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Abstract

The basal forebrain cholinergic projection system to the cortex mediates essential aspects of visual
attention performance, including the detection of cues and the response to performance challenges
(top-down control of attention). Higher levels of top-down control are mediated via elevated levels
of cholinergic neuromodulation. The neuronal choline transporter (CHT) strongly influences the
synthesis and release of acetylcholine (ACh). As the capacity of the CHT to import choline into
the neuron is a major, presynaptic determinant of cholinergic neuromodulation, we hypothesize
that genetically-imposed CHT capacity variation impacts the balance of bottom-up versus top-
down control of visual attention. Following a brief review of the cognitive concepts relevant for
this hypothesis, we describe the key results from our research in mice and humans that possess
genetically-imposed changes in choline uptake capacity. CHT subcapacity variation is associated
with poor top-down attentional control and attenuated (cholinergic) activation of right frontal
regions. Conversely, mice overexpressing the CHT, and humans expressing a CHT variant
hypothesized to enhance choline transporter function, are relatively resistant to challenges of
visual attention performance. Genetic or environmental modulation of CHT expression and
function may be associated with vulnerabilities for cognitive disorders.
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1. Introduction

The basal forebrain cholinergic system plays a critical role in visual attention, as well as
other functions including including attention-dependent motor performance and learning and
memory (Bucci et al., 1998; Everitt and Robbins, 1997; Gill et al., 2000; Hasselmo and
Sarter, 2011; Sarter et al., 2014a). Our research on the cholinergic system has focused
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especially on its contribution to detecting and responding to visual signals, both in relatively
easy baseline conditions where signal detection can rely largely on bottom-up attention and
in more challenging situations that require top-down control. Here we describe how genetic
variation in the capacity of the high-affinity neuronal choline transporter (CHT; SLC5A7)
affects visual attention, especially its top-down modulation.

Contrary to early views of cholinergic activity as a nonspecific neuromodulator involved
primarily in general physiological states such as “arousal”, the findings over the last ten
years indicate a great deal of both spatial and temporal specificity of cholinergic signaling.
In terms of temporal specificity, there appear to be both phasic (transient) and tonic
(neuromodulatory) modes of cholinergic signaling (Gritton et al., 2016; Hasselmo and
Sarter, 2011; Howe et al., 2013; Parikh et al., 2007; Sarter, 2015; Sarter and Kim, 2015;
Sarter et al., 2014b, 2016). Phasic or “transient” cholinergic signals causally mediate the
detection of cues, that is, “the entirety of information concerning the presence of a signal
into a system that allows the subject to report the existence of the signal (or cue) by an
arbitrary response specified by the experimenter, and that provides feedback about the
adequacy/accuracy of the response based on response outcome” (modified from Posner et
al., 1980; for discussion of this definition see Sarter et al., 2016). Arguably the strongest
demonstration of the function of cholinergic transients in cue detection involves the false
detection of cues following optogenetic generation of such transients during non-cued trials,
which normally do not result in phasic endogenous acetylcholine (ACh) release events
(Gritton et al., 2016). In contrast, the neuromodulatory component of cholinergic activity,
that varies on the scale of seconds to minutes, is significantly elevated when cue detection
rates are impaired, such as when attentional performance is challenged by a distractor (St
Peters et al., 2011b). These and related findings have supported the hypothesis that
cholinergic neuromodulation mediates top-down functions which serve to stabilize or
recover performance during and after performance challenges (Sarter et al., 2006).

