),
972–980.
Smith, A. B., Taylor, E., Brammer, M., & Rubia, K. (2004). Neural Correlates of Switching Set
as Measured in Fast, Event-Related Functional Magnetic Resonance Imaging. Human Brain
Mapping, 21(4), 247–256. https://doi.org/10.1002/hbm.20007
Springer, J. E., Tayrien, M. W., & Loy, R. (1987). Regional analysis of age-related changes in
the cholinergic system of the hippocampal formation and basal forebrain of the rat. Brain
Research, 407(1), 180–184. https://doi.org/10.1016/0006-8993(87)91235-2
Stuss, D. T., Levine, B., Alexander, M. P., Hong, J., Palumbo, C., Hamer, L., Murphy, K. J., &
Izukawa, D. (2000). Wisconsin Card Sorting Test performance in patients with focal frontal
and posterior brain damage: Effects of lesion location and test structure on separable
cognitive processes. Neuropsychologia, 38(4), 388–402. https://doi.org/10.1016/S00283932(99)00093-7
Suhara, T., Inoue, O., Kobayashi, K., Suzuki, K., & Tateno, Y. (1993). Age-related changes in
human muscarinic acetylcholine receptors measured by positron emission tomography.
Neuroscience Letters, 149(2), 225–228. https://doi.org/10.1016/0304-3940(93)90777-I
Tait, D. S., Bowman, E. M., Neuwirth, L. S., & Brown, V. J. (2018). Assessment of
intradimensional/extradimensional attentional set-shifting in rats. Neuroscience and
Biobehavioral Reviews, 89(October 2017), 72–84.
https://doi.org/10.1016/j.neubiorev.2018.02.013
Task Force of the European Society of Cardiology and The North American Society of Pacing
and Electrophysiology. (1996). Heart rate variability: Standards of measurement,
physiological interpretation, and clinical use. European Heart Journal, 17, 354–381.
https://doi.org/10.1161/01.CIR.93.5.1043
Thayer, J. F., Åhs, F., Fredrikson, M., Sollers, J. J., & Wager, T. D. (2012). A meta-analysis of
heart rate variability and neuroimaging studies: Implications for heart rate variability as a
marker of stress and health. Neuroscience and Biobehavioral Reviews, 36(2), 747–756.
https://doi.org/10.1016/j.neubiorev.2011.11.009
Thayer, J. F., Hansen, A. L., Saus-Rose, E., & Johnsen, B. H. (2009). Heart rate variability,
prefrontal neural function, and cognitive performance: The neurovisceral integration
perspective on self-regulation, adaptation, and health. Annals of Behavioral Medicine,
37(2), 141–153. https://doi.org/10.1007/s12160-009-9101-z
Thayer, J. F., & Lane, R. D. (2000). A model of neurovisceral integration in emotion regulation
and dysregulation. Journal of Affective Disorders, 61, 201–216.
https://doi.org/10.1016/S0165-0327(00)00338-4
Thiele, A. (2013). Muscarinic signaling in the brain. Annual Review of Neuroscience, 36, 271–
294. https://doi.org/10.1146/annurev-neuro-062012-170433
Umetani, K., Singer, D. H., McCraty, R., & Atkinson, M. (1998). Twenty-four hour time domain
heart rate variability and heart rate: Relations to age and gender over nine decades. Journal
of the American College of Cardiology, 31(3), 593–601. https://doi.org/10.1016/S0735-

48

1097(97)00554-8
Underwood, B. J. (1957). Interference and forgetting. Psychological Review, 64(1), 49–60.
Uylings, H. B. M., Groenewegen, H. J., & Kolb, B. (2003). Do rats have a prefrontal cortex?
Behavioural Brain Research, 146(1–2), 3–17. https://doi.org/10.1016/j.bbr.2003.09.028
van Bochove, M. E., De Taeye, L., Raedt, R., Vonck, K., Meurs, A., Boon, P., Dauwe, I.,
Notebaert, W., & Verguts, T. (2018). Reduced distractor interference during vagus nerve
stimulation. International Journal of Psychophysiology.
https://doi.org/10.1016/j.ijpsycho.2018.03.015
van den Berg, M. E., Rijnbeek, P. R., Niemeijer, M. N., Hofman, A., Herpen, G. van, Bots, M.
L., Hillege, H., Swenne, C. A., Eijgelsheim, M., Stricker, B. H., & Kors, J. A. (2018).
Normal values of corrected heart-rate variability in 10-second electrocardiograms for all
ages. Frontiers in Physiology, 9(APR), 1–9. https://doi.org/10.3389/fphys.2018.00424
Verhaeghen, P., & Cerella, J. (2002). Aging, executive control, and attention: A review of metaanalyses. Neuroscience and Biobehavioral Reviews, 26(7), 849–857.
https://doi.org/10.1016/S0149-7634(02)00071-4
Vidal, C., & Changeux, J. P. (1993). Nicotinic and muscarinic modulations of excitatory synaptic
transmission in the rat prefrontal cortex in vitro. Neuroscience, 56(1), 23–32.
https://doi.org/10.1016/0306-4522(93)90558-W
Volokhov, R. N., & Demaree, H. A. (2010). Spontaneous emotion regulation to positive and
negative stimuli. Brain and Cognition, 73(1), 1–6.
https://doi.org/10.1016/j.bandc.2009.10.015
Wager, T. D., Jonides, J., & Reading, S. (2004). Neuroimaging studies of shifting attention: A
meta-analysis. NeuroImage, 22(4), 1679–1693.
https://doi.org/10.1016/j.neuroimage.2004.03.052
Weippert, M., Behrens, K., Rieger, A., Kumar, M., & Behrens, M. (2015). Effects of breathing
patterns and light exercise on linear and nonlinear heart rate variability. Applied Physiology,
Nutrition, and Metabolism, 40(8), 762–768. https://doi.org/10.1139/apnm-2014-0493
Whitlock, J. R. (2017). Posterior parietal cortex. Current Biology, 27(14), R691–R695.
https://doi.org/10.1016/j.cub.2017.06.007
Winocur, G. (1984). The effects of retroactive and proactive interference on learning and
memory in old and young rats. Developmental Psychobiology, 17(5), 537–545.
https://doi.org/10.1002/dev.420170510
Wood, C., Kohli, S., Malcolm, E., Allison, C., & Shoaib, M. (2016). Subtype-selective nicotinic
acetylcholine receptor agonists can improve cognitive flexibility in an attentional set
shifting task. Neuropharmacology, 105, 106–113.
https://doi.org/10.1016/j.neuropharm.2016.01.006
Woolf, N. J. (1991). Cholinergic systems in mammalian brian and spinal cord. Progress in
Neurobiology, 37, 475–524.
Yadav, G., & Mutha, P. K. (2016). Deep Breathing Practice Facilitates Retention of Newly
Learned Motor Skills. Scientific Reports, 6(November), 1–8.
https://doi.org/10.1038/srep37069
Young, J. W., Powell, S. B., Geyer, M. A., Jeste, D. V, & Risbrough, V. B. (2010). The mouse
attentional set-shifting task: A method for assaying successful cognitive aging? Cognitive
Affective Behavioral Neuroscience, 10(2), 243–251.
https://doi.org/10.3758/CABN.10.2.243
Yu, A. J., & Dayan, P. (2005). Uncertainty, neuromodulation, and attention. Neuron, 46, 681–

49

692. https://doi.org/10.1016/j.neuron.2005.04.026
Záborszky, L., Cullinan, W. E., & Braun, A. (1991). Afferents to basal forebrain cholinergic
projection neurons: An update. In Advances in Experimental Medicine and Biology (Vol.
295, Issue May). https://doi.org/10.1007/978-1-4757-0145-6_2
Záborszky, Laszlo, Csordas, A., Mosca, K., Kim, J., Gielow, M. R., Vadasz, C., & Nadasdy, Z.
(2015). Neurons in the basal forebrain project to the cortex in a complex topographic
organization that reflects corticocortical connectivity patterns: An experimental study based
on retrograde tracing and 3D reconstruction. Cerebral Cortex, 25(1), 118–137.
https://doi.org/10.1093/cercor/bht210
Záborszky, Laszlo, Gombkoto, P., Varsanyi, P., Gielow, M. R., Poe, G., Role, L. W., Ananth,
M., Rajebhosale, P., Talmage, D. A., Hasselmo, M. E., Dannenberg, H., Minces, V. H., &
Chiba, A. A. (2018). Specific Basal Forebrain–Cortical Cholinergic Circuits Coordinate
Cognitive Operations. Journal of Neuroscience, 38(44), 9446–9458.
https://doi.org/10.1523/jneurosci.1676-18.2018
Zahn, D., Adams, J., Krohn, J., Wenzel, M., Mann, C. G., Gomille, L. K., Jacobi-Scherbening,
V., & Kubiak, T. (2016). Heart rate variability and self-control-A meta-analysis. Biological
Psychology, 115, 9–26. https://doi.org/10.1016/j.biopsycho.2015.12.007
Zeki Al Hazzouri, A., Haan, M. N., Deng, Y., Neuhaus, J., & Yaffe, K. (2014). Reduced heart
rate variability is associated with worse cognitive performance in elderly Mexican
Americans. Hypertension, 63(1), 181–187.
https://doi.org/10.1161/HYPERTENSIONAHA.113.01888
Zelano, C., Jiang, H., Zhou, G., Arora, N., Schuele, S., Rosenow, J., & Gottfried, J. A. (2016).
Nasal respiration entrains human limbic oscillations and modulates cognitive function.
Journal of Neuroscience, 36(49), 12448–12467. https://doi.org/10.1523/JNEUROSCI.258616.2016

50

CHAPTER 1: CHOLINERGIC DISRUPTION MIMICS THE EFFECT
OF NATURAL AGING ON COGNITIVE FLEXIBILITY
Abstract
It has long been suggested that loss of memory in old age is driven by changes to the cholinergic
neuromodulatory system. Normal aging also challenges cognitive flexibility, the capacity to fluidly
modify response as the environment changes, and the dependence of cognitive flexibility on
acetylcholine (ACh) in young adult humans, non-human primates, and rodents suggests that
cholinergic degradation may drive aging effects in these processes as well. Here we used a
proactive interference odor discrimination task, in which subjects must flexibly acquire and act on
new associations that conflict with past learning, to probe cognitive flexibility in male Long Evans
rats aged 10 months or 21-23 months. Aged rats were inflexible in resolving interference.
Furthermore, administration of the muscarinic ACh receptor antagonist scopolamine reduced
cognitive flexibility in young rats such that they were statistically indistinguishable from aged rats.
Scopolamine had no effect on older rats, indicating that age and the cholinergic antagonist captured
equivalent mechanisms, i.e., that natural depression of ACh neuromodulation over the lifespan
underlies the observed inflexibility in aging.

Introduction
Advancing age is commonly accompanied by challenges to cognitive function (Harada et al.,
2013). A large body of evidence suggests that these challenges are driven in part by lifespan
changes in the cholinergic neuromodulatory system, degradation of which is also implicated in
pathological dementia (Ballinger et al., 2016; Fernández-Cabello et al., 2020; Fischer et al., 1992;
Perry et al., 1978; Zaborszky et al., 2008; Zaborszky et al., 2018). While decreased functioning of
Acetylcholine (ACh) has traditionally been associated with memory decline (Drachman & Leavitt,
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1974), growing evidence of ACh’s role in attention, inhibition and cognitive flexibility suggests
that loss of neuromodulatory tone could contribute to age-related changes in such processes as
well. Here we probe the intersection of aging and ACh in cognitive flexibility, specifically the
ability to adjust behavior by context and ignore no-longer-relevant information when learning new
information.
In navigating the dynamics of daily life, it is critical that behavior is fluidly adjusted to changes in
the environment. This capacity, termed cognitive flexibility, combines attentional control,
suppression of old strategies, and use of context to guide appropriate behavior (Dajani & Uddin,
2015). As with numerous other complex cognitive functions, cognitive flexibility declines notably
with age (Barense et al., 2002; Bizon et al., 2012; Head et al., 2009; Lacreuse et al., 2018;
Tsutsumimoto et al., 2015; Wilson et al., 2018; Zelazo et al., 2004). This compromised cognitive
flexibility is captured in the phenomenon of proactive interference (PI), the impairment of
acquiring new associations that overlap or conflict with past learning. While young adults are
typically able to resolve PI readily, resolution is impaired in aged rodents (Winocur, 1984) and
humans (Pettigrew & Martin, 2014) and may contribute to other aspects of cognitive aging and
dementia (Ebert & Anderson, 2009; Emery et al., 2008).
In young adult humans, non-human primates, and rodents, ACh contributes to cognitive flexibility
(Prado et al., 2017). Past research found that cholinergic neuromodulation supported attention to
changes in the environment (Bucci, Holland, Gallagher), successfully switching among tasks
(Chen et al., 2004), and dynamic allocation of attention (Ljubojevic et al., 2014, 2018). This effect
is often specific to cognitive flexibility, rather than simple learning or performance of tasks. For
example, reducing cholinergic transmission impaired attentional set-shifting and reversal learning
rodents (Chen et al., 2004; Seeger et al., 2004) while bolstering ACh activity has been found to
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enhance these processes (Nikiforuk et al., 2015; Wood et al., 2016), without impacting initial
learning. Notably, antagonizing muscarinic ACh receptors with scopolamine (SCOP), in contrast
to the methylated version methylscoplamine (MSCOP) that is inefficient in crossing the blood
brain barrier, drove pronounced and specific impairment of PI resolution in rats (De Rosa and
Hasselmo, 2000; De Rosa et al., 2001) and humans (Atri et al., 2004) but did not impact learning
novel, non-interfering stimuli or recalling previously learned associations.
The cholinergic system is strongly impacted by age (Biegon et al., 1986; Gibson et al., 1981;
Gibson & Peterson, 1981; Gurwitz et al., 1987; James & Kanungo, 1976; Luine et al., 1986;
Springer et al., 1987; Suhara et al., 1993). Synthesis and release of ACh (Gibson et al., 1981;
Gibson & Peterson, 1981), levels choline acetyltransferase and acetylcholinesterase (AChE,
Biegon et al., 1986; Luine et al., 1986; Springer et al., 1987), and density of cholinergic receptors
(Gurwitz et al., 1987; James & Kanungo, 1976; Suhara et al., 1993) have all been shown to
decrease with age (but see Sarter and Bruno, 1998). The possible relationship between this loss of
ACh functionality and cognitive decline was formulated in the “cholinergic hypothesis,”
postulating that the damage of basal forebrain cholinergic nuclei (BF, the primary source of ACh
to the neocrotex) prominent in Alzheimer’s disease is largely responsible for the associated
cognitive pathology (Bartus et al., 1982). AChE inhibitors remain the primary pharmacological
treatment for dementia (Sharma, 2019).
Outside of pathology, degradation of cholinergic system correlates with cognitive aging e.g.,
ChAT activity was inversely related to the degree of impairment on a mental test battery among
patients with Alzheimer’s Disease or depression (Perry et al., 1978). Aged rats as a group
performed worse on a radial arm maze than did young rats, and performance within the aged group
correlated with ChAT level (Luine et al., 1990). Likewise in a water maze, some but not all aged
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rats were impaired relative to young adult rats, and performance was negatively related to cell
counts in the BF (Fischer et al., 1992). More recently, functional magnetic resonance imaging has
demonstrated that decreasing BF volume correlates with declining global cognitive function in
older adult humans (Lammers et al., 2018; Wolf et al., 2014), and that older adults who complain
of subjective cognitive decline have significantly lower BF volume than peers who do not
experience decline (Scheef et al., 2019).
Thus, ACh supports cognitive flexibility in young adults across species, and loss of ACh signaling
contributes to at least some aspects of cognitive aging, making ACh reduction a promising
candidate to underly age-related decreases in cognitive flexibility. Moreover, the modest effects
of boosting synaptic ACh to combat cognitive impairment (Knight et al., 2018) highlight the need
to gain a stronger understanding of the dynamics and boundaries of ACh’s role in cognitive aging
and dementia. In the present study, we used an odor discrimination PI task in young and aged rats
and assessed the effect of age alone (Study 1) or age in conjunction with ACh manipulation via
SCOP (Study 2) on cognitive flexibility.

Methods
Animals
A total of 51 male Long-Evans rats (Charles River Laboratories, Wilmington MA) were used
across two studies. All rats were housed, and all experiments conducted, in accordance with the
Cornell University IACUC. Rats were kept on a 12-hour reverse day/night schedule and placed on
water restriction for the duration of training and testing, wherein rats received 15 minutes of free
water following training or testing each day. Weighing three times weekly ensured no rat fell below
80% of individual starting weight during water restriction. Prior to start of shaping, rats
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acclimatized to the vivarium for seven days and then were handled daily for an additional 5-10
days until habituation to researcher.

Behavioral apparatus
All training and testing occurred within a 25cm x 25cm x 25cm plexiglass and stainless-steel
operant chamber (Med Associates Inc., Fairfax VT) inside a ventilated noise-reducing wooden
chamber (Figure 1A). One inner face of the operant chamber was equipped with 2.5cm square
apertures that served both to release odor, through a custom-designed olfactometer connected
outside the chamber, and to lodge rats’ nose poke responses through an infrared beam at the front
of the aperture. The opposing face of the chamber held a water well with an infrared beam at the
entry and an adjacent reward indication light, with a house light and speaker near the top of the
chamber. An additional infrared beam outside the water well was used to initiate trials.
A custom olfactometer (Figure 1B) delivered the odorized air to the operant chamber at 1.5 liters
per minute. Air entered via a pump and was dehydrated, filtered, and rehydrated before passing to
vials containing individual odorants. Odorized air was directed to the operant chamber as
appropriate in the task paradigm by way of solenoid valves. Between trials air from the
olfactometer and from the operant chamber apertures was evacuated by a vacuum pump. All trial
events were controlled and recorded by a custom Python program via an input/output interface
card (Med Associates Inc., Fairfax VT).

Proactive interference task and training
We elicited proactive interference using a paired associate odor discrimination task (De Rosa &
Hasselmo, 2000; De Rosa et al., 2001; De Rosa et al., 2004, Figure 1 C). In this task, rats are
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presented simultaneously with two odors: a target and a distractor. The rats must learn which odor
in each pair is the target through trial and error, indicating responses by poking the port releasing
the target odor. The stimulus-response associations of the odors can then be manipulated to
challenge learning, e.g., by provoking PI.
In shaping, rats were taught to initiate trials by breaking an infrared beam at the rear of the operant
chamber, then to nosepoke either of the ports at the opposite end of the chamber to obtain a water
reward. A green LED light above the water well indicated reward availability; breaking the
infrared beam at the water well entrance triggered reward delivery. Once rats learned to perform
the nosepoke response behavior they were taught to discriminate first between odorized air vs.
non-odorized air, then between pairs of odors. At each stage rats were first allowed to make as
many attempts as needed to select the correct port; subsequently as rats mastered each stage
negative feedback was added such that incorrect responses elicit a mildly aversive error tone and

Figure 3: Apparatus and task design. A) Operant chamber design. B) Example flow of olfactometer. After
rehydration, air was distributed through a central hub to each of five odorant vials. When valves were open,
odorized air rejoined the flow at a hub for each side, allowing control of odor and side of release. In
between trials, air from each side hub and the ports was sent to vacuum. C) Schematic of proactive
interference task; colors and letters signify different odors. Targets (+) shown in left column and distractors
(-) in right column, though in the task side was counterbalanced across trials.
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house light. Odor stimuli were plant-based essential oils and fragrances (Bulk Apothecary, Aurora,
OH), selected to be clearly distinguishable while neither inherently aversive nor appetitive.
The final test consisted of two phases. In the baseline phase, rats were presented with 64 trials per
day and learned a new stimulus pair (e.g., A+ / B-, where + indicates a rewarded target stimulus
and – indicates a non-rewarded distractor stimulus). After becoming proficient in indicating the
target of this baseline pair, as measured by meeting criteria (90% correct in any 20-trial period or
<75% overall) for at least two sessions, rats advanced to a testing phase consisting of interleaved
trials of two types: proactive interference (PI) trials in which the target from the baseline pair
became the distractor (C+ / A-), and a new stimulus is the target; and Novel trials consisting of
two new stimuli (D+ / E-). To succeed in PI trials rats must overcome past learning about a former
target stimulus; thus, proactive interference is elicited. The Novel trials allowed us to contrast PI
resolution with learning in the absence of interference. Testing sessions began with a reminder
block of 32 Baseline trials then proceed to 32 PI and 32 novel trials, interleaved, for a total of 96
trials per day in the testing phase. The reminder Baseline trials ensured that, to maximize reward,
rats must learn context rather than overwriting the previous learning: odor A is a target in the
context of pairing with B but a distractor in the context of pairing with odor C. The testing phase
spanned five consecutive days, which are the focus of subsequent data analysis.
Performance was measured in accuracy for each session. i.e., the percentage of trials of each type
in which the animal selected the correct odor, without counting omissions (trials where the rat
made no response in the 30-second window). In the test phase, accuracy was measured separately
for each trial type within each session.
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Drugs and injection
During the baseline phase rats received intraperitoneal (I.P.) injections of normal sterile saline to
acclimate to injection. During the test phase, the nonspecific muscarinic antagonist scopolamine
(Krackler Scientific, Albany, NY) or its methylated counterpart, methylscopolamine (Krackler
Scientific, Albany, NY), dissolved in 9% sterile saline (Krackler Scientific, Albany, NY), were
administer via I.P. injection at 0.25 m.g. / k.g. body weight 20 minutes prior to behavioral testing.
Methylscopolamine has limited ability to cross the blood brain barrier and served as a control
substance allows isolation of the central effects of ACh. This dosage and administration paradigm
have been previously demonstrated to selectively impair PI resolution in this task (De Rosa &
Hasselmo, 2000). To allow within-subjects comparisons of ACh blockade, each rat underwent a
baseline and test phase in one drug condition then a new baseline and test phase, with new odor
sets, in the other drug condition. Drug order was counterbalanced across rats and the experimenter
was blind to drug condition.

Statistical analysis
All statistical analyses were performed in R (R Core Team, 2019). Accuracy was assessed via
mixed effects models (Bates et al., 2015) with rat identity as a random effect and testing day (15), drug (MSCOP or SCOP), trial type (Baseline, PI, or Novel), and age (young or older) as fixed
effects. Output of the mixed models was submitted to a type III sums of squares F test with
Kenward Roger estimation of degrees freedom (Kenward et al., 1997). Mixed models typically
employ estimates of degrees freedom that attempt to account for the impact of covariance within
the data (Bolker, 2020), rather than traditional deterministic measured of degrees freedom. Our
analysis utilized the lme4 (Bates et al., 2015) and car (Gajewski et al., 2010) packages in R. Past
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work has demonstrated the applicability of this approach for generalized linear mixed models as
were used in this study (Luke, 2017; Stroup, 2013; Stroup, 2015). Post-hoc analysis used pairwise
t-tests with a Holm correction for repeated testing.

Results
Study 1: effect of age on PI resolution
We compared PI resolution in 17 young adult rats (mean age 9.8 months) and 11 aged rats (mean
age 23 months). The young group comprised two cohorts of rats tested at separate times; because
direct comparison indicated no difference in performance between these two groups (F(1,15) =
0.415, p = 0.529), we proceeded with these cohorts pooled for further analyses.
Overall, both ages showed signs of interference (Figure 2), demonstrated in a main effect of trial
type (F(2,362) = 35.068 p < 0.01) driven by significantly lower accuracy in the PI trials compared
to either Baseline (t(361) = 6.616, p < 0.001) or Novel (t(361) = 7.754, p < 0.001) trials. There
was no difference in accuracy between Baseline and Novel trials (t(361) = 1.155, p = 0.481).
Young rats outperformed aged rats on all trial types, resulting in a main effect of age (F(1,25.95)
= 59.554, p < 0.01). In general rats’ accuracy gradual improved over sequential days (F(4,361) =
4.876, p < 0.01), an effect that interacted with trial type (F (8,361) = 2.783, p < 0.005). However,
follow-up analysis of the age groups separately, guided by the observable differences in the
visualized data, revealed that both the effect of day and the day by trial type interaction were
specific to the young rats (F(8,147.964) = 3.102, p = 0.003) and not present in the old rats, F (8,
140) = 1.227, p = 0.442. We suspected these effects were due to difference in the trajectory of PI
trial accuracy; as can be seen in Figure 2, PI accuracy changed by 27 percentage points from 60%
on day 1 to 87% day 5 for young rats but only changed 10 percentage points, from 50% to 60%,
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for the older rat.
In addition to the global reduction in accuracy among the aged rats, there was a key difference in
PI resolution by age. Young rats only displayed a significant PI effect (that is, lower accuracy on
the PI trials than the Novel trials) on days one to three (Figure 2), while on the final day of testing
there was no longer any significant difference in performance by trial type. Conversely, aged rats
continued to perform significantly worse in PI trials compared to Novel trials at the end of testing.
To further clarify this difference, we computed the PI effect for each animal on each day as the
difference between that individual’s accuracy in PI trials and in Novel trials for that day and
submitted this outcome measure to a mixed model examining the simple main effects of day within
each age group. This analysis demonstrated that only the young rats’ PI effect decreased
significantly over days (F(4,62.205) = 3.476, p = 0.013), whereas the old rats’ PI effect remained
statistically unchanged throughout testing, F(4,40) = 1.734, p = 0.162).
These findings suggest that age challenged rats in two ways: by broadly lowering accuracy
performance, and by reducing rats’ ability to resolve interference. Both ages initially had lower
accuracy when acquiring an odor pair that overlapped with previously learned information than
when learning a novel pair, however whereas young rats eventually resolved this interference
whereas aged rats did not.
Study 2 – interaction of age and ACh blockade on PI resolution
Having determined from Study 1 that age impairs the resolution of interference over repeated
sessions, and building off past evidence that ACh is involved in PI resolution (Atri et al., 2004; De
Rosa et al., 2001; De Rosa & Hasselmo, 2000), in Study 2 we asked how functioning of the
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Figure 2: Effect of age and testing day on accuracy. A) In both young and aged rats, accuracy on the PI
triasl was significantly lower than accuracy on the Baseline or Novel trials. B)Accuracy in the three trial
types is charted over testing days for each age group. Accuracy in Baseline trials remained steady, while
the Novel odor pair was quicly acquired. Accruracy in the PI trials was significantly lower than that in the
Novel trials throughout the early days of testing for both age groups. In young rats interference was
resolved, so that by days four and five tehre was no effect of trial type. Convsersely the discrepancy in
accuracy was still significant on day five for the old rats, and unlike in young rats the magnitude of
difference between PI and Novel accuracy did not change significantly over time. * indicates p < 0.05 in
the comparison of PI accuracy vs. Novel accuracy.

cholinergic system is related to the observed age effects. To test this, we repeated the odor
discrimination cognitive flexibility task while manipulating cholinergic transmission in new
cohorts of young rats (n = 12, mean age 10 months) and aged rats (n=11, mean age 21 months).
Pilot studies suggested that the experimental procedures, e.g. drug administration and surgeries for
a separate study, would not be tolerated in extremely aged rats, so in Study 2 our aged group was
two months younger than in Study 1.
Study 2 part 1 – effect of ACh blockade in young rats
We first assessed the effects of cholinergic disruption in young adult rats. Replicating previous
findings (De Rosa & Hasselmo, 2000), administration of SCOP, compared to MSCOP,
exacerbated PI. Interference was apparent in a main effect of trial type (F(2,311.06) = 78.938, p <
0.001, Figure 3A), driven by significant differences between PI vs. Baseline (t(311) = 11.394, p
<0.001) and PI vs. Novel (t(311) = 10.293, p < 0.001) trials. Although accuracy was lower in
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SCOP (F(1,312.03) = 10.448, p 0.001), post-hoc tests clarified that this was due to SCOP
selectively impairing accuracy in the PI trials (t(311) = 0.111, p < 0.001), not the Novel (t(311) =
0.034, p =0.132) or Baseline trials (t(311) = 0.012, p = 0.683. Furthermore, a focused contrast
showed that the difference between Novel and PI accuracy was significantly larger in the SCOP
condition than the MSCOP condition (t(311) = 2.315, p = 0.021).
Examining the development of accuracy over testing days revealed that under MSCOP young rats
resolved PI over time (day by trial type interaction F(8,311.06) = 2.218, p 0.026) such that there
was no significant interference effect by day five (t(311) = 1.641, p = 0.230), whereas under SCOP
the young rats did not develop PI accuracy and continued to show significantly worse performance
in these trials through the end of testing (Figure 3B). Thus, disrupting ACh activity reduced young
rat’s ability to overcome interference without impairing learning of novel associations or
performance of previously learned associations.
Study 2 part 2 – age comparison
We then modelled young and aged rats together (Figure 3). Global accuracy improved over
successive testing sessions (F(4,577) = 7.185, p < 0.001), and demonstrated a robust influence of
PI (F(2,576.41) = 139.934, p < 0.001). Across ages and drugs, accuracy was lower for the PI trials
than for the Baseline (t(576) = 15.451, p < 0.01) or Novel trials (t(576) = 13.278, p < 0.01), while
there was no difference between Baseline and Novel trials (t(577) = 2.100,p = 0.091). Contrary to
our findings in Study 1 there was no main effect of age (F(1,21) = 0.972, p = 0.336). However,
under the MSCOP condition aged rats, compared to young, were selectively challenged in the PI
trials, t(81.6) = 2.496, p = 0.015. This difference was absent in the SCOP condition (t(84.8) =
0.933, p = 0.354), reflecting the impact of SCOP on young rats’ PI accuracy which left their
performance statistically similar to that of aged rats.
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Unlike the young rats, aged rats showed no impact of drug either as a main effect (F(1,266.590) =
3.561, p = 0.060) or on the PI trials specifically (t(266) = 0.871, p = 0.384, Figure 3 C-D),
indicating that cholinergic receptor blockade was unable to further reduce interference resolution
beyond the decrement due to age. This non-additive effect may suggest a common mechanism
through which age and SCOP impair PI resolution, indicating a role of cholinergic transmission
decline in the aging effects on PI. Further supporting the possibility of a shared mechanism is the
close mimicry of aging seen by administering SCOP to young rats. Indeed, we found no difference
in PI accuracy when we selectively compared young rats under SCOP to aged rats on MSCOP,
t(39.8) = 0.172, p = 0.864.

Discussion
Given that cholinergic signaling supports cognitive flexibility (Atri et al., 2004; Chen et al., 2004;
De Rosa et al., 2001; De Rosa et al., 2004; De Rosa & Hasselmo, 2000; Nikiforuk et al., 2015;
Prado et al., 2017; Seeger et al., 2004; Wood et al., 2016) and given the pronounced challenge to
the cholinergic system in aging (Biegon et al., 1986; Gibson et al., 1981; Gibson & Peterson, 1981;
Gurwitz et al., 1987; James & Kanungo, 1976; Luine et al., 1986; Springer et al., 1987), we
postulated that decreasing ACh integrity is at least partly responsible for age-related loss of
cognitive flexibility (Barense et al., 2002; Bizon et al., 2012). Consistent with this, we found that
aged rats, in comparison to young rat, are inefficient at resolving interference from previously
learned associations when acquiring new, overlapping information. In young rats, impairing ACh
transmission through a muscarinic antagonist selectively reduced interference resolution, but not
novel learning or performance of previously learned associations (De Rosa and Hasselmo, 2000),
and cholinergic blockade in old rats demonstrated substantial overlap with natural aging.
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Figure 3. The effects of drug condition and age on accuracy. A) In young rats, cholinergic disruption
selectively impaired accuracy on PI trials and increased the effect or interaction (i.e. the difference between
green and blue bars is significantly larger in right panel). B) While PI trial performance was initially similar
across drug conditions, in MSCOP young rats showed gradual resolution of interference that was absent in
the SCOP condition. C) Aged rats had a pronounced interference effect that did not differ across drug
conditions. D) Aged rats failed to resolve interference over time regardless of drug condition. * indicates p
< 0.05; in panels B and D this refers specifically to the comparison on PI accuracy vs. Novel accuracy.

In rats without any drug manipulation, advanced age had a pronounced effect on PI resolution.
Rats in both age groups initially struggled to learn an odor pair-response association that partly
conflicted with an association they already knew, as demonstrated by the lower accuracy in PI
trials compared to Novel trials. While in young rats this challenge was transient, with PI accuracy
resolving to equivalency with the Novel pair after several days of training, aged rats never achieve
stable resolution. Confronted with this conflicting association, aged rats were not able to exercise
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the required flexibility.
While old rats were challenged in acquiring the PI pair compared to young rats, cholinergic
disruption was unable to further impair PI resolution beyond the effect of age. Such a non-additive
effect could arise when two manipulations occur via the same underlying mechanisms, in this case
if the effect of age were itself due to naturally diminished ACh activity equivalent to that from
scopolamine injection. Again, this supports the conclusion that lifespan changes in cholinergic
neuromodulation contribute heavily to age-related declines in cognitive flexibility. If this is the
case, reducing cholinergic activity in young rats should mimic the behavioral effects of age.
Indeed, young rats treated with scopolamine closely resembled old rats in their performance such
that they were statistically indistinguishable from aged rats treated with a methylscopolamine
control, consistent with age-related decreases in ACh underlying to older rats’ reduced ability to
overcome interference from past learning.
In contrast to the current findings, past work has suggested a stronger impact of scopolamine on
cognition in older adult humans (Flicker et al., 1992; Molchan et al., 1992; Tariot et al., 1996) and
dogs (Araujo et al., 2005, 2011), particularly in tasks related to working memory, recall, and visuospatial attention. This may be attributable decreased muscarinic receptor density increasing the
physiological sensitivity of the aged brain to scopolamine (Araujo et al., 2011; Scali et al., 1995)
or, potentially, to slower clearance of the drug in older individuals (Alvarez-Jimenez et al., 2016).
Primates and rodents with lesions to cholinergic basal forebrain nuclei have also shown greater
sensitivity to scopolamine and other muscarinic blockers (Aigner et al., 1987; De Rosa et al., 2001;
Voytko et al., 1994). These findings have been used to argue that degradation of the cholinergic
system from aging leaves less ability to buffer the effects of ACh antagonists and therefore more
vulnerable to these manipulations.
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However, this finding is inconsistent both across tasks and across studies. For instance, two studies
found that working memory was no more sensitive to scopolamine in aged rats than in young rats
(Appenroth & Fleck, 2010; Spangler et al., 1989), even when there are pronounced effects of age
alone. Intriguingly, aging and lesion studies demonstrating increased sensitivity to scopolamine
often do not see any performance deficit from age or lesion alone (Sarter & Bruno, 1998), whereas
studies that report no increased sensitivity to scopolamine generally do see robust effects of age
separate from pharmacology manipulations. This raises the possibility that at least partially
preserved behavior may be prerequisite for aging or lesion to exacerbate sensitivity to cholinergic
manipulations. Consistent with this, Gage and Bjorklund (1986) examined spatial memory in aged
rats who showed impairment on a Morris Water Maze compared to those who were not impaired
and to young rats. Half the impaired older rats received hippocampal grafts of ACh-rich fetal
tissue, which rescued their performance to the levels of unimpaired old rats. Unimpaired and
grafted rats had elevated sensitivity to scopolamine’s impact on spatial memory, but un-grafted
impaired rats showed no significant effect of the drug. These results suggest that external
manipulation of ACh may be less impactful when natural cholinergic loss has already weakened
behavior.
It may be that dysregulation in the cholinergic system, rather than absolute levels of activity,
underlie some aspects of cognitive aging. Complementing the present results, both age (Mandairon
et al., 2011) and basal forebrain lesion (Aigner et al., 1987) reduce behavioral sensitivity to the
acetylcholinesterase inhibitor physostigmine despite the drug increasing ACh activity. Moreover,
Mandairon et al. (2011) found that although environmental enrichment and physostigmine each
had a moderate influence on odor discrimination, combining these manipulations had no additional
effect.
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Another possible explanation for the lack of scopolamine impact on aged rats is that it there was a
floor effect in the odor discrimination PI task itself. However, we find this explanation unlikely.
Older rats on average performed near chance on the PI trials, whereas in true perseveration rats
would have responded below chance as they continued to go to the previously rewarded A odor.
The rats’ behavior did not approach any statistical or behavioral limit in how poor performance
could potentially be, indicating that additive effects of age and drug could have been observed if
present.
Whereas in Study 1 we found an overall age effect, in Study 2 aged rats were selectively challenged
in the PI trials. One potential reason for this lies in the age difference between the aged rat cohorts,
who had a mean age of 23 months in Study 1 and 21 months in Study 2. This 2-month difference
could be a meaningful proportion of the rats’ lifespan, with the 23-month-old rats representing
extreme aging, referred to in the human literature as “very old” or “old-old.” This advanced aging,
in humans typically considered to being between 75 and 85 years (Cohen-Mansfield et al., 2013),
has been associated with decreased executive function relative to “young-old” populations
(Baudouin et al., 2019; Navarro & Calero, 2018). Consistent with this, natural lifespan in our rat
population was approximately 24 months. However, as these two studies were not performed in
parallel we also cannot rule out general cohort effects such as slight differences in success of
training.
We have demonstrated that age profoundly challenged rats’ cognitive flexibility in integrating new
learning with past associations, and that this effect of age appears to be driven by reduced
effectiveness of cholinergic neuromodulation. Further research is needed to clarify how changes
in ACh transmission alter the neural systems supporting cognitive flexibility over the lifespan.
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CHAPTER 2: ACETYLCHOLINE-SENSITIVE CORTICAL
POPULATION DYNAMICS IN COGNITIVE FLEXIBILITY AND
AGING
Abstract
Cognitive flexibility, the capacity to adjust behavior in a dynamic environment, is supported by
the neuromodulator Acetylcholine (ACh). However, the mechanisms through which ACh supports
cognitive flexibility are not entirely clear. Furthermore, degradation of cholinergic function over
the lifespan implies that reliance of flexible behavior on ACh leaves this capacity vulnerable to
aging. Here, we used a paired-associate odor learning task to challenge and assess cognitive
flexibility in rats while recording local field potentials (LFPs) in the medial prefrontal and posterior
parietal cortices, a cortical network heavily implicated the attention and learning processes that
support cognitive flexibility. We manipulated ACh in two ways: exogenously using the muscarinic
receptor antagonist scopolamine (SCOP), and endogenously through natural aging. Both SCOP
and aging selectively reduced cognitive flexibility, without impairing learning capacity. The LFP
data indicated that beta oscillations in the posterior parietal cortex (PPC) supported cognitive
flexibility. In young rats, centrally blocking ACh transmission suppressed this beta frequency
signature, while aged rats failed to show this beta frequency pattern regardless of drug condition.
Our results further support a model in which cholinergic orchestration of beta oscillations in the
PPC allows parietal cortical circuits to dynamically integrate top-down goals with responding to
incoming stimuli, supporting cognitive flexibility.