The relationships between cholinergic neuromodulation and phasic cholinergic signaling are
not well understood but we have hypothesized that the higher levels of cholinergic
neuromodulation increases the likelihood and amplitude of cholinergic transients, thereby
enhancing cue detection performance during or after distractor challenges (Howe et al.,
2010; Parikh et al., 2010; Parikh and Sarter, 2008; Sarter, 2015). Furthermore, these two
modes of cholinergic neurotransmission have been assumed to be mediated via separate
populations of basal forebrain cholinergic neurons, in part because of evidence indicating
that increases in cholinergic neuromodulation upregulates the amplitudes of cholinergic
transients via stimulation of nicotinic acetylcholine receptors (nAChRs) that are expressed at
glutamatergic terminals of neurons originating in the thalamus (Hasselmo and Sarter, 2011,
Howe et al., 2010; Parikh et al., 2008, 2010; Sarter et al., 2014b, 2016; see also Lambe et al.,
2003). In contrast to the generation of cortical cholinergic transients, that is largely based on
cortical circuitry, levels of cholinergic neuromodulation are assumed to reflect primarily the
influences of mesolimbic and telencephalic circuitry on basal forebrain neuronal activity.
For example, we demonstrated increases in cholinergic neuromodulatory activity in rats
performing an attention task and while performance was challenged by a distractor. These
increases in neuromodulatory cholinergic activity appear to depend on mesolimbic output,

J Physiol Parfs. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sarter et al.

Page 3

reflecting the interactions between motivational and attentional functions (Neigh et al., 2004;
St Peters et al., 2011b).

The role of muscarinic and nicotinic acetylcholine receptors (m/nAChR) in mediating the
effects of cholinergic neuromodulatory activity and of cholinergic transients likewise
remains largely unclear. While nAChR receptors are primarily located presynaptically,
mAChR mediate effects of cholinergic activity on postsynaptic neurons and thus efferent
cortical circuitry (Dani and Bertrand, 2007; Poorthuis et al., 2013; Thiele, 2013). Thus, the
effects of MAChR antagonists on cognitive functions in rodents and humans have generally
been thought to reflect attenuation of cortico-cortical and cortico-subcortical information
transfer (Davidson et al., 1999; Klinkenberg and Blokland, 2010). Consistent with this view,
we found that blocking M1 mAChR, but not nAChR, in the cortex attenuates the high
frequency synchrony that supports the detection of cues (Howe et al., 2012). Research on the
role of MAChR in cognition has been hampered by the complex and conflicting effects of
MAChR antagonists such as scopolamine on cholinergic neurotransmission, and the absence
of ligands to probe mAChR subtypes (Hasselmo and Sarter, 2011; Sarter, 2015).

In computational terms, we have proposed that higher levels of cholinergic neuromodulation
reduce opportunity costs and therefore support task compliance, particularly in situations in
which the costs for staying-on-task increase because of performance challenges such as long
task sessions or the presentation of distractors. Trial-specific cholinergic transients reduce
detection uncertainty, therefore fostering performance in cued trials specifically if such trials
occur at a relatively low frequency or are interspersed within strings of non-cued trials
(Sarter et al., 2014b). As higher levels of cholinergic neuromodulation foster the generation
of transients, reduced opportunity costs and reduced detection uncertainty are coupled to
stabilize, recover and enhance attentional performance. Put another way, the
neuromodulatory component helps to maintain a stable representation of the task context,
whereas transients appear to mediate activation of the specific response rule associated with
detecting the signal.

Our general hypothesis is that variations of CHT capacity primarily constrain the capacity of
cholinergic neurons to sustain elevated levels of cholinergic neuromodulation. Because
higher levels of cholinergic neuromodulation in the cortex specifically mediate top-down
attentional control functions, CHT capacity variations will be directly linked to attentional
performance that is either dominated by bottom-up (CHT subcapacity variants) or by top-
down mechanisms (CHT overcapacity variants). To evaluate this hypothesis, we will begin
this review by clarifying the use of the terms bottom-up and top-down and describing the
tasks used in rodents and humans to test these attentional biases. We will then briefly
introduce the CHT and describe the evidence from our multi-species, translational research
that has given rise to our main hypothesis and conclude by discussing implications of
expressing CHT variants for psychopathology.
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2. Bottom-up versus top down control of attention