Introduction
The ability to behave appropriately even while the world around us is in flux – referred to as

74

cognitive flexibility – is supported by the neuromodulator Acetylcholine (ACh, Picciotto et al.,
2012; Prado et al., 2017). The neural mechanisms through which ACh promotes cognitive
flexibility are not completely determined. Meanwhile, the prominent challenge to cognitive
flexibility seen with dementia and normal aging (Barense et al., 2002; Bizon et al., 2012; Head et
al., 2009; Lacreuse et al., 2018; Tsutsumimoto et al., 2015; Wilson et al., 2018; Zelazo et al., 2004)
coupled with the rapidly aging population globally (United Nations, 2019) emphasizes the
relevance of understanding this relationship.
Degradation of cholinergic function over the lifespan may contribute to reduced cognitive
flexibility in aging. Both synthesis and release of ACh are diminished during normal aging (Gibson
et al., 1981; Gibson & Peterson, 1981), as is the volume of the basal forebrain (Zaborszky et al.,
2008). Decrements in the cholinergic system correlate with age-related cognitive decline (Fischer
et al., 1992; Martínez-Serrano et al., 1995). Correspondingly, cognitive flexibility is often
diminished in later life (Barense et al., 2002a; Zelazo et al., 2004; Head et al., 2009; Bizon et al.,
2012; Tsutsumimoto et al., 2015; Lacreuse et al., 2018; Wilson et al., 2018). Reduced flexibility
may contribute to other aspects of cognitive aging and dementia (Emery et al., 2008; Ebert and
Anderson, 2009). Thus, understanding how ACh permits flexibility may be important in combating
cognitive decline.
One important component of cognitive flexibility is resolving proactive interference (PI), i.e. the
intrusion of past learning when acquiring new information that is similar and overlapping (Dajani
& Uddin, 2015). To maintain appropriate responses in a changing environment, humans and other
animals must update mental schemas despite interference. Whereas young adults are typically able
to resolve PI readily, resolution is reduced in aged rodents (Winocur, 1984) and humans (Pettigrew
and Martin, 2014). Converging evidence in rodents and humans demonstrates that ACh plays a
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key role in overcoming PI (Atri et al., 2004; Caplan et al., 2007; De Rosa et al., 2004; De Rosa &
Hasselmo, 2000). Rats trained on a paired-associates odor learning task designed to elicit PI
successfully met this challenge under control conditions but were impaired in overcoming PI after
injections of SCOP (De Rosa & Hasselmo, 2000). This result was replicated in humans performing
a word-pair learning task with PI following SCOP or placebo injections (Atri et al., 2004). This is
consistent with findings of cholinergic support for other aspects of cognitive flexibility as well
(Prado et al., 2017). For example, enhancing cholinergic function can improve reversal learning
and attentional set shifting, while reducing cholinergic transmission inhibits these functions (Chen
et al., 2004; Nikiforuk et al., 2015; Seeger et al., 2004; Wood et al., 2016).
Cholinergic support for cognitive flexibility likely involves modulation of the frontoparietal
cortices, a network of regions including the medial prefrontal cortex (mPFC) and posterior parietal
cortex (PPC) that are consistently implicated in these attentional and learning processes (Badre &
Wagner, 2005; Bissonette et al., 2013; Dajani & Uddin, 2015; Postle et al., 2004). Surgical
excisions of the prefrontal cortex in humans (Milner, 1963; Stuss et al., 2000), and experimental
lesions or inactivation of the mPFC (Birrell & Brown, 2000; Ragozzino et al., 1999) or PPC (Fox
et al., 2018) in rodents, impairs the ability to switch between tasks or shift attention among
different aspects of a stimulus. In humans, functional magnetic resonance imaging (fMRI) reliably
demonstrated recruitment of the frontoparietal cortices in cognitive flexibility (Kim et al., 2012;
Smith et al., 2004; Wager et al., 2004). Lesioning the cholinergic basal forebrain, the main source
of cortical ACh, impaired flexible learning in marmosets, but this behavior was rescued by
implanting ACh-rich tissue to the mPFC (Ridley et al., 1994). Likewise, lesioning cholinergic
projections to the PPC hinders attention to changes in environment (Bucci et al., 1998).
Furthermore, ACh is known to modulate population activity in the frontoparietal cortices,
76

including gamma and beta oscillations in the local field potential (LFP) that are implicated in
dynamically detecting relevant information in the environment (Howe et al., 2017; Ljubojevic et
al., 2018). In particular, frontoparietal beta oscillations are implicated in task switching (Sallard et
al., 2014) and suppressing irrelevant information (Castiglione et al., 2019; Lundqvist et al., 2018).
Beta oscillations in these cortical regions also appear to support filtering information and rules to
highlight those appropriate for the task at hand (Antzoulatos & Miller, 2016; Sarter & Lustig,
2019; Spitzer & Haegens, 2017). Past research from our laboratory has demonstrated AChdependent beta activity in the rat PPC that selectively supported attentional flexibility (Ljubojevic,
2014). Thus, a priori we hypothesized a role of cholinergically modulated frontoparietal beta
oscillations in cognitive flexibility.
We examined the mechanisms through which ACh supports flexibility by measuring LFPs related
to flexible responding under two cholinergic manipulations: pharmacological disruption of
cholinergic transmission, and natural aging. We elicited PI in young and aged rats and measured
population activity in the mPFC and the PPC while systemically administering either the
muscarinic receptor antagonist

scopolamine (SCOP), or its methylated counterpart

(methylscopolamine, MSCOP) with restricted permeability at the blood brain barrier. Our data
provide insight into how ACh supports the adjustment of behavior to changing task-relevant goals
by shaping cortical oscillations, and how these processes are impacted by normal aging in rats.

Methods
Animals
A total of 19 male Long Evans rats were used, comprising two groups: young (n=10, mean age
10.0 months) and aged (n=9, mean age 20.8 months). All rats were housed, and all experiments
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conducted, in accordance with the Cornell University IACUC. Rats were kept on a 12-hour reverse
day/night schedule and placed on water restriction for the duration of training and testing, receiving
15 minutes of ad libitum water following training or testing each day.

Behavioral apparatus
All training and testing occurred within a 25cm x 25cm x 25cm plexiglass and stainless-steel
operant chamber (Med Associates Inc., Fairfax VT) inside a ventilated noise-reducing wooden
chamber (Figure 1A). The operant chamber was equipped with 2.5cm square apertures along one
side; odors emanated from these ports and rats chose one odor or the other by breaking an infrared
beam in the port with their nose or paw. A water well connected to an external water pump was
positioned opposite the nose poke apertures. The chamber was additionally equipped with a house
light and speaker, as well as an additional infrared beam outside the water well that was used to
initiate trials.
Odor stimuli, i.e., odorized air, were delivered to the operant chamber at 1.5 liters per minute from
a custom olfactometer (Figure 1B). Air entered via a pump and was dehydrated, filtered, and
rehydrated before being distributed to vials containing individual odorants, from which the
odorized air was directed to the operant chamber as appropriate in the task paradigm by way of
solenoid valves. Between trials air from the olfactometer and from the operant chamber apertures
was evacuated by a vacuum pump. A custom Python program controlled and recorded all trial
events via an input/output interface card (Med Associates Inc., Fairfax VT).
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Cognitive flexibility task and training
To assess cognitive flexibility, we elicited proactive interference using a paired-associate odor
discrimination task (De Rosa & Hasselmo, 2000; De Rosa et al., 2001, 2004) Rats were
simultaneously presented with two odors: a target and a distractor. The rats learned which odor in
each odor pair was the target through trial and error, indicating responses by poking the port
releasing the target odor. The stimulus-response associations of the odors were then manipulated
to challenge induce PI.
At the start of shaping, rats were taught to initiate trials by breaking an infrared beam at the rear
of the operant chamber, then nosepoking ports at the opposite end of the chamber to obtain a water
reward. A green LED light above the water well indicated reward availability; breaking the
infrared beam at the water well entrance triggered reward delivery. Once rats learned to perform
the nosepoke, they were taught to discriminate first between odorized air vs. non-odorized air, then
between pairs of odors. At each stage rats were first allowed to make as many attempts as needed

Figure 4: Apparatus and task design. A) Operant chamber design. B) Example flow of olfactometer.
After rehydration, air was distributed through a central hub to each of five odorant vials. When valves were
open, odorized air rejoined the flow at a hub for each side, allowing control of odor and side of release. In
between trials, air from each side hub and the ports was sent to vacuum. C) Schematic of proactive
interference task; colors and letters signify different odors. Targets (+) shown in left column and distractors
(-) in right column, though in the task side was counterbalanced across trials.
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to select the correct port, without any negative feedback; then rats were advanced such that
incorrect responses elicit a mildly aversive error tone and house light. Odor stimuli were plantbased essential oils and fragrances (Bulk Apothecary, Aurora, OH), selected to be clearly
distinguishable while neither inherently aversive nor appetitive.
The final test consisted of two phases. In the baseline phase, rats were presented with 64 trials per
day to learn a Baseline odor pair (e.g., A+ / B-, where + indicates a rewarded target stimulus and
– indicates a non-rewarded distractor stimulus). After becoming proficient in indicating the target
of the Baseline odor pair, as measured by meeting criteria (90% correct in any 20-trial period or
<75% overall) for at least two sessions, rats advanced to a testing phase consisting of acquisition,
across interleaved trials, of two odor pair types: proactive interference (PI) trials in which the target
from the baseline odor pair became the distractor (C+ / A-), and a new stimulus is the target; and
Novel trials consisting of two new stimuli (D+ / E-). To succeed in PI trials, rats had to overcome
past learning about a former target stimulus; thus, proactive interference was elicited. The Novel
trials allowed us to contrast PI resolution with new learning in the absence of interference. Testing
sessions began with a reminder block of 32 Baseline trials then proceeded to 32 PI and 32 novel
trials, interleaved, for a total of 96 trials per day in the testing phase. The reminder Baseline trials
ensured that, to maximize reward, rats had to learn context rather than overwriting the previous
learning: in the Baseline condition odor A was a target in the context of odor B, but in the PI
condition odor A became a distractor in the context of pairing with odor C. The testing phase
spanned five consecutive days, which are the focus of subsequent data analysis.
Our outcome measure for performance was accuracy, i.e., the percentage of trials of each type in
which the rat selected the correct odor, without counting omissions (trials where the rat made no
response in the 30-second window). In the test phase, accuracy was measured separately for each
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trial type within each session.

Drugs and injection
We acclimated rats to injection by administering intraperitoneal (I.P.) injections of normal sterile
saline during the baseline phase. During the test phase, we administered I.P. injections of the
muscarinic antagonist SCOP (Krackler Scientific, Albany, NY) or its methylated counterpart,
MSCOP (Krackler Scientific, Albany, NY), dissolved in 9% sterile saline (Krackler Scientific,
Albany, NY) at 0.25 m.g. / k.g. body weight 20 minutes prior to behavioral testing. MSCOP has
limited ability to cross the blood brain barrier and served as a peripheral nervous system control
to isolation of the central effects of ACh in the SCOP condition. This dosage and administration
paradigm have been previously demonstrated to selectively impair PI resolution in this task (De
Rosa & Hasselmo, 2000). To allow within-subjects comparisons of ACh blockade, each rat
underwent a baseline and test phase in one drug condition then a new baseline and test phase, with
new odor sets, in the other drug condition. Drug order was counterbalanced across rats and the
experimenter was blind to drug condition.

Electrode assembly and surgery
Each recording assembly comprised two monopolar electrodes composed of perfluoroalkoxycoated, 0.0055-inch outer diameter stainless steel wire (A-M Systems, Sequim, WA) within 29gauge stainless steel cannula tubing, which were held together with heat-shrink rubber tubing.
Rats were anesthetized with 3% isoflourane gas in 1 liter/minute oxygen. An injection of 3 mL
warmed sterile saline was delivered subcutaneously at the start of surgery to avoid dehydration,
and another 6 mL warmed sterile saline was injected at the end of the surgery. Lidocaine/prilocaine
cream (2.5% / 2.5%, Impax/Amneal Laboratories, Bridgewater, NJ) was applied to the scalp and
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allowed to sit several minutes, then the scalp was prepared with a triple wash of betadine and
alcohol. An incision was made to expose the skull, which was cleaned and dried with saline and
hydrogen peroxide. Craniotomies were made for the two electrodes (PFC = A/P +3.2mm, M/L +/0.7mm, D/V -3.4mm; PPC = A/P -4.2mm, M/L +/-2.2mm, D/V -1.5mm) and over the contralateral
cerebellum for ground.
A 25-gauge needle held on the stereotaxic manipulator was used to clear dura at electrode sites,
then each electrode assembly was stereotaxically maneuvered to the target coordinates. A layer of
cyanoacrylate-based glue (Insta-cure+, BSI Adhesives, Atascadero, CA, USA) was applied to the
skull followed immediately by dental acrylic around the electrode (Wu et al., 2008, 2009). A
stainless-steel screw soldered to the ground wire was placed in the cerebellar craniotomy and the
glue and acrylic procedure was repeated to secure the ground screw. Additional acrylic was used
to affix the electrode interface board and a small metal hook for securing the wireless headstage
during recording.
Rats were injected with 5 mg/kg subcutaneous ketoprofen and triple antibiotic ointment was
applied to the incision, as well as prilocaine/lidocaine cream around the incision. Rats were given
ad libitum food and water and daily ketoprofen injections for 48 hours following surgery to
recover.

Electrophysiological recording
After surgery and recovery (72 hours), rats were habituated to the wireless recording headstage
(Triangle Biosystems, Durham, NC) for one session of 15 minutes, then placed on restricted water
and re-started on training the following day. For all recording days, rats were briefly anesthetized
with isoflourane (3.5% for induction, 1-2% for maintenance, in 1 liter/minute oxygen) while the
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wireless headstage was secured to the implanted connector; rats were allowed to fully recover from
anesthesia before testing. Rats completed one session per day, first on a previously learned odor
pair until performance (accuracy and number of trials completed) returned to pre-surgery levels,
then they began testing (Baseline odor pairs followed by acquisition of both PI and Novel odor
pairs). Each rat underwent the Baseline and Test phase in one drug condition then a new Baseline
and Test phase, with new odor sets, in the other drug condition. Drug order was counterbalanced
across rats and the experimenter was blind to drug condition. Electrophysiological data was
collected throughout the testing sessions. Data was sampled through a 5-channel wireless
headstage (Triangle Biosystems) with 800X gain and digitized at 20 kHz.

Perfusion and electrode localization
Immediately preceding sacrifice rats were anesthetized with isoflourane and a 9V current was
passed through the implanted connector and electrodes to generate steel deposits at the electrode
terminals. Rats were transcardially perfused with 250 mL cold 0.9% saline followed by 250 mL
cold 10% buffered formalin with Potassium ferricyanide (10 g / 250 mL). Following perfusion rats
were decapitated and brains extracted and moved to 20% sucrose in buffered formalin until slicing.
Brain tissue was sliced at 40 microns and stored in PBS.
To localize electrodes, we performed a cresyl violet stain and a neutral red stain on slices from the
prefrontal and posterior parietal cortices, revealing deposits and tissue damage at the electrode
sites. Rats with electrodes located within the targeted cortical region as defined by Paxinos and
Watson (Paxinos & Watson, 2007) were used for electrophysiological analysis (Figure 2). In two
young rats the mPFC electrodes were not within the targeted region, and in three the PPC
electrodes were not within the targeted region, leaving eight young rats with mPFC recordings and
seven with PPC recordings. In aged rats, an equipment failure led to the electrophysiological data
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being unusable for four rats, so these
individuals were dropped from data
analysis. To more accurately relate the
behavior to electrophysiology, we only
analyzed behavior from rats that we
obtained successfully LFP recordings
from. The PPC electrode was not within
the targeted region for one additional
aged rat, leaving five aged rats with
mPFC recordings and four with PPC
recordings.
Figure 5: Electrode locations. Electrode placement in the
medial prefrontal cortex (A) and posterior parietal cortex
(B). Dark circles represent young rats, light circles Statistical analysis
represent aged rats. Adapted from Paxinos and Watson
We performed all statistical analyses in
(Paxinos & Watson, 2007).

R (R Core Team, 2019). Accuracy was assessed via mixed effects models (Bates et al., 2015).
Output of the mixed models was submitted to a type III sums of squares F test with Satterthwaite
estimation of degrees freedom (Satterthwaite, 1946). Note that traditional degrees freedom metrics
are generally not applicable in in mixed models. Rather, mixed models typically employ estimates
of degrees freedom that attempt to account for the impact of covariance within the data (Bolker,
2020). Our analysis utilized the lme4 (Bates et al., 2015) and car (Gajewski et al., 2010) packages
in R. Past work has demonstrated the applicability of this approach for generalized linear mixed
models as were used in this study (Luke, 2017; Stroup, 2013; Stroup, 2015).
Post-hoc analysis used pairwise t-tests with a Holm correction for repeated testing. Behavioral
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analysis focused on accuracy:

𝑡𝑟𝑖𝑎𝑙𝑠 𝑤𝑖𝑡ℎ 𝑐𝑜𝑟𝑟𝑒𝑐𝑡 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒
𝑡𝑜𝑡𝑎𝑙 𝑡𝑟𝑖𝑎𝑙𝑠 𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑒𝑑

. Analysis of LFP data focused on decibel-

normalized spectral power as the outcome measure.
Electrophysiological signal was bandpass filtered at 3-100 Hz, downsampled to 1 kHz, and broken
into 1.5 second epochs beginning 1 second prior to the rat’s response. Each trial was manually
inspected and trials with poor signal quality were rejected. Each trial underwent short-time Fast
Fourier transformation using the “spectrogram” function in Matlab (version R2019b, Mathworks).
Spectral data was decibel normalized using the median spectral data from the correct-response
Baseline trials from a given session as the baseline.
We focused our analysis on the 0.5 seconds immediately preceding the rat’s response and on four
frequency bands: theta (4-10Hz), beta (10-30Hz), gamma (30-70Hz), and high gamma (70100Hz). For statistical analysis, this half second period was split into two 250-ms time bins, with
the spectral data from each trial averaged over each time bin and over each frequency band. Each
trial X time bin was treated as an observation.