2.1. Bottom-up vs. top-down

The selection of stimuli to control behavior may reflect the saliency of a stimulus (bottom-
up) and it may be influenced by longer-term strategies and goals that bias our attention
toward certain sources and types of stimuli (top-down; e.g., Buschman and Miller, 2007;
Connor et al., 2004; Miller and D’Esposito, 2005; Sarter et al., 2001). The Sustained
Attention Task (SAT) and its distractor/disruptor condition (dSAT; see below) can be used to
assess both of these aspects of attentional function (see task diagrams in Figure 1). Bottom-
up attention refers to the relatively automatic attraction to, or capture of, attention by salient
environmental stimuli. The target signal in the SAT is a classic example of the type of salient
stimulus that attracts attention bottom-up: It is a brief, sudden-onset change. Top-down
processes are the internal representations and goals that influence how you respond: In the
SAT, they guide whether you press the right key/lever or the left one, and that you respond
with the keypress rather than touching the screen.

2.2. Challenging top-down attention: Disruptors and distractors

Imagine that as you are reading in your office, the lights overhead begin to flicker, similar to
the changing background in the dSAT (Fig. 1). Although you can still see the text, this
disruptor taxes your ability to stay on task and absorb the information. Compare this to a
situation where you have your email open in another window on the screen, and in your
peripheral vision see when each new message arrives. That distractor imposes an additional
challenge by directly competing for the focus of your attention.

It is important to acknowledge species-specific differences in the efficacy of irrelevant or
non-target stimuli to challenge attentional performance and in the subject’s ability to deploy
top-down mechanisms to resist such interference and maintain or recover performance. The
relatively low top-down control of rodents makes them highly vulnerable to disruption, with
cholinergic neuromodulatory activity-associated differences in top-down control being
revealed primarily by differential post-disruption performance recovery. Humans’ generally
greater top-down control as well as situational constraints (i.e., they are seated in front of the
testing computer) renders their performance relatively immune to disruption. Thus, the
additional demands imposed by competitive distraction are required to reveal performance
differences between human genetic groups varying in cholinergic function, although there
are significant group differences in the patterns of challenge-evoked right prefrontal
activation (Berry et al., 2014a, 2015). While keeping this issue in mind, the SAT and its
attentional challenge condition, the dSAT, allow the assessment of bottom-up and top-down
control functions in both species.

2.3. Cholinergic mediation of top-down control

As mentioned previously, the cholinergic system acts in different circuits and timescales to
support different aspects of attention, and these are distinct both temporally and spatially.
The response to the bottom-up saliency of the sudden-onset target signal involves phasic
ACh release events that are generated in part in interaction with thalamocortical circuits
(above; Gritton et al., 2016; Sarter et al., 2014b). In contrast, the top-down attention
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functions involved in increasing and maintaining attention to the task, such as in response to
disruptors, are supported by longer-timescale (seconds to minutes) cholinergic stimulation of
right fronto-parietal circuitry (Paolone et al., 2010; St Peters et al., 2011b).

In rodents, performance during the no-disruptor SAT increases (neuromodulatory) right PFC
ACh levels above no-task baseline. However, the amount of ACh increase is poorly
correlated with performance, reflecting that while some minimal degree of top-down control
is needed to engage the overall task set of monitoring for and responding to the cue, beyond
that detecting and responding to the sudden-onset cue used in the SAT is driven primarily by
bottom-up attention (and may be more strongly related on a trial-by-trial basis to the
transient response). In contrast, the attentional challenge condition (dSAT) robustly impairs
performance while further elevating levels of cholinergic neuromodulation, and higher
increases are correlated with better disruptor resistance and better performance recovery (St
Peters et al., 2011b). As a result, behavioral differences between mice expressing different
CHT capacity variants are seen largely in the attentional challenge condition, rather than in
the no-disruptor SAT (below).