Results
Cognitive flexibility performance
We assessed cognitive flexibility through a paired-associates odor task that elicited PI. Rats first
learned a Baseline odor pair consisting of a target and a distractor, then progressed to a test phase
in which they learned two new pairs in interleaved trials: a PI odor pair in which the Baseline
target now served as the distractor, and a control Novel odor pair target and distractor. During the
test phase rats received systemic injections of SCOP, which inhibits muscarinic receptors
throughout the nervous system, or MSCOP, which only impacts peripheral receptors and served
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as a control. We measured performance by examining accuracy, i.e., the percentage of responses
that were correct. Accuracy was submitted to a mixed effects model in the form:
accuracy ~ (1|rat ID) + day (1 to 5) + age group (young of aged) X trial type (Baseline, PI or Novel)
X drug condition (MSCOP or SCOP)
Interactions were submitted to pairwise comparisons with a Holm correction for repeated testing.
In addition to a global improvement in accuracy over successive testing days (F(4,337.691) =
4.103, p = 0.003), an interference effect was seen across age and drug conditions, evidenced by
the difference among trial types ( F(2,337.206) = 93.966, p < 0.001). Accuracy in the PI trials was
significantly lower than in the Novel (t(337.116) = 11.617, p < 0.001) or Baseline (t(337.153) =
12.115, p < 0.001) trials, while there was no difference between Novel and Baseline (t(337.203) =
0.392, p = 0.919). Among young rats, reducing ACh transmission with SCOP selectively impaired
PI resolution (t(337.577) = 2.378, p = 0.018) without impacting Novel learning (t(337.577) =
0.324, p = 0.746) or recall of the Baseline odor pair (t(337.319) = 0.165, p = 0.869).
There was no main effect of age on performance, but there was an interaction of age and trial type
(F(2,337.206) = 3.737, p = 0.025). As displayed in Figure 3, regardless of drug condition aged rats
were inefficient in resolving PI and had significantly lower accuracy than young rats in these trials
(t(55.191) = 3.182, p = 0.002), while the age groups performed equivalently in the Novel (t(56.461)
= 0.005, p = 0.992) and Baseline (t(53.603) = 0.323, p = 0.748) trials. Manipulating ACh
transmission through SCOP had no further effect in the aged rats (t(337.357) = 0.679, p = 0.498).
In addition to replicating past findings that PI resolution depends on ACh transmission (Atri et al.,
2004; De Rosa et al., 2001; De Rosa & Hasselmo, 2000), these results indicate that PI is selectively
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exacerbated by aging beyond effects on novel learning, and that the impact of SCOP and age are
non-additive. We then turned to the LFPs to gain insight into the neural population activity
supporting PI resolution, and ACh’s role in orchestrating these oscillations.
Local field potential recordings
We measured LFP activity through electrodes implanted in the PPC and mPFC (Figure 2). Data
recorded from each behavioral session was broken into epochs corresponding to behavioral trials,
where each trial consisted of the 500ms preceding a response. We further divided each trial into
an “early” time bin referring to 500 - 250 ms prior to the response, and a “late” time bin referring
to 250 ms MSCOP prior up to the time of the response. These discrete time bins were included to
assess potential dynamisms of oscillatory activity as the rat selects the target odor. The power
spectrum for each trial was decibel normalized to the median power spectrum of correct-response
Baseline trials for that session, thus positive values reflect oscillations that have higher power than
in the Baseline trials, and negative values reflect oscillations that have lower power relative to the
Baseline trials. Rather than isolating our analysis to trials with a correct response, we included
correct vs. error in the mixed models so that we could assess which oscillatory features were
specifically related to our behavior measures. Power was analyzed separately for each of four
frequency bands: theta (4-10Hz), beta (10-30Hz), gamma (30-70Hz), and high gamma (70100Hz). Trials were submitted to mixed models in the form
power ~ (1|rat ID) + day (1 to 5) + response (correct or error) X trial type (PI or Novel) X drug
condition (MSCOP or SCOP) X time bin (early or late)
Only results from frequency bands with significant effects are described.
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Figure 3: Behavioral results. A) Accuracy for young rats by trial type, drug condition, and
testing day (left), and collapsed across testing days (right). Young rats had significantly lower
accuracy in the PI trials compared to the Novel or Baseline trials, indicating proactive
interference. Scopolamine reduced behavioral flexibility, such that young rats never overcame
interference. B) Accuracy for aged rats by trial type, drug condition, and testing day (left), and
collapsed across testing days (right). Aged rats showed restricted behavioral flexibility even in
the Methylscopolamine condition, reminiscent of young rats under scopolamine. The drug
manipulation has no effect on aged rats.
Young rat posterior parietal cortex
A total of 2,416 trials of data (PI-correct: 669; PI-error: 515; Novel-correct: 965; Novel-error: 267)
from the PPC of seven rats were analyzed, with each trial broken into two 250-ms time bins.
Spectral data for correct-response trials vs. error-response trials of each type are shown in Figure
4.
Overcoming PI was characterized by beta oscillations in the posterior parietal cortex. When
averaging over response and drug condition, beta power was overall lower for PI trials compared
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Novel trials (F(1,4810.778) = 30.449, p < 0.001, meanPI = -0.774, meanNovel = -0.478). Beta power
differentiated between correct and error responses (F(1,4809.714) = 4.841, p = 0.028), but a
response by trial type interaction (F(1,4812.074) = 16.712, p < 0.001) revealed opposite trends for
the two trial types that also depended on time within the trial: higher beta power in the last 250 ms
before a response preceded correct responding in PI trials (t (4809.72) = 2.577, p = 0.010) and
lower beta power preceded correct responding in Novel trials (early time bin t (4810.1) = -3.665,
p < 0.001; late time bin t (4810.1) = -2.238, p = 0.020). Importantly, beta power was suppressed
by SCOP(F(1,4800.637) = 32.521, p < 0.001, meanMSCOP = -0.293, meanSCOP = -0.905), indicating
cholinergic support for this oscillatory activity.
Because late beta oscillations were associated with response in opposite directions for the two trial
types, we performed a logistic regression on beta power in this time bin to determine whether it
was predictive of responding correctly. For PI trials, increasing beta power was associated with
increased probability of responding correctly (β = 0.056, SE = 0.025, p = 0.024) above and beyond
effects of day (β = 0.236, SE = 0.073, p = 0.001) and drug condition (β = 0.402, SE = 0.134, p =
0.003, Figure 5A). In Novel trials, beta power was negatively associated with probability of
responding correctly (β = -0.068, SE = 0.029, p = 0.019), even after accounting for the effect of
day (β = 0.404, SE = 0.083, p = < 0.001), while drug condition was not predictive of response (β
= -0.308, SE = 0.228, p = 0.284, Figure 5B).
Effects were also seen for theta oscillations, which were most relevant for Novel learning. Theta
power was significantly lower for PI trials compared to Novel trials, F(1,4810.324) = 10.328, p =
0.001, meanPI = -1.047, meanNovel = -0.796. Significant response by drug (F(1,4814.895) = 16.405,
p < 0.001) and response X drug X trial type (F(1,4810.989) = 16.515, p < 0.001) interactions
showed that theta power was associated with correct responding in Novel trials only. Theta power
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Figure 4: Power spectra for correct responses in young rat posterior parietal cortex. A) Proactive
interference trials that ended in a correct response were characterized by significantly higher beta power
than trials ending in an error response in the final 250ms under methylscopolamine (dashed box). B)
Conversely, Novel trials were characterized by broadly reduced beta power and elevated theta power
before correct responses, compared to error responses. C) blocking cholinergic transmission through
scopolamine removed the beta power signature associated with correct responses in PI trials. D) Theta
power also showed a reversal under scopolamine, such that correct responses in Novel trials were not
characterized by lower theta power than error responses

was higher before correct responses compared to error responses (t(4813.787) = 3.590, p < 0.01)
when the rats were under the influence of MSCOP, and theta was reduced before correct responses,
t(4813.345) = -3.983, p < 0.01 under SCOP.
Young rat medial prefrontal cortex
A total of 2,339 trials of data (PI-correct: 633; PI-error: 516; Novel-correct: 933; Novel-error: 257)
from the mPFC of eight rats, each broken into two 250-ms time bins, were analyzed. Spectral data
for correct-response trials vs. error-response trials of each type are shown in Figure 6.
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Figure 5: Beta power is elevated during proactive interference (PI) resolution and reduced
in Novel learning. A) In PI trials, higher beta power was predictive of making a correct
response, as was drug condition. B) In Novel trials, lower beta power was predictive of correct
responses, and drug condition had no predictive power.
Unlike our observations from the PPC, in the mPFC beta oscillations were not significantly
associated with PI resolution. As in the PPC, in the mPFC beta power was overall higher in Novel
trials (F(1,4657.301) = 15.764, p < 0.001, meanPI = -1.041, meanNovel = -0.839) and showed an
interaction between response and trial type (F(1,4657.92) = 12.354, p < 0.001). Though beta power
late in the trial trended toward supporting PI resolution, this effect did not reach significance
(t(4657.284) = 1.871, p = 0.061, meanCorrect = -0.856, meanError = -1.500). Instead, in this region
beta power only differentiated Novel trial responses, with lower beta power corresponding to
correct response (t (4658.999) = -3.566, p < 0.001). However, consistent with the PPC, mPFC beta
power was reduced in SCOP (F(1,4654.553) = 7.265, p = 0.007, meanMSCOP = -0.826, meanSCOP =
-1.055) suggesting cholinergic dependence.
Also differing from the PPC, in the mPFC theta oscillations were higher in PI trials than Novel
trials (F(1,4660.049) = 7.345, p = 0.007), though the relevance for overcoming PI was unclear
because it was not specifically associated with PI accuracy. An interaction between trial type and
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response (F(1,4661) = 4.441, p = 0.035) and post-hoc pairwise comparisons revealed that this was
isolated to correct-response trials (t(4659.282) = 4.299, p < 0.00), while theta did not differ
between PI and Novel in error-response trials (t(4660.988) = 0.360, p = 0.719). Theta was overall
higher in SCOP (F(1,4313.279) = 9.004, p = 0.003).
mPFC gamma power was overall suppressed by SCOP (F(1,4509.035) = 7.805, p = 0.005,
meanMSCOP = -0.625, meanSCOP =-0.744). An interaction of response and drug condition
(F(1,4658.558) = 9.281, p = 0.002) showed that gamma power was lower before correct responses
in for Novel trials in MSCOP (t(4659.000) = -2.062, p =0.039) but high before correct PI responses
in SCOP (t(4660.000)= 2.583, p = 0.010).
Aged rat posterior parietal cortex
We analyzed 1,080 trials (PI-correct: 292; PI-error: 234; Novel-correct: 410; Novel-error: 144),
each split into two 250-ms time bins, across four aged rats for the PPC. Spectral data for correctresponse trials vs. error-response trials of each type are shown in Figure 7.
In aged rats, PPC beta oscillations supported Novel learning rather than PI resolution. An
interaction between trial type and response (F(1,2141.812) = 4.129, p = 0.042) showed that beta
power was higher for correct responses in Novel trials (t(2141.270) = 2.693, p =0.007). Also
differing from young rats, in aged rats beta power was overall elevated by SCOP (F(1,2142.721)
= 4.654, p = 0.031, meanMSCOP = -0.979, meanSCOP = -0.683), and an interaction between drug and
response (F(1,2141.385) = 4.029, p = 0.045) showed that the difference by response was specific
to the SCOP condition (t(2140.281) = 2.365, p =0.019).
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Because aging and SCOP have similar effects on behavior, and in young rats PI resolution was
characterized by PPC beta oscillations, we performed a targeted comparison of late beta power in
the MSCOP condition of young and aged rats to determine whether aging suppressed beta power
similarly to SCOP. We found no significant effect of age on beta power in PI trials either collapsing
over response (t(8.75) = -1.095, p = 0.303) or within correct-response trials specifically (t(9.610
= -1.875, p = 0.092). Therefore, unlike SCOP natural aging did not specifically suppress the PPC
beta signature associated with PI resolution in young rats.
Contrary to young rats, in aged rats’ theta power was overall higher in PI trials compared to Novel
trials (F(1,2142.114) = 4.464, p = 0.035, meanPI = -0.348, meanNovel = -0.598) and was reduced by

Figure 6: Power spectra for young rat medial prefrontal cortex. A) Proactive interference
trials ending in a correct response showed a trend toward elevated beta power, but this did not
reach significance. B) Novel trials were characterized by decreased beta power and elevated
gamma power preceding correct responses relative to error responses. C-D) Scopolamine
reduced beta power, while gamma power was elevated before correct responses for PI trials.
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SCOP (F(1,1597.542) = 4.456, p = 0.035, meanMSCOP = -0.401, meanSCOP = -0.689).
Reminiscent of what was seen in young rats under SCOP, aged rats for either drug condition
gamma power was higher before correct responses than error responses (F(1,2105.969) = 5.258, p
= 0.022, meanCorrect = -0.952, meanError = -1.111), regardless of trial type. High-gamma power was
similarly elevated before a correct response without differentiating between trial type or drug
condition (F(1,2105.969) = 5.258, p = 0.022, meanCorrect = -0.985, meanError = -1.132).
Aged rat medial prefrontal cortex
We analyzed 1,245 trials (PI-correct: 318; PI-error: 301; Novel-correct: 459; Novel-error: 167)
across 5 rats, split into two 250-ms time bins, for the mPFC of the aged rats. Spectral data for
correct-response trials vs. error-response trials of each type are shown in Figure 8.
mPFC beta power followed a similar pattern to that seen in the aged PPC. Beta power had an
interaction between trial type and response (F(1,2471.465) = 4.362, p = 0.037), driven by higher
beta power before correct responses compared to error responses, in Novel trials (t(2470.558) =
2.350, p = 0.019) but not PI trials. Furthermore, beta power was overall elevated by SCOP
(F(1,2469.385) = 7.412, p = 0.007, meanMSCOP = -1.039, meanSCOP = -0.901).
Theta power in aged rats’ mPFC supported Novel learning but not PI resolution. An interaction
between response, trial type, and drug condition (F(1,2472.673) = 7.098, p = 0.008) revealed that
theta power was higher for correct responses in Novel trials, but only under SCOP (t (2472.661) =
3.318, p = 0.001), while no other pairwise combinations of trial type and drug showed significant
differences.

94

Figure 7: Power spectra for aged rat posterior parietal cortex. A) Unlike young rats, aged
rats did not show increased beta power associated with correct responses for proactive
interference (PI) trials. B) Conversely, beta power was overall higher in correct trials than error
trials for the Novel odor pair. Both PI and Novel trials also showed increased gamma and highgamma power preceding correct responses, an effect that was relegated to the scopolamine
condition in young rats. C-D) scopolamine appears to drive widespread, non-specific activity.

Discussion
Converging evidence suggests that cholinergic modulation, on the one hand, and activity of the
frontoparietal cortices, on the other, are important for cognitive flexibility (Atri et al., 2004; Badre
& Wagner, 2005; Bissonette et al., 2013; Bucci et al., 1998; Caplan et al., 2007; Chen et al., 2004;
Dajani & Uddin, 2015; De Rosa et al., 2004; De Rosa & Hasselmo, 2000; Nikiforuk et al., 2015;
Postle et al., 2004; Prado et al., 2017; Ridley et al., 1994; Seeger et al., 2004; Wood et al., 2016).
Here, we challenged cognitive flexibility by exposing rats to new odor associations that conflicted
with past learning (PI), in contrast to new odor associations with no connection to past learning
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(Novel). We probed the mechanisms through which ACh supports flexibility by measuring
frontoparietal cortical LFP activity of rats performing a PI-resolution task and manipulating ACh
through pharmacological disruption of cholinergic transmission through scopolamine, and through
natural aging. Our results highlighted ACh-dependent parietal cortical beta oscillations as a
substrate of cognitive flexibility, particularly in young adult rats.
In this experiment, both young and aged rats experienced interference from prior learning.
Replicating past findings (Atri et al., 2004; De Rosa & Hasselmo, 2000), young rats showed a
pronounced and selective impairment of PI resolution when treated with scopolamine, wherein
they were unable to overcome PI by the end of testing. The lack of drug effect on the Novel trials
indicates that ACh is involved in the flexibility demanded to acquire the interfering paired-

Figure 8: Power spectra for aged rat medial prefrontal cortex (mPFC). A-D: Aged rats’
mPFC showed little behaviorally relevant population activity. Theta and beta power were
elevated for correct responses. Novel trials, but no LFP signatures, differentiated correct
responses from errors in PI trials.
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associates above and beyond the simple requirements of learning. Aging also selectively reduced
cognitive flexibility without impacting learning of new associations. Driving the age effect, older
rats were unable to efficiently resolve PI, even in the methylscopolamine condition. Reducing ACh
transmission through scopolamine had no further effect in this age group. The non-additive effects
of scopolamine and natural aging on cognitive flexibility could indicate a shared underlying impact
on ACh activity.
Our electrophysiological results revealed that in young rats, overcoming PI was associated with
increased beta power in the PPC. Beta power and PI resolution were reduced by scopolamine,
indicating that ACh activity via muscarinic receptors contributes to this neural activity and
potentially explaining the worse PI performance when ACh transmission was reduced. An increase
in gamma power in the mPFC was linked to correct PI responses only when ACh transmission was
disrupted by scopolamine, suggesting a possible compensatory mechanism. Successful Novel
learning was characterized by elevated PPC theta power and reduced beta power in both the PPC
and the mPFC. The reduction in beta power due to scopolamine therefore would not be detrimental
to the acquisition of Novel trials, and theta power was not affected by scopolamine, potentially
providing a mechanism by which novel learning could be preserved.
Our finding that ACh-mediated parietal cortical beta oscillations support cognitive flexibility are
consistent with our past work showing PPC beta activity related to the dynamic allocation of
attention in a 5-choice serial rection time task (Ljubojevic et al., 2018) and attentional shifting in
a Posner cued-attention task (Ljubojevic, 2014). Likewise, other researchers have highlighted the
importance of frontoparietal beta activity in attentional control processes, including anticipatory
preparation in a sustained attention task (Totah et al., 2013), detecting cues against distracting
background stimuli (Donner et al., 2007), and performing difficult category judgements compared
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to simpler judgements (Stanley et al., 2018), suggesting involvement in cognitive control.
The role of beta oscillations in cognitive flexibility may be inhibiting pre-potent responses, for
example suppressing rats’ tendency to select the previously rewarded odor in a PI paired-associate
(Castiglione et al., 2019; Lundqvist et al., 2018; Sallard et al., 2014). Electroencephalograms in
humans showed higher beta power during task switching than when participants continued the
same task, which the authors attributed to active inhibition of the previously engaged task (Sallard
et al., 2014). Beta oscillations has been seen for inhibiting retrieval from long term memory in a
think/no-think task (Castiglione et al., 2019). In relation to PI resolution, this suggests beta
oscillations may suppress the memory of the A odor as a target, reducing rats’ pre-potent tendency
to select odor A. Relatedly, Lundqvist et al. (2018), recorded LFPs from monkeys performing a
delayed-match-to-sample working memory task and found burst of beta power when a monkey no
longer needed to hold an item in memory. The authors concluded that beta power may support
“clear out” of memories when no longer needed, which in the context of cognitive flexibility could
potentially set the stage for new learning in the face of interference (Lundqvist et al., 2018).
In addition to suppressing the deleterious influence of no-longer-relevant associations, beta
oscillations may be involved in prioritizing new targets, as a growing body of work implicates beta
activity in filtering information and rules to highlight those appropriate for the task at hand
(Antzoulatos & Miller, 2016; Stanley et al., 2018). Specifically, in a task where only one spatial
dimension was relevant, beta activity coded only this dimension and, unlike spiking activity, did
not discriminate along task-irrelevant dimensions (Antzoulatos & Miller, 2016). Spitzer and
Haegens (2017) posited that beta oscillations drive the re-activation or updating or of schemas
used to guide behavior by dynamically orchestrating sets of neurons. Sarter and Lustig (2019)
proposed an analogous role for ACh, arguing that cholinergic modulation coordinates neural
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ensembles to activate sets of cue-response associations, and to stabilize the active task set against
other possible task sets.
Our findings complement suggestions that beta oscillations, and cholinergic modulation, are
specifically important in the PPC. One model proposes that parietal cortical beta oscillations are
driven by the combination of prefrontal cortical input to lower cortical lamina and sensory input
to higher cortical lamina initiating a beta rhythm from reciprocal excitation across layers of a given
cortical column, and that this activity pattern in the PPC is uniquely suited to integrate top-down
cognitive control from with bottom-up sensory information (Gelastopoulos et al., 2019). Broussard
(2012) made a similar case for cholinergic modulation of the PPC, proposing that ACh improves
signal-to-noise ratio in the PPC to support dynamic ranking of environmental stimuli and biasing
behavior towards those that are currently relevant. Our findings bridge these models of PPC beta
activity and PPC ACh modulation, suggesting a role of ACh-modulation of PPC beta oscillations
in generating a flexible, task-guided representation of the environment, and directly extend these
models to the context of cognitive flexibility.
In comparing cognitive flexibility and LFPs across young (10 month) and aged (22 month) rats,
we found that although natural aging produced similar effects on cognitive flexibility behavior as
scopolamine did, the effects on neural processing are notably different. Whereas young rats
showed distinct patterns of oscillatory activity characterizing PI resolution and Novel learning,
with scopolamine particularly suppressing beta mechanisms that were relevant to cognitive
flexibility, aged rats did not show reduced PPC beta despite their poorer cognitive flexibility
performance. Similarly, past findings show that beta oscillations can be elevated in aging and
particularly among older adults with poor attentional control, which has been suggested to reflect
impaired modulation of beta activity to reflect changing task demands (Gola et al., 2012; Hashemi
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et al., 2016).
In aged rats, while some LFP components differentiated between correct responses and errors for
the Novel trials, we did not find any LFP activity that might drive correct responses in the PI trials.
One interpretation of this is that, based on LFP activity in the frontoparietal cortex, the aged brain
would not be able to decode the correct behavior. This is consistent with near chance levels
accuracy on PI trials for aged rats. Thus, although at the behavioral level aged rats under
methylscopolamine were similarly impaired in overcoming PI as young rats under scopolamine,
the neural activity underlying this reduced cognitive flexibility was distinct.
As suggested above beta oscillations in young rats may be involved in inhibiting the previously
learned odor associations, so it is notable that inhibition is severely compromised by older age,
even after global cognitive slowing is accounted for (Troyer et al., 2006). A study of over 100
older adults age 60-85 years found that even within this group, advancing age corresponded with
decreasing inhibitory function on a suite of cognitive control tasks, and that this reduced inhibition
mediated age effects on verbal learning and attention (Persad et al., 2002). During tasks that
demand inhibition, both beta oscillations measured by electroencephalography (Schmiedt-Fehr et
al., 2016) and frontoparietal functioning measured by fMRI (Milham et al., 2002) show
dysregulated function in older adults. Even when older adults do not show behavioral deficits,
neural activity may differ: in a test of attentional inhibition, older adults performed similarly to
young adults but fMRI nonetheless revealed encoding of irrelevant stimuli (Schmitz et al., 2010).
Similarly, in an attentional shift task requiring inhibition of one task to engage another, older adults
equaled young adults’ performance, but showed an over-activation of the frontoparietal cortices
compared to young adults (Townsend et al., 2006).
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Furthermore, while the drug manipulation had no effect on cognitive flexibility in aged rats,
scopolamine did significantly impact LFPs in aged rats, often increasing oscillatory power
compared to methylscopolamine. This lends further credence to the idea that reduced ACh allows
dysregulation of oscillatory activity, and the contrast between the LFP difference and lack of
behavioral effect may indicate that the behavioral capacity which remains intact in aged rats
utilizes different neural systems than in the young brain. Some similarity between scopolamine
and natural aging was seen in PPC gamma activity, in that these oscillations were elevated for
correct responses relative to errors for aged rats regardless of drug condition, mimicking an effect
seen only under scopolamine for young rats. This may hint at a compensatory system: perhaps in
young rats gamma oscillations are only required when the cholinergic system that orchestrates
parietal beta oscillations to support cognitive flexibility is suppressed, whereas in aged rats,
because cortical ACh activity is already naturally reduced, the parietal beta mechanism is not
available and thus gamma oscillations are recruited to support cognitive flexibility even in the
absence of exogenous manipulations.
In conclusion, we found that the mechanisms through which ACh modulation supports cognitive
flexibility comprises, at least in part, orchestration of beta oscillations in the PPC. This LFP
signature was specifically beneficial to learning in the face of interference, but not to simple
learning, indicating a selective role in flexibility. While suppressing ACh through an exogenous
pharmacological manipulation disrupted this parietal cortical beta signature, endogenously
reducing ACh transmission through natural aging instead appeared to broadly disrupt
frontoparietal cortical LFP activity association with learning and flexibility. Future research should
probe how brain changes in normal aging drive this dysregulation of population activity and how
it in turn could contribute to reduced cognitive flexibility.
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Abstract
Slow controlled breathing is an ancient practice for mental and physiological calm and is often
distilled in the present day to ‘take a deep breath.’ However, the effects of slow breathing on
cognitive performance and its underlying mechanisms are unknown. Here we examined the
capacity for brief slow breathing (.1 Hz, 6 breaths per minute) to engage the vagal nerve and
enhance learning and cognitive plasticity across the lifespan in 65 adults (age range 18 to 82 years).
Two minutes of slow breathing increased vagal regulation of the heart, enhancing variability in
beat-to-beat cardiovascular dynamics. After slow breathing, vagal modulation transferred to
cognitive performance, enhancing learning and adaptively re-learning.