3. Choline transporter regulation and function

In the brain, the CHT is uniquely expressed in cholinergic neurons (Ferguson et al., 2003;
Kus et al., 2003). The transport of choline into presynaptic terminals via the high-affinity,
hemicholinium-3 (HC-3)-sensitive CHT represents the rate-limiting step for ACh synthesis
and release (Fig. 2; Bazalakova and Blakely, 2006; Ferguson and Blakely, 2004; Sarter and
Parikh, 2005). Extracellular choline plasma concentrations are relatively stable at low-yuM
levels (Parikh and Sarter, 2006), and therefore variations in CHT capacity arise instead from
two main sources. First, genetically-imposed CHT protein variants have different choline
transport capacities (Okuda and Haga, 2000; Okuda et al., 2000, 2002). Second, CHT
capacity in neurons is regulated by the density of CHTs in synaptosomsal plasma membrane
(Apparsundaram et al., 2005; Ferguson et al., 2004; Gates et al., 2004; Holmstrand et al.,
2010; Parikh et al., 2013; Ribeiro et al., 2003; Sarter and Parikh, 2005).

3.1. Attentional performance upregulates CHT capacity

Pursuing mechanisms to support our earlier demonstration of SAT-associated increases in
cortical cholinergic neuromodulation (Paolone et al., 2013; St Peters et al., 2011b), we found
that synaptosomal, CHT-mediated (HC-3-dependent) choline uptake was enhanced in right
frontal cortex in rats that completed a SAT session, but not in rats that performed a
behavioral control procedure with reduced demands on attention. In separate groups of rats,
SAT performance also increased the density of CHT in the synaptosomal plasma membrane
(Apparsundaram et al., 2005). Subsequent experiments in mice confirmed that SAT
performance upregulates CHT capacity exclusively in the right cortex (Parikh et al., 2013).
The mechanisms underlying performance-associated outward mobilization of CHT remains
essentially unclear, but likely involves depolarization-dependent as well as depolarizatlon-
independent, vesicular membrane and early endosome-based CHT delivery to the plasma
membrane at a rate that surpasses transporter endocytosis (Pinthong et al., 2008; Ribeiro et
al., 2003, 2005, 2006).
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4. CHT subcapacity and vulnerability to demands on top-down control
4.1. CHT*~ mice

CHT heterozygous mice (CHT*/~ mice) support HC-3 sensitive choline uptake and basal
ACh release at WT levels (Ferguson et al., 2004), but are vulnerable to manipulations that
tax cholinergic activity (Bazalakova et al., 2007). At baseline, the density of CHTSs in
cortical synaptosomal plasma membrane-enriched fractions from CHT*/~ animals matches
those observed in wild type (CHT**) mice, reflecting that CHT heterozygosity primarily
reduces intracellular CHT density (Parikh et al., 2013). Thus, WT and CHT*~ mice support
equivalent basal choline transport, ACh release and choline clearance. Instead, genetic
variation In the CHT mediates functional (stimulation or task-related) differences in
cholinergic capacity: CHT*/~ mice show attenuated BF electrical stimulation (BF-ES) -
induced increases in plasma membrane CHT density, ACh release, and choline clearance
(Parikh et al., 2013). Likewise, CHT*/~ mice have significantly lower right frontal
synaptosomal plasma membrane (“surface”) CHT densities than WT mice after attentional
performance. Because of their relatively low levels of cholinergic neuromodulation, CHT*/~
mice are predicted to be severely vulnerable to the effects of disruptor, as indicated primarily
by relatively poor post-disruptor attentional performance. This hypothesis remains to be
tested, as in our initial studies relatively low SAT performance by both groups prevented a
robust test of potential strain differences in response to the disruptor (Parikh et al., 2013).

Together, these results indicate that CHT*/~ mice model a specific form of CHT subcapacity.
The actual choline uptake capacity of the protein remains at WT levels whereas the lower
intracellular CHT densities at baseline limit outward mobilization and thus the capacity of
cholinergic neurons to sustain elevated levels of cholinergic neurotransmission (Fig. 3).
Interestingly, the contribution made by CHT to cholinergic signaling, one linked more to
imposed demand versus basal tone, is conserved across phyla, as demonstrated in the
enhanced motor fatigue of nematodes lacking the transporter (CHO-1) in the context of
normal basal locomotion (Matthies et al., 2006).