These effects were

particularly potent with increasing age, resulting in performance equal to participants over forty
years younger. Taking twelve slow deep breaths has short-term benefits for cardiovascular and
cognitive plasticity, hypothetically via vagally-mediated brainstem modulation of the heart and the
brain, rejuvenating functions altered by aging.

Introduction
To and sustain life and maintain consciousness, humans breathe on average twenty-four thousand
times throughout the day, with respiration controlled by evolutionarily conserved medullary nuclei
in the brainstem (Ikeda et al., 2017). In contrast to this autonomous control, one of the central
facets of ancient yoga Pranayama breathing practices is to take conscious control over breathing
to enhance health and wellbeing (Lombardo & Davis, 2019; Pali Canon, Sutta Central, n.d.). In
particular, slow controlled breathing practice has been applied to treat stress and anxiety and in
first responders and those on the frontline, specifically to treat PTSD (Mathersul et al., 2019).
Although slow breathing is used to regulate subjective mental states, it also regulates the vagal
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nerve to influence brainstem nuclei beyond those involved in respiratory control (Yackle et al.,
2017), including those that regulate neuroplasticity. This suggests slow breathing may have a
broader influence on the body as well as on higher-order brain function (Maric et al., 2020). Here
we examine objective evidence of how even a brief bout of slow controlled breathing transiently
enhances cardiovascular and cognitive function across the lifespan.
Slow breathing simultaneously regulates the autonomic nervous system (Weippert et al., 2015)
and the central nervous system, presumably via medullary nuclei and other modulatory
isodendritic core nuclei that regulate higher order brain structures (Mather & Thayer, 2018). For
example, modulatory nuclei like the solitary nucleus, locus coeruleus and basal forebrain play a
role in a central autonomic network (Bennarroch, 1993) that help regulate widespread cortical
activity supporting attention, learning and cognition (Thayer et al., 2009) . These core regions are
also among the first sites of neurodegenerative disease in pathological aging (Arendt et al., 2015).
Slow controlled breathing is also thought to engage the vagal nerve, to regulate visceral organs
through the autonomic nervous system, including cardiovascular dynamics (Mather & Thayer,
2018). In addition, through afferent fibers first terminating in the nucleus of the solitary tract, the
vagal nerve also acts on the brainstem to influence higher order brain functions (Thayer et al.,
2009). This is prominently demonstrated in enhanced neural plasticity (Biggio et al., 2009),
enhanced recovery in animal models of stroke and traumatic brain injury (Hays et al., 2013), and
enhanced memory formation (Clark et al., 1999). For instance, direct vagal stimulation results in
persistent changes in hippocampal neurons and causes lasting reorganization of sensory and motor
cortical circuits in rodents (Hays et al., 2013). In humans, it has been shown to enhance recognition
memory, improve attentional focus and cognitive flexibility (Steenbergen et al., 2015; van
Bochove et al., 2018). Control over brain stem nuclei that regulate the vagal nerve, as well as
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higher brain regions, may then be made possible by through volitional control over the lungs.
However, merely taking volitional control over breathing may be insufficient to to engage the
vagal nerve via brainstem respiratory circuits; rather, evidence suggests that slow controlled
breathing, at approximately .1 Hz, 6 times per minute, maximizes vagal regulation (Grossman &
Kollai, 1993; Weippert et al., 2015). In combination, we expect that the effects of controlled
breathing on the vagal to be when it is slowed and results in enhanced plasticity in learning,
cognition, and behavior.
There are prominent age-related changes in capacity for cognitive plasticity that parallel brainstem
changes (Arendt et al., 2015; Mather & Thayer, 2018) and vagal regulatory influences on
cardiovascular dynamics (Frewen et al., 2013). It is thus of theoretical and translation significance
to examine whether breathing benefits extend across the lifespan. Here we explored whether a 2minute practice of slow controlled breathing—twelve slow breaths—enhances cardiovascular
dynamics and subsequent benefits on cognition in young adults, and whether these benefits also
extend across to older adults. Specifically, we focused on functions where there are prominent
age-related decline in plasticity in the body and the brain—cardiovascular dynamics (Antelmi et
al., 2004; Umetani et al., 1998; van den Berg et al., 2018) and learning and cognitive flexibility in
re-learning (Ebert & Anderson, 2009; Emery et al., 2008; Pettigrew & Martin, 2014; Winocur,
1984). Participants (n = 65, age range 18 to 82 years) volitionally controlled breathing at 6 breaths
per minute (0.1 Hz) which was compared with a sham control condition in which participants were
also guided to control their breathing but at 17 breaths per minute (0.28 Hz), within adults’ normal
respiratory range (Rodrigues-Molinero et al., 2013). This allowed a separation of the cognitive
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effects of volitional breath control from the vagal effects of breathing rate. Controlled breathing
was then followed by stimulus-response (S-R) learning to random visual patterns, and then
adaptive relearning, when S-R contingencies where changed (Figure 1).

Figure 1. Procedure and example stimulus pairings (A) Flow of experimental procedure. Each
participant underwent sham breathing, immediately followed by training on two baseline S-R pairs and
then a manipulation from those baseline pairs, either the PI task or the RR task. Participants then
underwent the slow breathing condition, followed immediately by training on two new baseline S-R
pairs and another S-R manipulation: those who performed the PI task after sham breathing performed
the RR task after slow breathing and vice versa. The pairing of breathing condition with S-R
manipulation task was counterbalanced across participants. (B) Example stimulus pairings for the PI
(top) and RR (bottom) tasks. Note that each run used two independent stimulus pairs, but for clarity only
one is shown here. Each task consisted of baseline stimulus pairs (upper rows) and subsequent test
stimulus pairs (lower rows). Participants first acquired the S-R associations for the baseline pairs by
learning, through trial and error with auditory feedback, to select the target image. Participants then
learned the test pairs which represent either a proactive interference manipulation or a response reversal
manipulation of the associated baseline pair
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Results

Voluntary breath control.
Breathing was modulated in two-minute runs, during which participants were asked to inhale when
they heard a high-pitched tone and exhale when they heard a distinct low-pitched tone. In the slow
condition, the cycle of inhalation and exhalation cues occurred six times per minutes, while in the
sham condition the cycle occurred 17 times per minute to fall within typical breathing pace. For
analysis we split the participants into two age groups, younger (YA) including participants 18-35,
and older adults (OA) including participants 60 years and over. We first assessed the ability to
voluntarily slow down breathing. Respiratory rates between the sham and slow conditions differed
robustly (Figure 2), F(1,58) = 1608.990, p < 0.001, clustering slightly below the instructed pace
for sham 14.720 seconds (+/- 1.441) and slow 5.836 seconds (+/- 0.966). There was no main effect
of age, F(1,58) = 1.025, p=0.316, nor an age by breathing condition interaction, F(1,58) =0.108, p
= 0.744. The similar central tendency and variation across YA and OA suggests ease in breathing

Figure 2. Voluntary control of breath. (A) Average and (B) distribution of breathing rates
(breaths per minute) by breathing condition and age group. Controlled breathing was manipulated
equivalently in young and older adults. Sham = red, and slow = blue.
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control across the lifespan.

Breathing regulation of cardiovascular dynamics.
Clock-like time keeping of the cardiac pacemaker is considered unhealthy (Shaffer et al., 2014).
Rather, vagal regulation from the brain confers healthy adaptability and plasticity in cardiovascular
dynamics. The primary index of vagal influences on the heart is beat-to-beat heart rate variability
(HRV), the variability in the time interval between consecutive heart beats, which is specifically
controlled by parasympathetic vagal modulation of heart contractions (Task Force of the European
Society of Cardiology and The North American Society of Pacing and Electrophysiology, 1996).
We calculated the root mean square of successive deviations (RMSSD) in milliseconds (ms)
between adjacent heart beats, the primary index of vagal influence on cardiovascular dynamics,
using electrical (ECG) and pulse based (fingertip photoplethysmography) measurements. High
correspondence between both methods, Pearson r = 0.999, p < 0.0001, with Bland Altman analysis
supporting substantial agreement in HRV (Figure 3), allowed us to move forward with fingertip
pulse-derived measurements. As expected, and consistent with age-related differences in vagal
regulation of the heart (Antelmi et al., 2004; Umetani et al., 1998; van den Berg et al., 2018), and
decreased plasticity in interbeat intervals, there was substantially decreased beat-to-beat
variability, resulting in a more clock-like rhythm in OA compared to YA (F(1,53) = 11.97, p =
0.001), representing a biological correlate of the aging process.
Opposite of the effects of age, two minutes of slow breathing increased beat-to-beat HRV
increased, (F(2,104) = 17.02, p < 0.001, Figure 4). Slow breathing increased HRV compared to
a baseline condition, in which participants attended to their respiration without trying to change
breathing rate (t(104) = 5.42, p < 0.001), and compared to sham-controlled breathing (t(104) =
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4.56, p < 0.001), with no
difference between sham and
baseline (t(104) = 0.900, p
=0.641), demonstrating that
slow but not volitional control
of breathing altered

vagal

regulation to increase HRV.
Slow breathing enhanced HRV
in both YA (t(104) = 2.748, p
Figure 3. Bland-Altman analysis. Agreement between pulse- and
electrocardiogram-derived RMSSD measurements (“PPG” and =0.019), and OA (t(104) =
“ECG,” respectively). Bland-Altman analysis supported substantial
agreement, allowing subsequent analyses to focus on pulse-derived 3.637, p =0.001).
It
HRV measurements.

specifically

shifted

the

distribution of elderly HRV to resemble that of young adults at resting baseline to the extent they
no longer differed in central tendency t(67)=1.53, p = 0.13.
To further assess the statistical robustness of the breathing modulation effect, and to address the
over-representation of YA relative to OA in our sample, we performed a 500-iteration random subsampling analysis (explained in Materials and Methods, Figure 5), that repeatedly drew random
portions of the YA sample equivalent in size to the smaller sample of OA. The effect of slow
breathing on HRV relative to baseline breathing was highly robust, significant in 99.6% of the
iterations and the mean beta, 4.477, was equal to that in the original model. The effect of slow
breathing vs. sham breathing was moderately consistent, producing a significant effect in 62.600%
of iterations, and the mean beta value from the iterations was close to that in the original model
(2.767 vs. 2.829 in the original model). We found that the age differences in HRV was significant
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Figure 4. Controlled breathing and cardiovascular dynamics. (A) Average and (B) distribution of
root mean square of successive deviations (RMSSD) of inter-beat interval in milliseconds (ms) by
breathing condition and age group. Controlled slow, but not controlled breathing at a typical rate (sham),
modulated beat-to-beat variability in pulse, an index of vagal regulation of heart, and its adaptive
plasticity, shifting their distribution of these heart rate dynamics to approximate that of younger adults.
Baseline = purple, sham = red, and slow = blue.

in 100% of the iterations, and the mean beta value across iterations, 26.510 was very close to the
beta value in the original model, 26.503. However, there was little evidence of an age difference
in breathing modulation HRV, significant in only 6.4% of the iterations. Thus, in older adults,
despite their lower baseline HRV, slow breathing demonstrated a latent capacity for greater
cardiovascular plasticity.

Stimulus-response learning.
To assess the transfer of the vagal modulatory effects of controlled breathing to learning,
participants next performed a simultaneous discrimination visual learning task, acquiring simple
S-R associations. In this stage, stimulus pairs were entirely novel and S-R responses deterministic.
Participants applied trial and error learning, with auditory feedback, to determine which of two
abstract stimuli was a target stimulus, and by default which was the distractor stimulus, by
indicating the side (left vs right) of the screen on which the target appeared (Figure 1B). To
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encourage speed, we enforced a 660 ms response window.
Learning over the course of S-R acquisition was reflected in increased accuracy, F (1,449) =
224.682, p < 0.001, and increased speed, F (1,444) = 99.871, p < 0.001). Older age was associated
with decreased accuracy, F (1,172) = 75.346, p < 0.001) and slowed response time, (F (1,127) =
16.448, p < 0.001) of learning. Opposite of aging, slow relative to sham breathing enhanced learning
accuracy, F (1,449) = 17.426, p < 0.001, and speed (F (1,444) = 6.035, p = 0.014). The rate of
learning also interacted significantly with breathing condition, F (1,449) = 8.691, p = 0.003, with
slow breathing resulting in learning the novel associations sooner than sham breathing. A tailored
contrast showed that enhanced accuracy following slow breathing was even more pronounced in
OA than in YA, t(449) = 3.391, p = 0.001. Thus, the benefits on cardiovascular plasticity
concurrent with slow breathing transferred to subsequent learning. Despite their lower baseline
levels of learning, slow breathing revealed a latent enhanced capacity for plasticity in older adults.

Cognitive plasticity.
To examine whether the benefits of slow beathing’s on learning transferred to cognitive plasticity
more broadly, participants were challenged by changing the S-R contingencies, allowing an
assessment of how adaptively participants re-learn. We examined two variations of re-learning:
mnemonic Response Reversal (RR) and Proactive Interference (PI). The RR task allowed us to
assess the challenge of a simple reversal of S-R mapping of associations of previously learned
stimuli, while PI assesses the integration of old learning with new conflicting information which
is known to be particularly susceptible to aging (De Rosa et al., 2004; De Rosa & Hasselmo, 2000).
To account for possible order effects, we first conducted a pilot study in younger adults (n= 29,
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mean age 20.00, +/- 0.943 years) to examine the expected effect sizes of PI and RR to inform our
study design. Both PI and RR were associated with large effect size, (Cohen’s D of 1.180 and
1.702, respectively), with a power of .8, affording detection of the difficulty in re-learning in
sample sizes of eight (PI) or five (RR) individuals. Further, as our study design required within
subject counterbalancing re-learning task order with breathing condition, we examined whether
there were any task specific order interactions. There was no effect of task order on either accuracy
either (F(5,22) = 0.908, p = 0.494) or RT (F(5,23) = 1.023, p = 0.428). This demonstrated that the
order in which the tasks were completed does not impact participants’ strategy and resulting
performance.
In the context of the breathing modulation study, we confirmed the cost associated with the relearning manipulations. In the sham-breathing condition, accuracy was significantly lower,
F(1,61) = 112.408, p < 0.001, (mean 0.665 +/-0.212 vs. mean 0.908 +/- 0.144), and response times
longer (F(1,60) = 35.653, p < 0.001) when comparing the last quartile of prior S-R learning to the
first quartile of the new S-R contingencies, reflecting adapting to contingency change. Aging was
associated with poorer adaptation to changing S-R contingencies (Ebert & Anderson, 2009), with
a significantly greater drop in accuracy in OA relative to YA, (t(61) = 2.842, p = 0.006). As
expected, there was also a significant interaction between task and group (F(1,443) = 9.087, p =
0.003), with a larger accuracy cost in OA in adapting to PI (t(91) = 2.501, p = 0.014). In sum,
increasing age was extended to reduced plasticity in re-learning, particularly when confronted with
integrating old information with new learning (De Rosa et al., 2004; De Rosa & Hasselmo, 2000).
Focused analyses of the effects of breathing on the initial adaption to changed S-R contingencies
revealed that opposite to the effects of aging, as there was significant enhancing effect of slow
breathing (F(1,451) = 66.882, p < 0.001) and this was seen in both RR (F(1,453) = 66.849, p <
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Figure 5. Iterative sub-sampling analysis of heart rate variability. Distribution of beta values across
500 iterations with beta from original full-sample model (dashed black line) and 0.05 alpha level (dotted
red line) indicated. For beta value distribution, blue = effect was significant, red = effect was not
significant, at an alpha level of p = 0.05. A) The effect of slow breathing compared to baseline breathing
was highly consistent. B) The effect of slow breathing compared to sham breathing was significant in
the majority of iterations but was inconsistent. C) The effect of age was completely consistent, always
producing a significant result. D) Interaction between age and the effect of slow breathing vs. sham
breathing.

0.001). and PI, (F(1,453) = 66.849, p < 0.001) when analyzed separately. When examining the
entire time course of re-learning, there was a robust effect of slowing breathing, which enhanced
accuracy (F(1,443) = 72.007, p < 0.001, Figure 6A-B) and speed, F(1,442) = 9.499, p = 0.002,
relative to sham breathing conditions. The iterative sub-sampling analysis demonstrated this
breathing modulation was robust, as the effect on accuracy was statistically reliable in smaller
sample of young participants in 100% of iterations. Slow breathing also accelerated the time course
of relearning accuracy (F(1,443) = 25.787, p < 0.001, Figure 6C). An interaction between task
and breathing accuracy (F(1,289) = 8.032, p =0.005) and response time (F(1,164) = 17.463, p <
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0.001), revealed that slow breathing had a differential effect, enhancing re-learning where it
required most cognitive plasticity, during PI.
The beneficial effect of slow breathing increased with age. OA demonstrated a greater benefit of
slow relative to sham breathing on re-learning accuracy, F(1,443) = 10.200, p = 0.002. The
iterative sub-sampling analysis of young adults demonstrated this age-related increase in breathing
modulation was robust, statistically reliable in 79.4% of iterations (Figure 6D). OA had
improvement from the slow breathing condition relative to YA most prominently in the PI task
(t(100) = 3.549, p = 0.006), where slow breathing enhanced PI performance in OA, rendering it
equivalent to that of YA (t(95) = 0.541, p = 0.590).
In sum, across the young and elderly the benefits of slow breathing on learning transferred to
subsequent re-learning when participants were required to adapt to changing contingencies.
Opposite the effects of aging, despite lower baseline levels of re-learning, slow breathing revealed
a latent equivalent capacity for plasticity in adapting to change, particularly where they were most
vulnerable on integrating old with new learning, where there was greatest age associated decline.
(Figure 5A-C).