4.2. 189V humans

Okuda and colleagues described a single nucleotide polymorphism (SNP) in the human
CHT that reduced choline uptake capacity by 40-50% when expressed in a mammalian cell
line (rs1013940 of SLC5A7; termed the 189V variant; Okuda et al., 2002). About a decade
ago we began searching for 189V subjects to test the hypothesis that they are vulnerable to
distractors and to study associated brain mechanisms. On the Poor Attentional Control scale
(PAC; Huba et al., 1982), administered during saliva collection sessions, 189V subjects self-
report higher distractibility and mind-wandering than WT (Berry et al., 2014a). The groups
were equivalent on boredom, indicating that 189V were not simply interpreting the scales
differently or showing a response bias compared to WT. Item analyses showed that questions
related to external distraction (e.g., “I find it difficult to concentrate when the TV or radio is
on”) best discriminated between the groups. These real-world situations require top-down
attention to focus on the task at hand and resist salient external stimuli that attract bottom-up
attention. In contrast, the dSAT presents a perceptual challenge and it is the farget (a sudden-
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onset signal) that has considerable bottom-up salience. Thus, as would be expected, 189V
subjects were not impaired performing the dSAT.

To more closely approximate the real-world conditions in which 189V subjects report
attentional impairment, we added a video distractor (simulating “when the TV is on”) to a
duration-discrimination task where the target has very low bottom-up salience and thus
requires considerable top-down attention, making performance highly sensitive to lapses of
attention and time-on-task declines (Continuous Temporal Expectancy Task, CTET,
(O’Connell et al., 2009); see Fig. 1c). Using ungenotyped young adults, we first
demonstrated that initial performance, time-on-task effects, and disruptor vulnerability could
be independently assessed, and that vulnerability to the video distractor correlated with self-
reported distractibility on the same scale used with 189V (Berry et al., 2014b). We next
tested age- and gender-matched WT and 189V subjects in the video CTET. As expected, we
found that 189V had a selective vulnerability to distraction, with equivalent initial
performance and time-on-task declines (Berry et al., 2014a). To our knowledge, these results
are the first to link the 189V polymorphism to a specific cognitive capacity.

As described above, visuospatial attention processes are right-lateralized across species
(Langner and Eickhoff, 2013), and in WT mice and rats, SAT-related increases in CHT
surface density are limited to right PFC (Apparsundaram et al., 2005; Parikh et al., 2013).
Likewise, human fMRI studies show right PFC activations during SAT performance, and
right-lateralized frontoparietal activation increases in response to the dSAT challenge (Berry
et al., 2014a; Demeter et al., 2011). As noted above, we found that CHT*/~ mice do not
show the same right PFC increases in CHT surface density after task performance (Parikh et
al., 2013). Likewise, in humans, 189V subjects do not show the right PFC activation
increases typically seen in response to the dSAT challenge (Fig. 4; Berry et al., 2015; c.f.,
Demeter et al., 2011). Furthermore, multivariate pattern analysis (MVPA) within an a priori
region of interest within right PFC, based on our prior studies using the dSAT in
ungenotyped subjects, successfully discriminated (84.6%; p=0.01) between WT and 189V
subjects (Berry et al., 2015). Control analyses ruled out potential global differences in
activation or hemodynamic response, and 189V and WT subjects had equivalent
performance, ruling out performance confounds on activation. A whole-brain MVPA
identifying those voxels that showed a differential response to the distractor for 189V
subjects versus WT subjects suggested that alternative neurocognitive processes (increased
reliance on bottom-up attention) supported the preserved performance of 189V subjects.