Discussion
Twelve slow controlled breaths, over two minutes, enhanced vagal influences on the heart in both
young and older adults. The boost of cardiovascular dynamics in older adults reversed its age
related decrease, and was enough to approximate that of young adults 30+ years their junior;
compared to age population norms (van den Berg et al., 2018), producing vagal influences on heart
rate variability (HRV) typical of the 30-39 year old population norms (van den Berg et al., 2018).
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Figure 6. Cognitive flexibility in young and older groups following controlled breathing. (A)
Average cost to accuracy in adjusting to S-R contingency change (PI=proactive interference,
RR=response reversal). (B) Distribution of normalized accuracy in the PI and RR tasks. Dotted line
indicates no cost to accuracy dur to the S-R manipulation. Slow breathing increased cognitive flexibility,
most pronounced in the older group and in PI, decreasing interference during the integration of new with
old S-R learning. Distribution of individual susceptibility to accuracy cost associated with the S-R
manipulations shifted toward zero following slow breathing, matching performance in young and older
groups. (C) Time course (trial quartile) in adjusting to S-R contingency change in PI and RR. Accuracy
was calculated as the percentage of trials in which a correct response was made. Normalized accuracy
was calculated for each quartile bin of the manipulation runs using the formula
normalized accuracy bin n = accuracy bin n - accuracy baseline bin 4.
Cost is the inverse of normalized accuracy. Red = sham breathing, blue = slow breathing for A-C.
(D) Distribution of beta values for age X breathing condition interaction for 500 repetitions of the
iterative sub-sampling analysis (dashed line = beta value from the original model). The OA received
more accuracy improvement from slow breathing than YA (age X breathing condition interaction was
significant) in the majority of iterations, supporting the robustness of this interaction.
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Vagal regulation of HRV reflects adaptability and plasticity in cardiovascular dynamics, and is
associated with greater physical and mental health (Mather & Thayer, 2018). Further consistent
with vagal nerve stimulation (Clark et al., 1998), these immediate benefits on cardiovascular
plasticity during slow breathing transferred to a subsequent effect on cognitive plasticity in both
young and older adults, increasing the accuracy and speed in simple S-R learning, after slow
breathing.
The benefits of slow breathing persisted and transferred to re-learning, when participants needed
to adjust what they had learned in response to a changing environment. Breathing reduced
immediate interference costs and increased the rate at which individuals adapted to change, a form
of cognitive recovery, which demonstrated an even more robust and deeper enhancement of
cognitive plasticity. This plasticity benefit was apparent across ages and task, but specifically
revealed effects opposite of aging, although our results should be considered preliminary until
replicated with a larger sample size of older adults. The improvement from slow breathing was
larger in older adults, and when adaptively integrating new learning with old learning, enough to
abolish the substantial age differences. In sum, even a short bout of slow controlled breathing
briefly afforded older adults the ability to reveal a latent capacity for plasticity similar to much
younger adults, revealing anti-aging effects in both the heart and the brain.
Past correlational work has associated individual differences in cardiovascular dynamics, as
reflected in HRV, with differences in cognitive flexibility (Colzato et al., 2018) and in
neurocognitive aging (Frewen et al., 2013), including mild cognitive impairment and dementia (da
Silva et al., 2018). Here we show, through controlled slow breathing, that individuals can
volitionally engage brainstem circuits (Maric et al., 2020; Yackle et al., 2017) to manipulate vagal
control of their hearts and enhance learning and cognitive flexibility to changing demands,
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providing experimental support that non-invasive vagal stimulation can modulate cognition
(Colzato et al., 2018; Steenbergen et al., 2015).
We hypothesized that there may be shared central mechanisms between age-related decline in
cardiovascular and cognitive flexibility (Mather & Thayer, 2018). Older and younger adults could
equivalently consciously control their breathing, whether at typical faster or atypical slower rates,
consistent with comparable tolerance of breathwork and similar engagement of cognitive cortical
control of the lungs. Despite similarity in control of breathing, there were differential effects of
breathing rate with slow breathing conferring the greatest benefit to older adults.
While we observed main effects of age and slow breathing improving cognitive flexibility across
tasks, interactions revealed that this too was differential. Both improvement due to slow breathing
and challenge associated with age were most evident in the PI task. While we expected a larger
effect of RR than was observed, we replicated the limited effect of aging on this simple remapping
of behavioral responses to fixed outcomes (Nashiro et al., 2013). By contrast, rather than a simple
reversal, PI specifically challenges the integration of new information with existing schemas,
which is more susceptible to aging and been shown to depend on distinct neural systems altered
with age, such as the basal forebrain and the medial temporal lobe (De Rosa et al., 2004). That
both aging and breathing prominently influences this integration process points to a common
underlying mechanism; that is, the systems impacted by aging are also those impacted by slow
breathing, as would be anticipated if age-related changes reflect a common source of brainstem
vagal regulation.
While the current studies did not directly examine a specific central mechanism for the beneficial
effects of slow controlled breathing, clues come from the intersection of the detrimental effects of

121

aging with the positive effects of controlled breathing. Brainstem medullary nuclei that
autonomously control rhythmicity of the lungs, the pre-Bötzinger complex, regulate the
noradrenergic locus coeruleus (Yackle et al., 2017) and potentially other related isodendritic core
nuclei, such as the cholinergic basal forebrain. These isodendritic core nuclei, which link the body
and the brain, and are among the first areas to exhibit neurological signs of dementia (Arendt et
al., 2015). These region release neurochemicals, including acetylcholine and norepinephrine,
throughout the neocortex modulating neural activity to support attention, learning, and memory
(Ballinger et al., 2016; Záborszky et al., 2018). The basal forebrain has specifically been shown to
reduce interference while integrating old with new learning, in both human and nonhuman animals
(Atri et al., 2004; De Rosa & Hasselmo, 2000) and enhance cortical remapping (Hulsey et al.,
2016; Nichols et al., 2011). Our results suggest that slow controlled breathing may not only drive
peripheral neurochemical release on the heart, but also may regulate short-term neurochemistry in
the brain.
Although the majority of breathing is unconscious and regulated by brain control of the autonomic
nervous system, higher-order volitional brain functions also can control breathing, by necessity to
allow for consummatory behaviors and speech. The present results demonstrate that taking control
over breathing, slowing it down sufficiently to alter vagal control over the heart, has a potent
central influence on higher-order brain functions supporting cognition. Controlled breathing
exercises, as have been employed for centuries for subjective well-being, transiently rejuvenates
vagal control of the heart, and for a few minutes following, almost eliminates the expression of
cognitive aging.
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Materials and methods

Participants and demographics.
We recruited healthy adults age 18-35 years (young adults, YA) and 60+ years (older adults, OA).
Young adults were recruited through flyers posted on the Cornell University campus and through
the Cornell University online psychology experiment sign-up system (SONA). Older adults were
recruited through flyers distributed in the Ithaca, N.Y. area; through personal communication with
the researcher; and through community email lists. Exclusion criteria were severe neurological
disease or history thereof, colorblindness, use of prescription or non-prescription drugs with
neurological effects, or dementia as assessed by the Montreal Cognitive Assessment or the Mini
Mental State Exam. Young adults were compensated $10 per hour or received course credit, and
older adults were compensated $12 - $20.
Our final sample included 42 young adults, mean age 21.19 years old (+/- 3.40 years; 34 female)
with 21 completing each counterbalanced version (A and B), and 23 older adults, mean age 66.52
years old (+/- 5.20 years; nine female), with 12 completing version A and 11 completing version
B. The average years of education for young adults was 15.51 (+/- 2.49) and for older adults was
16.19 (+/- 4.01). Participants ranked their overall health among the options poor, fair, good, very
good, and excellent, yielding a modal selection of “very good” for each group (15 young adults
and 10 older adults). We were able to obtain sufficiently clean, complete, HRV data from 34 young
adults and 19 older adults. In an additional two young adults we obtained HRV recordings from
the sham and slow breathing but not the baseline timepoint. Respiratory recordings of adequate
quality were obtained from 38 young adults and 17 older adults, with recordings from sham and
slow, but not baseline, timepoints in an additional two young adults and three older adults. An
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advantage of mixed models is that they are generally robust to such missing data, so these
incomplete cases were included in the analyses.

Procedure.
Upon arrival participants provided written consent, then completed a demographic survey and
either the Montreal Cognitive Assessment or the Mini Mental State Exam. A portion of our
participants (9 YA and 13 OA) were recruited for a larger suite of research studies including the
present study; these participants completed an additional series of neuropsychological tests before
beginning the main experimental procedure, which were not analyzed here, but were otherwise
treated identically to the other participants.
The main experimental procedure consisted of two phases as outlined in Figure 1. Briefly, in
Phase 1 participants learned to perform the breathing task and baseline simultaneous
discrimination visual task, and a baseline HRV measurement was taken. In Phase 2 participants
were counterbalanced into one of two conditions (“Version A” or “Version B”) that differed in the
pairing of the slow breathing manipulation with cognitive task (PI versus RR).
To avoid residual spillover across conditions due to the hypothesized prolonged physiological
effects of slow breathing, we did not counterbalance the order of the slow- and sham-breathing
manipulations. Indeed, our experimental design assumes that two minutes of slow breathing
persists to affect performance on a subsequent task. Instead, participants always completed the
sham breathing run first and the slow breathing run second, and we counterbalanced what task –
RR or PI – followed each of these breathing manipulations. Thus, our design permited withinsubjects comparisons of slow-breathing’s impact on cardiac and cognitive flexibility, and between-
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subject comparions pasring the specific effects of breath rate different components of cognitive
flexibility assessed by the PI and RR tasks. While this necessarily combines the effects of slow
breathing with the effects of practice on participants’ raw accuracy, we accounted for practice
effects by normalizing accuracy to each participants’ performance in the accompanying baseline
cognitive task run.
Independence of normalized task performance from task order was derived from a previous pilot
study utilizing the same RR task and PI tasks, as well as a simple intradimensional shift task in
which participants learned an entirely novel stimulus pair. As in the present study, stimuli were
two pairs per run of abstract images, and participants discovered the target and distractor
associations through trial and error with correct and error tones. Participants were randomized into
six conditions representing all possible orders of the three tasks, and normalized accuracy and RT
were submitted to a mixed model in the form:
Outcome ~ (1 | participant ID) + order + time bin * task
Type-III sums of squares F-tests were then performed on the model output.

Breathing manipulation.
In the breathing task, participants were asked to inhale when they heard a high-pitched tone and
exhale when they heard a different low-pitched tone. Participants were only guided in breath
duration and were not given further instruction in breathing technique (e.g., abdominal vs chest).
Before the first run, participants voluntarily played each sound to become familiar with them. In
the breathing practice run, the inhale and exhale tones were accompanied by written instructions
(“Inhale” or “Exhale”) on the screen, while in the subsequent breathing task runs only a fixation
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cross appeared on the screen. The practice run in which participants learned the tones was 20
seconds in duration, while all subsequent breathing task runs were two minutes. In the slow
condition participants were guided to breathe at .1 Hz or 6 breaths per minute (BPM), composed
of 4-second inhalations and 6-second exhalations, with no breath holding, to enhance
parasympathetic drive (Bartur et al., 2014; Li et al., 2018; Weippert et al., 2015) In the sham
condition (and the practice run) participants completed the same task, but the respiration rate was
17 BPM, composed of 1.5-second inhalations and 2-second exhalations, again with no breath
holding.

Physiological measurements.
To confirm that participants modulated their breathing in accordance with the slow and sham
paces, we recorded respiration during the breathing task with a strain guage placed around thorax
at the level of the diphragm. To determine the effect of breathing condition on HRV, we measured
heart rate at baseline and during each breathing task through a photoplethysmography (PPG)
sensor on the left index finger. In young adults we also collected electrocardiogram (ECG)
recordings in the Lead II configuration. Because ECG recording requires electrodes to be placed
directly on the skin of the participant’s torso, we anticipated that ECG recording might be
particularly uncomfortable for older adult participants. Thus, we used PPG measurements of HRV;
ECG recordings were only collected from the young adult participants to confirm the accuracy of
HRV calculated from PPG recordings. Previous research indicates that PPG recordings should be
sufficient (Schäfer & Vagedes, 2013). All recordings were collected at 1000 Hz and used the
Biopac-MP150 system (Biopac Inc., New York, USA). The majority (75%) of baseline HRV
measurements in each group were collected during a two-minute attended breathing run, during
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which participants were not given respiratory timing cues but were instructed to focus their
attention on their breath. When unavailable, remaining baseline HRV measurements were taken
from the 20-second run when participants were learning to identify the inhalation and exhalation
tones.

Cognitive flexibility tasks.
Following the sham or slow breathing protocol, participants completed a visual discrimination
learning task. Two images appeared simultaneously on a computer monitor, with each image
filling one half of the monitor. Images were colorful abstracts (Mathôt et al., 2015) selected to
have no inherent significance and to be clearly distinguishable from one another (Figure 1B). In
each pair one image was a target and one was a distractor, and over repeated trials participants
learned, through trial and error, which image was their target. Each run featured two distinct S-R
pairs. All tasks were deterministic, with each correct response eliciting a reward tone and each
incorrect response eliciting an error tone. Each run consisted of 112 trials, with side
counterbalanced and pseudorandomized so that the target never appeared on the same side for
more than two consecutive trials, and two stimulus pairs were used for each run. An intertrial
interval of 0.22 seconds transpired between subsequent trials. Between this interval and the 0.66
second response window, each run lasted a maximum of 98 seconds; the mean duration was 69.668
(+/1 0.0057) seconds per run.
After learning two interleaved and pseudorandomly presented baseline pairs trials, i.e., A1+ / B1and A2+ / B2-, where ‘+’ indicates a target stimulus and ‘-’ indicates a distractor stimulus, the
contingencies were switched for the switching tests. In the PI task, the distractor was the previous
target from the baseline pair and the target was a novel image (C+ / A-), eliciting proactive
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interference from this prior learning (De Rosa et al., 2004), modelled on classic PI in the verbal
learning (Postman & Underwood, 1973; Underwood, 1957). We contrasted this with a response
reversal (RR) task, the distractor was the previous target from the baseline pair and the target was
the previous distractor, thus the target and distractor status were reversed (B+ / A-). This allowed
us to account for the suppression of a prepotent response and the remapping of responses to known
stimuli (RR), in contrast to flexibly learning new target information (PI) while remapping the
response the previously learned target, now distractor. Participants were asked to indicate the target
image of the pair through a keypress for left or right within a 0.66 second response window.
Correct responses elicited a higher frequency “ding” tone while incorrect responses, or failure to
response within the allotted 0.66 seconds, elicited a lower frequency “buzz” tone.

Physiology analysis.
Raw ECG and PPG recordings were subjected to artefact rejection (Task Force of the European
Society of Cardiology and The North American Society of Pacing and Electrophysiology, 1996)
in Kubios HRV Premium 3.1.0 (https://www.kubios.com/hrv-premium/) using the Thresholdbased artefact Correction function where the threshold level was individually selected based on
the normal variability in RR intervals among individuals (Alcantara et al., 2020; Tarvainen et al.,
2019) The RR times series interpolation rate was set as 1000 Hz and smoothness priors as 500
before analysis. We visually detected all the artefacts on the R-waves, removed or added markers
of R waves manually to correct all the artefacts in the R-R interval time series before HRV analysis.
We obtained RMSSD values from the time-domain results after artefact rejections using the
adjusted individual threshold-based artefact correction function with a percentage of interpolated
R-R values lower than 5% (Tarvainen et al., 2019). Respiratory rate in breaths per minute (BPM)
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was calculated from respiratory strain gauge recordings in Acqknowledge (Biopac Inc., New York,
U.S.A.) using the Find Rate function, with signal type was set to “Resp.Rate (Human Resting),”
the Windowing Units as “BPM,” the range from Min:5 BPM to Max:30 BPM, and the output
function set to “BPM.” Values for RMSSD and BPM were calculated for each run of each
participant and gathered into a data frame for group-level analysis in R (Bates et al., 2015; R Core
Team, 2019). Due to experimenter error in setting up the physiological recording equipment, some
participants’ physiological recordings were of too poor quality to analyze and were excluded from
analysis. Furthermore, for analysis we split the participants into two age groups, younger (YA)
including participants 18-35, and older adults (OA) including participants 60 years and over.
Outcomes (RMSSD and BPM) were submitted to mixed models in the form:
Outcome ~ (1 | participant ID) + breathing condition * age group
and results of these models were assessed with Type II sums of squares analysis of variance tables.
The outcome variables were entered as continues variables. Breathing condition had the levels
Baseline, Sham and Slow while age group had the levels YA and OA.

Behavioral analysis.
As above, for behavioral analysis we split the participants into YA and OA age groups. Our
analyses focused on two outcome measures in the test runs: accuracy, i.e., the percentage of trials
in which a correct response was made; and reaction time (RT) on trials when the participant
responded correctly. Each run was analyzed in quartile bins of 28 trials to assess the time course
of adapting to the contingency switch. To capture this switch cost and to account for practice
effects over the course of the experiment, accuracy and RT were normalized by subtracting that
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individuals’ accuracy or RT for the last quartile of the associated baseline run, e.g., for accuracy
normalized accuracy bin n = accuracy bin n - accuracy baseline bin 4.
Thus, data submitted to analysis represent magnitude of accuracy and RT switch cost due to the
PI and RR manipulations. All statistical analyses were conducted in R (R Core Team, 2019). Each
outcome measure was subjected to a mixed-effects model (Bates et al., 2015) in the form:
outcome ~ (1 | participant ID) + gender + bin * task * breathing condition * age group
here participant ID was a random effect and gender, bin, task, breathing condition and age group
were fixed effects. The outcome measures and quartile bin were entered as continuous variables.
Gender had the levels male and fame; task had the levels PI and RR; breathing condition had the
levels Sham and Slow; and age group had the levels YA and OA. Interactions among all random
effects except gender were also included. Output of these models was subjected to F-tests by
calculating a type III sums of squares analysis of variance table from the output; therefore, results
are reported as F values. Significant interactions were subjected to pairwise comparisons with a
Note that F- and t-tests on mixed models are computed based on the model, not the raw data, and
so t, p, and degrees freedom values will not exactly match tests performed on the raw data.
Traditional degrees freedom metrics are generally not applicable in in mixed models. Rather,
mixed models typically employ estimates of degrees freedom that attempt to account for the impact
of covariance within the data (Bolker, 2020). Our analysis utilized Kenward-Roger degrees
freedom estimation (Kenward et al., 1997) via the lme4 (Bates et al., 2015) and car (Gajewski et
al., 2010) packages in R. Past work has demonstrated the applicability of this approach for
generalized linear mixed models as were used in this study (Luke, 2017; Stroup, 2013; Stroup,
2015).
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The discrepancy in sample size across YA and OA groups could potentially make the age effects
we observed in cognitive flexibility normalized accuracy, specifically the interaction of age group
with cognitive flexibility task and with breathing condition, unreliable (response time effects did
not differ by age). To address this and assess the reliability of our findings, we performed an
iterated analysis over repeated random samples of the YA group. For each of 500 iterations, we
randomly selected a subsample of 22 of the 43 YA participants; while there are 23 OA participants,
we chose to select 22 YA to draw half from each experimental order version. We then repeated
the same mixed model for accuracy shown above on this new data set. Beta values and associated
p values from the mixed model output were collected for each iteration.
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CONCLUSION
This thesis sought to gain insight on how neuromodulation by ACh supports cognitive flexibility,
how this contributes to declining cognitive flexibility seen in normal aging, and whether vagal
influence on central ACh could be utilized to combat such decline. Our results paint a picture of
the cholinergic system as a key player in age-related declines in cognitive flexibility, notably
through modulation of the parietal cortex, and suggest ACh’s role in brain-body connections may
be capitalized for interventions against cognitive aging.
We found converging evidence across species that the cholinergic system contributes to agerelated reductions in cognitive flexibility. In Chapter 1, we demonstrated that muscarinic receptor
antagonism mimics natural aging regarding PI resolution in rats. Our finding that the impacts of
age and cholinergic disruption are non-additive suggests that the influence of age and that of
reduced ACh are one and the same. In concurrence with this, Chapter 3 demonstrates that an
indirect vagal manipulation that putatively increases central ACh improved cognitive flexibility.
Thus, we bidirectionally altered cognitive flexibility by modulating the cholinergic and vagal
systems. Together these findings suggest that age is characterized by reduced cognitive flexibility
because of the degradation of the cholinergic system. This furthers past correlational work showing
a relationship between more pronounced decline in the cholinergic system and worse cognitive
performance among older rodents and humans (Fischer et al., 1992; Lammers et al., 2018; Luine
et al., 1990; Perry et al., 1978; Scheef et al., 2019; Wolf et al., 2014).
We consistently found that both age and ACh transmission had a selective effect on cognitive
flexibility compared to basal learning or memory, and perhaps even more specifically on
integrating new information into an existing framework as is required to resolve PI. In rats, both
aging and SC impeded PI resolution with lesser or no impact on novel learning and performance
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of previously learned associations. Likewise, in our human participants PI resolution was more
challenged by age than was simple remapping in a response reversal. Thus, ACh may be more
crucial to tasks with greater flexibility demand, rather than learning and memory more broadly.
Several previous studies have also suggested a specialized role of ACh. For example, ACh related
to shifting attention not the initial allocation of attention (Ljubojevic, 2014) and to changing what
stimulus features are used in decision making but not to learning new associations of the same
features (Chen et al., 2004). Another explanation for this, however, is that there is more reliance
on ACh for tasks that demand greater attentional effort regardless of the source for this demand
(Himmelheber et al., 2000). While we attempted to make our tasks equivalent in difficulty, it
remains possible that the PI condition required greater attentional control distinct from the need
for flexibility.
Our LFP recordings highlighted cholinergic orchestration of PPC beta oscillations in supporting
cognitive flexibility. When considered alongside our other findings, this hints that the PPC, and
particularly beta oscillations therein, may be a key site of cognitive aging and of vagal influence.
This is in agreement with previous research suggesting that PPC activity is dysregulated in older
adult humans, including over-recruitment of the PPC for easier tasks and diminished dynamic
range in PPC activity, compared to young adults (Huang et al., 2012; Jimura & Braver, 2010).
Neuroimaging in humans indicates that brain volume decreases in the PPC with aging (Smith et
al., 2007) and in dementia patients relative to healthy older adults (Duarte et al., 2006).
Past research on how the vagus nerve relates to central neurological function has often focused on
the frontal cortices via fMRI (Thayer et al., 2009). We suggest that future work should extend this
exploration to the PPC, including with timeseries measurements such as EEG that are more
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sensitive to oscillatory activity. Our data hint that a relationship between vagal activity and beta
oscillations, interacting with aging and cognition, may emerge.
At present the primary treatment to mitigate cognitive decline is inhibition of AChE, thus reducing
ACh clearance from the synapse. AChE inhibition confers only moderate benefit (Kaduszkiewicz
et al., 2005), emphasizing the need for better means to target cholinergic activity. We provide
evidence that slow breathing can drive profound improvement in older adults’ cognitive flexibility.
While the precise role of ACh in this effect is yet to be demonstrated, it suggests that a broader
approach to rejuvenating this neuromodulatory system may be effective.
The preceding chapters shed light on why cognitive flexibility is often challenged in later life and
possible avenues for intervention to combat this. However, interventions are only effective if they
are used. A central tenet of translational research is that tools will be more effective if they are
developed with consideration of user’s perspectives (Frank et al., 2014; Wethington et al., 2012).
Therefore, beyond understanding neural mechanisms of cognitive decline and ways to act on these
mechanisms, it is essential to understand the needs of the population impacted by these neural
phenomena, in this case older adults.
To address this, we completed a qualitative study of older adults’ needs and preferences regarding
interventions against cognitive decline. We conducted semi-structured interviews with older adults
in the community, recruiting participants from both Cornell University and residents of Titus
Towers, a government subsidized senior housing center, to obtain a diverse sample. Our results
are presented in the following manuscript.
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Abstract
Research on ways to mitigate cognitive aging, especially through computerized training, has
yielded optimistic results, but these interventions will only benefit the community if older adults
elect to use them. Past research shows that older adults comply with cognitive training when
instructed to, but it is unclear whether this translates to individuals voluntarily taking up these
interventions for sustained use. We explored whether older adults employ cognitive training
platforms on their own and their motivations and priorities regarding these interventions. We
conducted semi-structured interviews with 13 community-dwelling adults aged 55 years and over.
Participants were recruited from two sources: retirees affiliated with Cornell University (N=8) and
residents of a public housing facility (N=5). Interviews were subjected thematic analysis. In
contrast to past research, we found that none of the older adults in our sample currently chose to
use cognitive training tools on their own and those who had previously tried cognitive training
platforms had ceased use due to negative experiences. Our data suggest that older adults instead
prefer activities that are both inherently enjoyable and have perceived meaning. Our results further
highlight additional factors shaping older adults’ engagement with cognitive training. We reveal a
mismatch between older adults’ priorities and the cognitive training interventions currently
available and suggest ways to better align future interventions with older adults’ priorities.

Introduction
Advancing age can have a profound effect on cognition, even in the absence of pathological
dementia (Brayne, 2007). While certain cognitive processes remain largely stable over the life
course, some key functions show a typical pattern of decrease, starting as early as middle age, that
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can affect daily functioning (Harada et al., 2013; Singh-Manoux et al., 2012). This is true both of
objectively measured cognitive ability and of older adults’ subjective experience of their cognition
(Buckley et al., 2015; Newson & Kemps, 2006), with subjective decline linked to a reduced quality
of life (Hill et al., 2017). Cognitive decline is among the most costly aspects of aging and a leading
cause of transition to institutional care among senior citizens, with the possibility of pathological
dementia eliciting trepidation in many older adults (Corner & Bond, 2004; Deary et al., 2009).
Given these challenges posed by cognitive aging, there is considerable interest in interventions to
mitigate decline. Much of this effort has been directed toward training regimens to strengthen and
preserve cognition during later life by exercising either specific cognitive skills, broader cognitive
processes, or neural systems (Merzenich et al., 2014). Here, we will refer to these collectively as
cognitive training tools.
Such tools have yielded mixed but optimistic results. A particular challenge is in developing
training benefits that extend beyond the specific tasks practiced to have a general impact on
cognition, and there is not yet sufficient evidence to indicate that such interventions will reduce
future risk of dementia (Butler et al., 2018). Encouragingly, one large randomly controlled trial
demonstrated that weekly training sessions for memory, processing speed, or reasoning ability
conferred benefits on trained skills and, subsequently, transferable benefit to everyday living skills
that lasted several years (Ball et al., 2002; Rebok et al., 2014; Willis et al., 2006). Furthermore, a
systematic review by Nguyen et al. (2019) concluded that cognitive training may reduce patterns
of neural activity in older adults associated with compensation, that is, overreliance on frontal
cortices in light of age-related changes to other neural structures. In aggregate, however, metaanalyses and systematic reviews of the field indicate that cognitive training does improve the skills
trained (e.g. working memory training generally benefits working memory performance) but is
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unlikely to improve general cognition as needed for day-to-day life (Gavelin et al., 2020; Nguyen
et al., 2019; Sala & Gobet, 2019).
There is a particular emphasis on computerized cognitive training platforms, stemming in part
from research suggesting that some action video games can improve cognition in young adults
(Granic et al., 2014). Meta-analysis indicates that video games can improve older adults’ cognition
with small or medium effect sizes (Toril et al., 2014), though again results have often been
relegated to the skills specifically exercised (Gates et al., 2019; Lampit et al., 2014). Platforms
stressing adaptive computerized training – i.e., where tasks become more difficult as users improve
– have shown promise in transferring benefits to broader cognition (Anguera et al., 2013; Mishra
et al., 2014). More recently, researchers have begun harnessing virtual reality (VR) for cognitive
training. A pre-test/post-test experiment using VR modules that trained attention, memory,
language, or visuospatial skills showed that after eight sessions healthy older adults improved
significantly in these processes (Zając-Lamparska et al., 2019), suggesting that VR may be a
promising area for future intervention development.
Critically, these benefits can only be reaped if older adults use these interventions. Hence, it is
important to understand whether and how older adults use these platforms on their own, and what
the needs and preferences of this population are.
Older adults’ compliance with and endorsement of prescribed training is often high. For example,
in a study where older adults were recommended to complete an exercise game two to three times
a week, participants completed an average 2.75 sessions weekly (Schoene et al., 2013). When older
adults were simply asked to use a cognitive training platform “as often as possible” over an 8week session, they used it an average of 30.5 days out of the 56 possible days, and averaged 43
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sessions by often logging in multiple times per day (Haesner, Steinert, et al., 2015). Almost 90%
of participants in this study said they would keep using the training platform after the study ended,
although data on actual continued use were not available, and 71% stated a belief that their
cognition had improved because of it.
However, compliance is not universal. When cognitively health older adults and individuals
diagnosed with mild cognitive impairment (MCI) were asked to complete a training protocol of 17
half-hour sessions, 10 out of 11 healthy participants did so within about 12 weeks whereas only
two out of seven MCI participants completed training (Wang et al., 2015). In exit interviews,
individuals who had completed the training reported finding it interesting, challenging, enjoyable
and constructive, whereas those who did not complete training appeared unmotivated to pursue it
or were unreceptive to negative feedback from the training platform. Another study found that
group training was linked to higher use of an online training platform than individual training
(Haesner et al., 2016). Participants, with and without MCI, were able to log onto the platform
individually or in group sessions; half the 40 participants chose to partake in group sessions. Over
the 50 days of the study, these older adults logged in an average of 54.1 times, whereas those who
trained individually only logged in an average of 36.5 days. In exit surveys with the 14 participants
who had done the group training most rated the training as informative, positive and useful. Both
these studies suggest that older adults who feel that they are gaining something constructive from
a cognitive training platform and have positive associations with training use these platforms more.
Older adults view cognitive training as distinct from leisure activities (Belchior et al., 2016;
Haesner, Steinert, et al., 2015), which can have positive and negative effects on intervention use.
On the one hand, older adults’ subjective engagement, or sense of “flow”, with a leisure game
increased over time, but subjective engagement with a cognitive training game did not (Belchior
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et al., 2016), indicating that training games may be more difficult to engage with than leisure
activities. On the other, when older adults were prescribed either a cognitive training game or an
action game for six weeks, those using the cognitive training game had better compliance (Boot et
al., 2013). Within the cognitive training group, compliance was correlated with perceived benefit.
In the action game group, motivation to do well and enjoyment were both correlated with perceived
benefit but did not translate into compliance. In qualitative data, participants expressed a lack of
interest in action game content (Boot et al., 2013). The authors note that participants had a wide
choice of activities in the cognitive training game. This study highlighted the importance of belief
that the intervention is useful in motivating compliance, and hints at individual choice being
important for use and enjoyment.
Jaeggi, Buschkuehl, Shah, & Jonides (2014) specifically examined individual traits and motivation
in older adults’ use of cognitive training. To tap into intrinsic motivation, the researchers did not
offer any compensation to the 175 older adults they recruited for their study of working memory
training. At the study initiation each participant completed cognitive tests as well as measures of
perceived “need for cognition,” i.e., the degree to which he or she enjoyed mentally challenging
activities; fixed versus incremental beliefs about cognition, i.e., whether they believed that
cognition can be improved; and degree of subjective cognitive failures. Roughly one third of the
participants left the study almost immediately, with an additional 25% dropping out throughout
the study progression. Those who remained throughout the study duration had both the highest
pretest cognitive scores and the highest measures of need for cognition. Furthermore, participants
who signed up for training had higher pretest measures of subjective cognitive failure than did
participants who chose another option, to sign up for pre-test only. This indicates that individuals
who perceive a disparity between their subjective cognitive state and their desired cognitive state
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are more apt to use cognitive training, regardless of objectively measured functioning.
These findings suggest that older adults are good at adhering to training regimes when asked to do
so, and some may be intrinsically motivated to use these tools once presented with them. However,
this does not address whether older adults voluntarily seek out and maintain regular use of
cognitive training platforms on their own, or what their interests and motivations in this area are
outside of laboratory studies. One qualitative study has specifically sought to investigate what
older adults demand from a cognitive training platform to use it regularly, through semi-structured
interviews with healthy older adults and MCI patients (Haesner, O’Sullivan, et al., 2015). These
participants stated that they would be willing to use such a training system routinely, citing the
knowledge that age typically comes with cognitive decline as their source of motivation.
Participants further provided several criteria for interventions, such as rich and varied exercises
related to topics of one’s own choosing and an element of social connection. The MCI participants
particularly disagreed with strictly supervised rigorous use, e.g., a cognitive training plan with
fixed progression, leading the authors to conclude that feedback within exercises would be
important to motivate voluntary use.
The study by Haesner et al. (2015) is an important step in identifying characteristics that might
make interventions more appealing to older adult users. However, this study took a prospective
approach, asking participants what would hypothetically motivate them to use cognitive training
tools rather than asking them to reflect on whether they were using these tools and why, which
may not align with participant’s actual behaviors. For example, although Heasner et al. found that
older adults claimed they would be willing to use a cognitive training intervention regularly, or
even daily, none of the participants was in fact using any of the currently available platforms. This
suggests that participants’ answers to these hypothetical questions may present in inaccurate view
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of their actions and emphasizes the importance of allowing participants to express their current
behaviors and the underlying motivations thereof, as in the present study.
We sought to understand whether older adults use cognitive training platforms on their own and
what their opinions on these tools are. Our interviews were designed to gain insight on older adults’
real-world experiences with cognitive interventions, differing from either the prospective approach
seen in Heasner et al. (2015) or studies of compliance when older adults are asked to use a
particular cognitive training tool. Using semi-structured interviews further gave participants the
opportunity to share their perspectives on what, if anything, motivates them to protect their
cognition, and what protection means to them, yielding insight on additional factors beyond
intervention design that shape older adults’ use of cognitive training tools. Moreover, an important
contribution of the present study is the use of a diverse sample by recruiting older adults from a
subsidized lower-income housing facility as well as through the Cornell University population.
This allows us to identify potential issues of access and motivation in a population – older adults
of lower income and largely from minority groups – that has been overlooked in past research.

Methods

Recruitment and Participants
Between June and December 2017, we recruited 15 cognitively healthy, community dwelling
adults over the age of 55. Participant were recruited via a notification sent to an email list-serv for
retired staff and faculty of Cornell University; through flyers posted in community centers in
Ithaca, NY; and through an on-site sign-up sheet at Titus Towers, a public housing apartment
complex. Titus Towers provides government subsidized housing to low income seniors: 75% of
household earn less than 30% of the area median income (ProPublica, n.d.). Inclusion criteria were
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age (55 years or older) and cognitive health. Participants were required to achieve the 4-item cutoff on the Six Item Screener (Appendix A, Callahan, Unverzagt, Hui, & Anthony, 2019) indicating
no dementia. All Participants were offered $20 cash in compensation.

Data Collection and processing
Semi-structured interviews (Appendix B) were conducted with 15 older adults. Interviews with
residents of Titus Towers were conducted in a private room at Titus Towers, and all other
interviews were conducted in a private room on the Cornell University campus. In all cases, only
the participant and the interviewer were present in the room. While the interviews were allowed
to develop as natural conversations, the experiment ensured that several key topics were touched
upon:
1. Whether the participant had noticed any changed in his or her cognition over time
2. Whether the participant was interested in avoiding cognitive decline
3. Whether the participant was familiar with or had used computerized interventions;
if so, what the participant’s experience with these was
4. Whether the participant engaged in any specific activities for cognitive protection
Interviews were audio recorded. After all interviews were conducted, recordings were transcribed
verbatim into text files for analysis.

Data analysis
Transcripts were subjected to thematic analysis (Braun & Clarke, 2006). First, individual
participants’ transcripts were read to familiarize the analyst. Subsequently a two-step coding
process was used: descriptive and interpretive codes (Appendix C) were assigned to text portions
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using NVivo 2011 (QRS International, Victoria, Australia) to identify portions of text either
addressing a priori research questions or expressing new concepts that the researcher deemed
relevant to the research objectives, then coded text excerpts were gathered into a conceptually
clustered matrix (Appendix D, Miles & Huberman, 1984) to reveal relationships among these
phrases from the text. This allowed development of themes amalgamating individual codes into a
larger concept. Themes were then compared back to raw phrases to confirm that they captured the
speaker’s original meaning. Phrases from the transcripts were also compared to one another within
each theme the clarify whether the theme captured a single concept, leading to division into
subthemes when the text excepts conveyed different concepts. Through this process of comparison
and re-definition when necessary, a new matrix was developed grouping text excerpts into the
themes and subthemes listed below (Appendix E). This in turn allowed comparison of how themes
were represented among different groups of participants and how themes related to one another.
All coding was conducted by CMC, precluding an assessment of inter-rater reliability.

Results

Participants
Two participants’ interviews were excluded from analysis, as one participant had severe hearing
loss and was therefore unable to respond meaningfully to interview questions, and another
participant struggled considerably with speech production due to a recent stroke. Thus, analysis
was conducted on interview transcripts from 13 participants (Table 1), all cognitively healthy and
independently living (mean age 69.2 years, 3 male). The mean score on the Six Item Screener was
5.9 out of 6. Five participants were African American and eight were Caucasian. Five participants
were residents of Titus Towers, with the remaining
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TABLE 1 - PARTICIPANTS
Titus Tower (5, 38%)
n
%
SEX
MALE
0
0%
FEMALE
5
100.00%
ETHNICITY
AFRICAN
4
80.00%
AMERICAN
WHITE
/ 1
20.00%
CAUCASIAN
Mean
Range
AGE (YEARS)
70.6
58 - 85
SIS4 SCORE

5.8

5-6

Cornell (8, 62%)
n
%

Total (13, 100%)
n
%

3
5

37.50%
62.25%

3
10

23.00%
77.00%

1

12.50%

5

38.00%

7

87.50%

8

62.00%

Mean
68.3

Range
58 – 75

Mean
69.2

Range
58 – 85

6

6-6

5.9

5–6

seven from the Cornell University pool. Because these recruitment sites draw from appreciably
different populations, we subsequently indicate participants’ recruitment pool as CU (Cornell
University) or TT (Titus Towers). Of this sample five individuals had used computerized cognitive
training tools, and two more were familiar with them but had chosen not to use them. The
remaining seven participants were unaware of these tools.

Themes identified
We identified two themes relating to older adults’ experience using cognitive training tools, and
four themes relating to factors that influence older adults’ use of these tools.
•

Use and experience with cognitive training tools
1. Use of cognitive training tools
2. Experience with cognitive training tools
▪

Boring

▪

Contrived

*SIS = Six item screener questionnaire
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•

▪

Interface problems

▪

Avoiding computer use

Factors influencing motivation to use cognitive training tools
1. Preference for other activities
2. Motivation for stimulating activities
3. Social comparison and normalizing decline
4. View on inevitability of decline

Use and experience with cognitive training tools
Two themes addressed participants’ use of cognitive training tools and what experiences they had
with these tools.
Use of cognitive training tools
None of our participants were currently using cognitive training tools: four individuals had
previously used computerized cognitive training tools but had ceased to, two more were familiar
with them but had chosen not to use computerized or other formal cognitive training tools, and the
remaining seven participants were either unaware of or had never considered using these tools.
The participants recruited through their Cornell University affiliation were more likely to have at
least considered cognitive training tools; all four participants who had tried these were from the
CU group, as were the three individuals who were aware of these tools but chose not to use them.
One CU participant was aware of these tools but had never considered using them, while none of
the participants recruited from TT were aware such tools.
Experiences with cognitive training tools
As described above, among the participants who had tried cognitive training tools in the past none
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had continued use. This was due to negative experiences, which could be divided into several subthemes: 1) participants found cognitive training tools boring or 2) contrived, 3) participants had
trouble with computerized training interfaces or 4) they wanted to avoid computer use. Two
additional concerns were expressed by one individual each, that did not fall into any of these subthemes. The following section considers only those participants who had tried cognitive training
interventions.
Boring. Of these four participants, three indicated that they found cognitive training tools boring.
For example, participant 10 (F, 70 years, CU) described computerized cognitive training programs
in this way: “they are OK but after a while I found them a little dull, sort of repetitive.” Participant
7 (F, 65 years, CU) simply stated "Yeah, I tried it for a while and it was sort of boring.”
Contrived. Two participants indicated that cognitive training tools felt contrived or inorganic.
Participant 13 (M, 68 years, CU) captured this: “Yeah I did have Luminosity on my phone a few
years ago and I started doing it but somehow I think I stopped. Maybe it felt maybe like, I dunno
it just wasn't quite doing it for me. It felt a little contrived maybe to sit down every day and go OK
I'm going to improve my brain.”
Interface problems. Two of the four participants who had tried cognitive training tools had found
the interface for computerized training difficult of unpleasant. Participant 8 (F, 70 years, CU) gave
the most positive assessment of cognitive training of any participant, but even this individual found
that the interface was too frustrating to use effectively due to the prevalence of advertising in the
online platform she attempted: "So that kind of thing [crosswords] is a lot of fun, but something
like Luminosity that I think I would find a lot of fun, is just so annoying.” Participant 7 (F, 65 years,
CU) expressed frustration with the platform she tried being unclear: “There was one that either it
was crafted very poorly or the instructions were so bad you weren't finding the obvious tools in
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the obvious places. I was being timed with a machine I didn't know how to operate.”
Avoiding computer use. Two of the four who had tried cognitive tools instead expressed that they
were actively seeking to reduce time spent on computers. Participant 7 (F, 65 years, CU) simply
shared: “I really want to try to not do stuff on computers.” Participant 10 (F, 70 years, CU) went
even farther and hinted at a reason behind this sentiment: "Computers are ubiquitous now, and
they're shutting out people, and I don't think they're native to us as animals. That's the biggest
problem we have as a species, it's being apart from nature.”
Other. In addition to the sub-themes presented above, participant 9 (F, 75 years, CU) had chosen
not to use cognitive training tools because she had heard that they were largely ineffective at
improving global cognition. Another, participant 10 (F, 70 years, CU) expressed a lack of pressure
to stay sharp cognitively: "I feel like I've pushed myself a lot in the past… and it's okay to relax
now. I actually think if I'm losing my edge, I'm losing some of my linear perception, I think I'm
really more in touch with nature.”