5. CHT overcapacity variants and resistance to disruptors/distractors

5.1. CHT-OXP

Using bacterial artificial chromosome (BAC)-mediated transgenic methods, we generated
mice with additional, integrated additional copies of the mouse Slc5a7 gene (Holmstrand et
al., 2014). CHT overexpressors (CHT-OXP) are viable, develop normally and breed at WT
rates. Immunohistochemistry revealed markedly elevated CHT expression in the cell bodies
of cholinergic neurons and axons projecting to regions known to receive cholinergic
innervation. Biochemical studies indicated a 2- to 3-fold elevation in total CHT protein
levels in the CNS. CHT densities in CHT-OXP animals are markedly higher in both synaptic
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plasma membrane and intracellular fractions, paralleled by significant increases in [3H]JHC-3
binding and synaptosomal and lymphocyte choline transport (Holmstrand et al., 2014).
Furthermore, and consistent with their CHT overcapacity, we recently reported that negative
modulation of CHT function /in vivo, by administering the negative CHT modulator ML352
(Ennis et al., 2015), rapidly attenuated presynaptic ACh release in WT but not CHT-OXP
(Valuskova et al., 2015). Elevation of ACh levels in CHT-OXP are not associated with
compensatory changes in the activity of either ChAT or AChE (Holmstrand et al., 2014),
suggesting that compensations at the level of synthesis or metabolic capacity do not arise to
offset the functional impact of CHT overexpression. In the dSAT, CHT-OXP mice recovered
more rapidly and completely than WT from the effects of the disruptor (Sarter et al., 2015).
This finding suggests that the heightened capacity of CHT-OXP mice for cholinergic
modulation of PFC allows them to more quickly reinstate top-down control and the task-set
representation guiding correct performance.

5.2. 3’UTR-T humans

Neumann et al. found that a G to T substitution at the CHT 3"UTR (rs333229 of SLC5A7)
was associated with differences in cholinergically-mediated autonomic nervous system
function (enhanced parasympathetic function, reduced sympathetic function), increased
heart rate variability (which in turn is associated with enhanced autonomic and emotional-
cognitive control), reduced depressive symptoms, and reduced corticolimbic reactivity to
negative emotional salience (Neumann et al., 2006; Neumann et al., 2005; Neumann et al.,
2012). They noted that this is consistent with the idea that the 3’/UTR-T variant is
associated with enhanced CHT function, although the molecular and neuronal mechanisms
of this potential enhancement have not yet been explored. In a retrospective analysis of our
data re-coding for this SNP, we found that ISOWT subjects with a 3'UTR T allele have
lower PAC Boredom scores (t(298)=1.99, ~=0.05, d=0.23) than other groups (Isaacs et al.,
2015). Furthermore, using the CTET (see Fig. 1), we found that 189WT/3"UTR-T humans
are not vulnerable to the CTET’s video disruptor (Isaacs et al., 2015).

6. CHT variants: cognitive “costs” of variations in cholinergic capacity

Results from our converging research in mice and humans expressing CHT variants support
the following general hypotheses: Low CHT capacity subjects, owing to their bottom-up
biases, will not be impaired performing the basic target-driven SAT (and other tasks that rely
on bottom-up attention). Instead, they will show specific impairments in situations requiring
increased top-down control. Conversely, high CHT capacity subjects will not show
performance advantages when target detection can rely on bottom-up salience. Instead, their
advantage will be selective to situations requiring top-down activation of internal task
representations guiding the response to environmental inputs.

We have emphasized the detriments of low cholinergic function and the advantages of high
cholinergic activity. However, there are likely advantages and disadvantages to both. While
the stable representations associated with high cholinergic activity permit efficient
performance of the current task, the complementary cost may be less efficient processing of
environmental stimuli that unexpectedly become relevant later on or signal a need to switch
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tasks, and suboptimal engagement with new environments that require the utilization of, and
switching between, multiple cues (Steelman et al., 2013; Walther and Fei-Fei, 2007). Most
of us have experienced the phenomenon of being deeply engrossed in a task (high
cholinergic activity) and failing to notice that someone else has walked into the room until
they startle us by speaking or tapping our shoulder. While this may be startling for us, it may
be even more detrimental for an animal so intent on digging for food or preparing a nest that
it fails to notice an approaching predator.