Factors influencing motivation to use cognitive training tools
Four themes related to possible reasons participants did not use cognitive training tools.
Preference for other activities
Rather than cognitive training, our participants widely preferred other mentally stimulating
activities that were organic and reflected their individual interests. This was highly prevalent in
our sample across participants but more so among the group that had either tried cognitive training
or actively chosen not to, compared with those who were unaware of these tools. Out of our 13
participants, all but three expressed interest in other stimulating activities besides cognitive
training; these three were all individuals who had neither tried nor considered cognitive training
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in the past.
Preferred activities fell into several categories:
•

Being outdoors, physical exercise

•

Games and puzzles (e.g., card games, crossword, sudoku)

•

Reading and learning information

•

Learning new skills

Sometimes this was expressed in direct contrast to formal cognitive training. Of the three
participants who indicated boredom as their reason to cease using cognitive training tools, two
clearly endorsed a belief that other, more naturalistic activities confer cognitive protection and are
preferable, e.g., in discussing her experience with a computerized cognitive training platform
participant 10 (F, 70 years, CU) explained: “if I'm gonna worry about my brain I would rather
learn a new language or, you know I like to travel.” Other participants did not make this direct
comparison, but nonetheless highlighted their commitment to stimulating activities.
Among the participants this often took the form of an interest in staying active avoiding and
stagnation. For example, participant 6 (F, 58 years, TT) expressed: “as much as possible, I like to
get out... You know, to keep my mind active.” Participant 4 (F, 81 years, TT) similarly emphasized
this type of activity: “I walk, I like to go shopping…Going out to dinner, to lunch or different
places. Restaurants. I like to see different [things].”
Embedded in the preference for other activities was a belief that these activities confer cognitive
protection, such as participant 12 (F, 66 years, CU) who shared: “sometimes I try to intentionally
do somethings that intellectually engage me to try to keep on top of things. [Researcher: Like
what?] Oh, crossword puzzles, sometimes it’s the nature of what I read or something like that and

152

that kind of thing. [Researcher: And what is the motivation for that?] Oh, to try to keep those brain
cells active I guess, that is certainly part of it.” Participant 3 demonstrated this belief even more
explicitly: “playing cards keeps your mind sharp. Bingo keeps your mind sharp.”
Motivation for stimulating activities
Additionally, four participants indicated that their motivation toward stimulating leisure activities
stemmed not only from a desire for mental exercise or cognitive protection, but rather these were
considered a secondary benefit of activities that individuals pursued for their intrinsic value. These
participants endorsed statements of doing activities “for fun” or “for today” rather than for future
benefit or protection, mentioned the idea of having limited time left and therefore seeking to use
it fruitfully.
Participant 13 (M, 68 years, CU) described activities as a form or protection, but made clear this
was not his primary motivation: “[Researcher: Is there anything intentional that you do as far as
to try to stay sharp?] I play a lot of little games on my computer before bed like crossword puzzles,
sudoku… Yeah, I mean I read the news a lot. I figure that's keeping me sharp. [Researcher: Would
you say any of the activities that you do like the crosswords or anything, do you do them more for
fun or are any of those with that in mind like as a buffer?] I do them for fun, but I know, I guess
there is research that says that keeping your mind active is supposed to be good for you.”
Participant 8 (F, 70 years, CU) was more direct in this assessment: “In terms of mentally
stimulating, I'm not seeking them out because they're mentally stimulating, I just have a lot of
things that I said I would do. So it's much more that than ‘Oh, I'm going to do it because it's
mentally stimulating.’”
Participant 12 (F, 66 years, CU) explicitly connected this theme to her decision not to use cognitive
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training tools: "it sort of reminds me of physical exercise where I get bored if I just sit at a
stationary bicycle or something but even though it does you good I somehow want to be more
engaged than that in the exercise. Something that I enjoy doing to if I can. So sort of the same
thing if I don't feel like I would get any gratification out of it, just doing it to exercise those brain
muscles isn't enough to get me to do it probably."
The other two individuals from among the three who were aware of cognitive training tools but
chosen not to use them mentioned wanting to spend their time pursuing passions or life goals. In
talking about her pursuit of music, participant 9 (F, 75 years, CU) stated “I wanted some
intellectual stimulation and music is like no other art form. So that's why… I know that my days
are counting down so, using them in a satisfying way as possible.” Similarly, participant 11 (M,
70 years, CU) describe his hobby – interesting, also music – as a pursuit of passion in his later
years: "I play [in] three different bands... because I have the passion… And now even more ‘cause
I also feel, honestly I feel like this ceiling of being 70 and like at 80 I don't think there's too many
people who are 80 and performing. So I kind of feel this like time gap closing."
Social comparison and normalizing decline
Older adults may not use cognitive training tools if they feel no need for them, that is, if they are
not concerned by their cognitive state. Five of our participants gave unsolicited comparisons of
their own cognitive state to that of other older adults, and in all cases these comparisons were
favorable or at least neutral and used to support the idea that the individual in question had little
to be concerned about. Participant 10 (F, 70 years, CU) exemplified this: “I think my reaction time
is in general probably you know at par or greater than maybe some of my peers.” Participants
frequently referenced “friends” or “peers” in speaking about their own cognitive difficulties. This
was made clear by participant 4 (F, 81 years, TT): “with most my friends it appears we are all
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doing about the same thing.” Similarly, participant 13 (M, 68 years, CU) stated: "whenever I
mention it friends of mine who are the same age kind of go well, I have to same problems so it's
probably just aging...It's not something that I think is outside the normal range."
This sentiment was distributed among participants with difference levels of experience with
cognitive training tools. Of the participants who expressed this sentiment, two had never
considered using cognitive interventions, one had chosen not to, and two had previously used them
and ceased. Because none of our participants were actively using cognitive training tools, it is hard
to directly determine whether this attitude contributes to lack of use.
View on inevitability of decline
Five out of the six participants who had never considered cognitive training tools, but none of the
other groups, expressed the sentiment that cognitive decline is an inevitable part of aging. This
was also much more prevalent in the participants recruited from Titus Towers than in the group
recruited from Cornell University. However, note that participants recruited from Cornell
University were more likely to have used cognitive training tools overall, making it difficult to
separate the effects of recruitment pool from those of whether or not the participant had used these
tools.
In some cases, this was part of participants’ description of their experience with cognitive aging.
When asked whether memory issues that she had described to the interviewer ever presented
frustration, participant 6 (F, 58 years, TT) shared “Yeah it do at times, but I chalk it up to O.A.
...old age.” Participant 4 (F, 81 years, TT) similarly described cognitive decline as an intrinsic
aspect of aging: "I think I just look at it as my age and just growing older and somethings you
know they leave you when you grow older, like your memory, retention."
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Other participants specifically related this inevitability to a lack of interest in cognitive protection.
When asked whether she had ever considered doing any type of exercises to improve or protect
her memory, participant 2 (F, 85 years, TT) explained “as old as I am, no. I’m over the hill… I
don’t think I have that much longer to go...No, I’m too old.” Participant 1 (M, 62 years, CU)
explicitly pointed to inevitable decline in his lack of interest in cognitive interventions: "I know I
should be doing cross words and sudoku and memory type card games, and I haven't changed.
Partly [due to] laziness, partly just set in my ways and... the inevitable, it's going to happen sooner
or later."

Discussion
Past studies that have suggested that self-administered computerized training is a feasible way to
execute interventions, including against cognitive decline, in the aged population (Boot et al.,
2013; Haesner, Steinert, et al., 2015; Schoene et al., 2013), and in a past qualitative assessment
older adults indicated they would hypothetically use such interventions regularly (Haesner,
O’Sullivan, et al., 2015). In contrast to this, we found that none of the older adults in our sample
currently chose to use cognitive training tools on their own and those who had previously tried
cognitive training platforms had ceased use due to negative experiences. Our participants reported
finding cognitive training platforms dull or contrived and expressed a preference for more organic
activities that matched individual interests, as well as several indicating an intentional avoidance
of computers. These findings suggest a discrepancy between older adults’ desires regarding
interventions and the available tools.
Importantly, older adults’ disinterest in formal cognitive training was not due to a general
disinterest in cognitive protection. Rather, many of our participants endorsed an idea of “staying
active” or “stimulation,” which was believed to confer cognitive benefits. This was intertwined
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with a strong, often implicit belief in the inherent protective benefits of mental stimulation, raising
the question of whether stimulating leisure activities do indeed confer protection on par with
purposefully designed interventions.
A meta-analysis of 20 studies looking at video game training in older adults, totaling over 800
participants, found no difference in effect between studies that used cognitive training game and
those using recreational games (Toril et al., 2014). One potential pitfall is that playing only one’s
preferred leisure activity exercises a narrower set of cognitive process than does a comprehensive
training intervention. A study on cognitive benefits of video games in young adults found positive
effects relegated to processes involved in the specific game played, i.e. action games benefitted
attention and the game Bejewled, a popular mobile phone app involving finding specific items,
benefited only visual search (Oei & Patterson, 2013). Cognitive training studies with a no-contact
control group, where participants are simply tested at the start and end of the study, generally have
larger effects than those with an active control condition, such as puzzles or learning trivia (Kelly
et al., 2014). However, those with active controls can nonetheless show significant effect of
training (Kelly et al., 2014). These results suggest that mental stimulation alone does present some
benefit, though training interventions confer benefit above and beyond that of stimulation alone.
Another prevalent trend in our sample was older adults “normalizing” cognitive aging, i.e.,
comparing one’s own cognitive decline favorably to that of same-age peers. This was unsolicited,
with participants offering comparisons when asked only about their own cognition. Past literature
suggests this automatic normalizing may be common and could reduce older adults’ tendency to
seek help for cognitive trouble (Buckley et al., 2015; Newson & Kemps, 2006). Comparison
changes older adults’ perception of their cognitive state. When older adults compare their
cognition to that of themselves at 20 years of age, subjective cognitive impairment starts in middle
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age and largely increases with age, but when older adults compare themselves to same-age peers,
they do not report any decline (Ponds et al., 2000). And when faced with negative feedback about
their cognition, older adults use peer comparison as part of determining whether their own memory
loss is significant or insignificant (Cromwell, 1994). Because research indicates that the
discrepancy between one’s desired level of cognition and perceived current level of cognition is a
key factor in motivating use of training tools (Jaeggi et al., 2014), normalizing is likely an
important force reducing older adults use of training tools.
Although none of our participants were currently using cognitive training platforms, a distinction
can be made between those who had previously tried these tools and individuals who had never
pursued cognitive interventions. The latter group was particularly prone to endorsing the view that
cognitive decline is an inevitable part of aging, hinting that this might discourage even attempting
to mitigate decline. These individuals were also less likely to mention pursuing other forms of
mental stimulation.
That some older adults consider cognitive aging unavoidable has been previously noted and related
to reduced help seeking for cognitive problems (Buckley et al., 2015). Even pathological dementia
can be viewed as inevitable by some older adults, with those who associate dementia or memory
loss directly with aging being less likely to seek help for it than those who attribute decline to more
specific, malleable causes separate from age alone (Begum et al., 2013; Corner & Bond, 2004;
Hurt et al., 2012). Importantly, older adults who do and do not seek help for memory concerns
differ only in their perception, not in their objective cognitive state (Hurt et al., 2012). These
findings support the conclusion that a view of cognitive decline as unalterable and inherent to
aging dissuades some older adults from approaching cognitive training platforms or even seeking
out stimulating leisure activities.
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Collectively, our findings indicate a mismatch between older adults’ preference and motivations
and the cognitive training interventions currently available. Fostering and retaining older adults’
engagement with cognitive training is an acknowledged challenge in the field (Haesner, Steinert,
et al., 2015; Stepankova et al., 2014). Understanding older adults’ perspectives can help guide the
design of future interventions.
Past efforts to engage users have relied heavily on “gamification,” i.e. making these training
programs fun through point systems, feedback, leaderboards or other social components that
mimic video games, an approach that has been widely applied to health interventions ranging from
nutrition to hygiene (Koivisto & Hamari, 2019; Sardi et al., 2017). Gamified interventions can
drive lasting behavior change in young adults, e.g. in interventions to increase physical activity
(Harris, 2019; Koivisto & Hamari, 2019). While gamifying interventions rests on the assumption
that gamification is inherently motivating, our results make clear that gamification per se is
insufficient to attract or retain older adults (Lumsden et al., 2017; Sailer et al., 2017). Previous
reports have indicated that across ages, gamified interventions may be ineffective for long term,
voluntary use and may be less suited to cognitive interventions than other domains (Johnson et al.,
2016; Looyestyn et al., 2017).
Instead, our findings suggest that interventions must be able to tap into individual interests and
must be perceived to have inherent value and meaning. Furthermore, although our participants’
emphasis on comparing their own cognition to that of their peers appeared to detract from
intervention use at present, peer comparison could potentially be a source of motivation.
Some ways to address these factors include developing interventions that give users considerable
control, potentially increasing a sense of personalization. A comparison study in which older adults
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used a gamified working memory training platform that either allowed them to set their own game
theme and task difficulty, or a version where all these were pre-set, found that older adults with
high user control played the game significantly more than those with the pre-determined game
(Nagle et al., 2015). Boredom emerged as a deterrent to intervention use in our sample; past work
has found that with off-the-shelf computerized games novelty can be very engaging to older adults
(de Vette et al., 2018), presumably in part by reducing this sense of boredom.
Another factor that has been shown to increase use and effectiveness of cognitive training
platforms for older adults is training in groups rather than individually (Haesner et al., 2016;
Lampit et al., 2014). Socializing is a primary motivator for older adults to use cognitive training
interventions (Altmeyer et al., 2018). It is possible that the social aspect of group training helps
combat the normalizing of decline that, in our participants, reduced interest in cognitive training
interventions.
Our data suggest that older adults wish to pursue activities that are both enjoyable on an immediate
level and have perceived meaning, which may partly explain the poor effects of gamification for
this group. In young adult users particular game aspects revolving around indications of success
and progress helped foster meaningfulness (Sailer et al., 2017), but older adults consider such
prizes meaningless (Altmeyer et al., 2018). An interesting topic for future research would be
distilling cognitive interventions to their key components, such as adaptive difficulty (Mishra et
al., 2014), and determining ways that older adults could incorporate these essential elements into
activities of their own choosing. Rather than focusing on computerized interventions, perhaps
more attention should be directed to integrated approaches. For example, some researchers are
looking at dance as a way to combine mental and physical stimulation (Shah et al., 2014).
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What forms might an intervention take to accommodate the needs and preferences older adults
expressed? We suggest that several factors should be stressed in future interventions: individual
choices in theme or topic; basis in intrinsically enriching material and activities connected to the
real world, instead of an emphasis on superficial goals or point systems; breadth and variety; and
social connection. We believe these factors will capitalize on older adults’ desire for mental
stimulation and preserved cognitive ability while avoiding both barriers to intervention use (e.g.,
boredom) and the potential shortcoming of pure leisure activities (e.g. a narrow focus on a single
activity, not challenging oneself). To confer benefits beyond stimulating leisure alone, such
interventions should integrate these factors with principles of effective cognitive training.
An example could be a program, whether in person or virtual, where older adults work
collaboratively in groups to master diverse challenges such as learning a language or skill in a
curriculum structured around cognitive training strategies such as adaptive difficulty. Offering a
range of topics would give older adults the autonomy to engage in things they found interesting,
while the training platform could ensure diversity and ongoing challenge. Activities that people
enjoy could be modified to afford additional cognitive benefit. For instance, pastimes such as
birdwatching could be enhanced through the addition of asking participants to recall and
manipulate information about different species or identify birdsong in increasing levels of
distraction noise. Older adults who enjoy playing card games could be asked to master new
strategies or be paired against a range of different opponents presenting varying challenges.
In conclusion, by engaging qualitatively with the target audience of cognitive decline
interventions, we revealed that voluntary and sustained use of these tools is limited, as well as
finding specific discrepancies between the premise of such tools and older adults’ own desires for
these platforms. Individuals’ outlooks on cognitive aging, including viewing such decline as
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immutable or using peer comparison to mitigate the perception of one’s own decline, and their
perspectives on cognitive training as dull and insubstantial compared to naturalistic stimulating
activities, reduce use of these interventions. Although research continues to produce increasingly
effective interventions within the laboratory, more attention must be paid to shaping these tools so
that older adults will choose to employ them in the field.
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Appendix

A) Six Item Screener

B) Interview guide
1. Warm up questions about participant and his/her interests
2. Have you noticed changes in your cognitive abilities a concern for you?
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a. Examples – any trouble with these?
i. Problem solving
ii. Memory
iii. Learning new skills
iv. Attention
3. If so, do these changes bother you?
4. Are you worried about future?
5. Can you tell me about activities you like do?
6. (Referring to activities described) Are any of these things that you do to keep your mind
sharp? OR Are there any activities you do to try to keep your mind sharp?
a. Examples if participant is not sure
i. Computer platforms like Luminosity®
ii. Crossword puzzles
iii. Physical exercise
7. Why or why not?
a. Ask participant to explain motivation and specific choice of action
8. What might make you interested in doing activities for the purpose of keeping your mind
sharp?
9. It may be possible to use simple physical exercises or techniques such as deep breathing
to increase activity in the brain pathways that support attention and flexible thinking. If
such a program were available, is that something you might be interested in?
a. Why or why not?
10. Those are all my questions, is there anything you would like to add? Thank you very much
for your time.

C) Themes from initial coding
1)
2)
3)
4)
5)
6)
7)
8)
9)

Cognitive decline is a normative and inherent part of changing and/or is not malleable
Participant noticing changes in own cognition
Participants seeks activities for enrichment
Participant seeks stimulation for cognitive protection
Participant is not motivated to pursue protection
Computerized interventions are not a good fit
Participant utilizes lay theories of how to prevent decline
Importance of social connection for mental acuity
Participant seeks new learning to “not get stuck”

D) Conceptual matrix
Concepts extracted from initial themes:
1) Whether participants had used brain training tools (yes, no, or actively chooses not to)
2) Brain training tools considered boring
3) Brain training tools considered contrived
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4) Avoiding computer use
5) Problems with interface of brain training platforms
6) Other miscellaneous comments on brain training
7) Preference for alternative activities that are mentally stimulating
8) Belief that stimulating leisure activities are sufficient to protect cognition
9) General belief that decline is inevitable
10) Normalizing cognitive aging and social comparison

E) Final themes
The following final themes were developed based on relationships among concepts in E.
1) Use and experience with cognitive training tools
a. Use of cognitive training tools
b. Experience with cognitive training tools
i. Boring
ii. Contrived
iii. Interface problems
iv. Avoiding computer use
2) Factors influencing motivation to use cognitive training tools
a. Preference for other activities
b. Motivation for stimulating activities
c. Social comparison and normalizing decline
d. View on inevitability of decline
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