This interpretation receives support form findings indicating that although 189V subjects are
more vulnerable to external distractors, they also have better memory on a subsequent
surprise quiz for the content of those distractors (Berry et al., 2014). Furthermore, evidence
indicating better performance by 189V subjects on divergent-thinking creativity tasks also
supports a more open and exploratory approach to cognition overall (Berry, Craig, & Lustig,
unpublished results). Similar patterns are seen in other groups with reduced top-down
control and likely reduced cholinergic function (e.g., older adults and individuals with
attention deficit disorder — the latter of which is associated with genetic variation in the
CHT; English et al., 2009), and also intra-individually as a function of circadian cycle (e.g.,
Biss et al., 2013; Healey et al., 2008; Lustig and Jantz, 2015; White and Shah, 2006). In
short, high cholinergic activity supports a processing style that is stable, efficient, and
narrow, whereas low cholinergic activity may be associated with processing that is labile,
exploratory, and expansive. This characterization is likewise consistent with the cholinergic
system’s suggested role in memory, with high cholinergic activity thought to suppress
excitatory feedback connections to allow distinctive encoding of target stimuli, whereas low
cholinergic activity supports consolidation and associative processing (Hasselmo, 1999).

7. Conclusions: Genetically-imposed CHT abnormalities as models of CHT

capacity variation in the general population and associated disease risks

The human CHT 189V variant has been associated with ADHD and depression severity
(English et al., 2009; Hahn et al., 2008). Thus, exploring the neuronal and cognitive
mechanisms associated with CHT variants may establish new avenues for treating the
attentional dysfunctions associated with these disorders. In particular, such treatments may
have an important impact on the ability to sustain top-down control in the face of distractors
and other challenges.

Moreover, the study of genetically-imposed CHT capacity variations may provide an
extreme example of the impact of CHT regulatory variations observed in outbred
populations. For example, we found that outbred rats with a propensity for addiction-like
behavior (sign trackers”) fail to sustain elevated levels of cortical cholinergic
neuromodulation to support attentional performance (Paolone et al., 2013). CHT-mediated
choline uptake of sign-trackers fails to increase in response to stimulation and instead
regresses below pre-stimulation baseline (Kucinski et al., 2015). Although the cellular
underpinnings of such “CHT regression” remain unknown, they may involve changes in the
plasma membrane mobilization and recycling of CHT as well as the functional status of cell
surface CHT (e.g., Gates et al., 2004). Moreover, these findings suggest that human CHT
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regulatory variation will have a functional impact on the signaling capacity of cholinergic
neurons, and thus underlie dimensional differences in major psychological traits which can
serve as endophenotypes of mental disorders.

Finally, short of studying mice that express the human CHT sub- and over-capacity variants,
tests of the hypothesis that cholinergic mechanisms mediate the cognitive and brain
activation effects of the human CHT variants remains a major challenge. Parallel rodent-
human testing in the SAT and dSAT provides an anchor for our converging-evidence
approach to close the “neuroscience gap” in the behavioral genetics of cholinergic systems
(Demeter et al., 2011; Demeter et al., 2008; St Peters et al., 2011b).
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Highlights
. The neuronal choline transporter influences levels of cholinergic
neuromodulation.
. Cholinergic neuromodulation mediates top-down attentional control.
. Reduced CHT activity is associated with vulnerability to attentional
distraction.
. Elevations in CHT activity may bestow resistance to distraction.
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Figure 1. Tasks used in rodents and humans to assess bottom-up and top-down attention
a: Therodent Sustained Attention Task (SAT) consists of a randomized sequence of cue

and non-cue events, followed by extension of the two response ports (McGaughy et al.,
1996; McGaughy and Sarter, 1995; St Peters et al., 2011a). Hits and correct rejections, but
not misses and false alarms, are rewarded. Note the matching colors of the arrows pointing
to the response ports for the four response categories and the arrows in the outcome matrix
on the right, indicating that, in cued trials, hits (red arrows) are rewarded and in non-cued
trials, correct rejections are rewarded (dark blue). Conversely, misses (pink arrows) and false
alarms (light blue arrows) are not rewarded and trigger the intertrial interval. The
photographs depict the mouse version of the task and show the onset of a cued (left) and
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non-cued trial (third from left), and a hit (red frame, matching arrow color) and a correct
rejection (dark blue frame). dSAT: To test top-down control mechanisms, a disruptor
(houselights flashing at 0.5 Hz; dSAT) impairs performance, followed by performance
recovery. The disruptor is presented during a period in the middle of a regular session (see
violet line), typically for 16 min of a 60 min test session. SAT performance is associated
with significant increases in levels of cholinergic neuromodulation in the cortex, and dSAT
performance further elevates cholinergic activity and this increase correlates positively with
post-distractor recovery (St Peters et al., 2011b). b: The human SAT, similar to the rodent
task, requires reporting the presence or absence of a cue, and in the dSAT the computer
screen flashes continuously from gray to black at a rate of 10 Hz (Demeter et al., 2013;
Demeter et al., 2008). Human subjects increase right frontal activity (BA9) while performing
the dSAT, indicating their persistent reliance on top-down mechanisms (Demeter et al.,
2011). c: The CTET (Continuous Temporal Expectancy Test; O’Connell et al., 2009)
consists of a black and white grid made up of squares divided into triangles. The triangles
rotate randomly (90°, 180°, or 270°) and consecutive rotations are separated by 800 ms.
Participants press the spacebar when noting that a longer period (1070 ms) separated
consecutive rotations. The distractor-CTET uses a laptop oriented 32° to the left of the main
task computer. The laptop is silent and displays a gray screen during CTET, and it plays
content-rich video clips with sound during dCTET.
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Figure 2. Schematic illustration of the main steps of presynaptic cholinergic transmission
The cholinergic terminal is situated in the extracellular space, which contains low

(micromolar) and relatively stable concentrations of basal choline. Hydrolysis of
acetylcholine (ACh) (orange arrows) gives rise to ACh-derived choline, which is then
effectively recycled into the presynaptic terminals by hemicholinium-3-sensitive, high-
affinity choline uptake transporters (CHT). ACh-derived choline and acetyl-coenzyme A
together give rise to ACh in the presynaptic terminal, catalysed by choline acetyltransferase
(ChAT; blue arrows). The illustration is not intended to suggest that only choline molecules
that are derived from ACh are transported back into the terminal; rather, it reflects evidence
indicating that amounts proportional to ACh-derived choline are rapidly cleared from the
extracellular space. The illustration does not depict the low-affinity transporter and the use
of choline for other purposes, such as phospholipid metabolism (Lockman and Allen, 2002).
Vesicular acetylcholine transporters pack newly synthesized ACh into vesicles. Because
most CHTSs are located on the vesicular membrane, changes in the activity of cholinergic
terminals are predicted to alter the trafficking of CHTs between the plasma and vesicular
membrane (Ferguson et al., 2004; Ferguson et al., 2003; Simon et al., 1976). (Figure and
legend reproduced, in accordance with NPG Licence Policy, from Sarter and Parikh, 2005.)
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Figure 3. Symbolic Illustration of the effects of BF stimulation or attentional performance on the

subcellular synaptosomal distribution of CHTSs

At baseline, comparable densities of synaptosomal plasma membrane CHTSs (depicted in
red) in CHT*/* and CHT*/~ mice support similar levels of basal ACh release and choline
uptake. CHT heterozygosity primarily reduces the density of intracellular CHTS (in blue).
Therefore, stimulation of cholinergic neurons or attentional performance reveal the impact
of CHT heterozygosity, yielding attenuated levels of CHTSs in plasma membrane and thus
attenuated levels of cholinergic neuromodulation. (Adopted from Parikh et al., 2013, and

reproduced in accordance with the J. Neurosci. Licence to Publish.)
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Figure 4. 189V subjects fail to activate right PFC in response to challenge
Controls, but not 189V humans increase right PFC activation in response to attentional

challenge. Percent signal change in the bar graphs (left) is reported relative to fixation
baseline. Individual participant data (right) is plotted as percent signal change for the index
dSAT-SAT. A significant group by disruptor interaction indicated controls increased
activation in right PFC but 189V did not (for details see Berry et al., 2015).
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