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Abstract

Cholinergic signaling in the cortex involves fast or transient signaling as well as a relatively slower 

neuromodulatory component. These two components of cholinergic activity mediate separate yet 

interacting aspects of cue detection and attentional control. The transient component appears to 

support the activation of cue-associated task or response sets, whereas the slower modulatory 

component stabilizes task-set and context representations, therefore potentially facilitating 

topdown control. Evidence from humans expressing genetic variants of the choline transporter as 

well as from patients with degenerating cholinergic systems support the hypothesis that attentional 

control capacities depend on levels of cholinergic neuromodulation. Deficits in cholinergic-

attentional control impact diverse cognitive functions, including timing, working memory, and 

complex movement control.

Introduction:

The dual role of cholinergic signaling in cue detection and attentional control

As you walk into a grocery store to grab a bottle of wine on your way to a dinner party, you 

are confronted by a complex array of sights, sounds, and smells. The clerk hawking samples 

of local barbeque at a red and white table catches your eye for a moment, but you are 

focused on your mission and he barely enters your consciousness. Arriving at the wine 

section, out of habit you initially head to the area with your favorite hearty red, before 

remembering the menu. Scanning through the whites, you see what looks like a bottle of the 

Sauvignon Blanc your host had ordered – and raved about – the last time you were out for 

drinks together, but then realize it only looks similar. However, the correct bottle is on the 

same shelf as the imposter, so you grab it, and mission accomplished, now turn to your next 

task of finding the shortest checkout line.

Many of the cognitive processes used in this scenario (filtering, salience, goal-direction, 

selection) are discussed under the term “attention” and discussed by other papers in this 

special issue. Some of these would fall under the category of orienting sensory or attentional 
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processes towards a salient stimulus. In the present review, we focus on the attentional 

process of cue detection - by which information about a stimulus enters the information-

processing stream to activate an arbitrarily-associated (behavioral or computational) 

response. [1] Specifically, we discuss the evidence that cortical cholinergic signaling plays a 

critical role in activating (on a trial-level) and maintaining (over a longer period) the cortical 

ensembles representing cue-associated task and goal representations.

While distinct from orienting, the processes involved in cue detection also range from 

relatively automatic and “bottom-up”, to more controlled and “top-down” [2], depending on 

factors such as the saliency of the cue, the complexity of the associated response, and the 

strength of the cueresponse association. The strength of that association is frequently 

influenced by current representations of task context and goals. For example, you may have 

had the experience of sitting at a stoplight and absent-mindedly beginning to remove your 

foot from the brake when the left-turn signal in the next lane next turned green. Although 

such responses seemingly occur automatically and “without thinking”, the influence of task 

representations is demonstrated by your passenger’s feet remaining still. This “top-down” 

influence of prior experience and internally-represented goals is more explicit in situations 

where we are actively monitoring for cues, such as the street sign pointing to our destination.

Most real-life situations and laboratory attention tasks involve both bottom-up and top-down 

attentional processes operating on multiple timescales. For example, we have used the 

Sustained Attention Task (SAT; Figure 1) in rodents and humans [3] to demonstrate different 

attentional-cholinergic contributions to bottom-up salience of the cue [2], but at different 

timescales the cholinergic system also contributes to successful activation of previously-

learned, even habitual [4], response rules for cued and non-cued trials, and top-down mental 

computations that support task compliance over multiple trials and longer periods of time.

Cholinergic transients mediate shifts from monitoring to detection

Early experiments on the effects of lesions of the rodent basal forebrain-cortical cholinergic 

projection system indicated that cholinergic activity is needed for cue detection. Specifically, 

removal of cholinergic projections to right frontal and parietal cortex permanently lowered 

hit rates. Correct rejection rates (CRs; correct responses on non-cued trials; see Figure 1 

legend for a detailed description of SAT response categories) were not affected, indicating 

that the impairments were specific to cue detection and not a general performance decline 

[5]. There is some suggestion that CR rates are mediated by left-hemisphere processes, but 

this has not been examined as extensively ([6–8]; see [9,10] for similar results in humans).

The development of choline-sensitive biosensors [11] that allow trial-based recordings of 

cholinergic signaling significantly advanced understanding of its specific role in cue 

detection. Fast (second to subsecond scale) cholinergic signaling (“transients”) in right 

prefrontal cortex (rPFC) occurred when rats detected a cue. Importantly, these transients did 

not occur when the animal oriented to the cue but failed to initiate the associated response. 

Cholinergic transients were specifically associated with cue detection, rather than reward 

delivery or retrieval [12,13]. Furthermore, these transients only occur when there are long 

temporal delays between cues, or when a cue is preceded by an actual or perceived 

nonsignal trial.
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These findings suggest that cholinergic transients mediate cue detection when such detection 

involves a task shift and activation of the cue-associated response set; i.e., a shift from 

monitoring to cue-directed behavior (“shift-hits”). In humans, shift-hits activate right frontal 

and right basal forebrain regions, and this greater activity correlates with faster response 

times, perhaps reflecting cholinergic signaling [13; additional evidence linking 

electrochemical recordings in rats with evidence from human fMRI studies is described in 

this reference]. Additional, causal evidence comes from studies in which the optogenetic 

generation of cholinergic transients induces the cue-associated response even when the cue 

has not been presented (false alarms), and suppression of endogenous transients leads to 

lesion-like decreases in hits [14, see also 15]. The task-shift function may explain why 

cholinergic responses have been associated with punishment and scale with “reinforcement 

surprise” [16], either of which would indicate that the currently-held task set is incorrect and 

should be shifted from.

Recordings of field potentials, via the electrodes used for recording transients, suggest that 

the underlying mechanism of this cholinergic transient-induced activation of the relevant 

task set includes cue-evoked high-frequency oscillations in prefrontal cortex and stimulation 

of postsynaptic muscarinic M1 receptors [17]. Moreover, cue-evoked transients force the 

synchronization of different populations of neurons oscillating at different frequencies 

(thetagamma coupling). Blocking postsynaptic effects of cholinergic transients disrupted this 

synchronization and reduced detection rates. Thus, cholinergic transients coordinate the 

mobilization and collaboration of multiple cortical networks, likely involving cholinergic 

effects on inhibitory interneurons [18] and extending synchronized activity across fronto-

parietal and frontostriatal regions. The correlated activity of multiple neuronal populations 

coordinates the multiple cognitive operations required to utilize the information provided by 

the cue and execute the detection process [see also 19]. This is distinct from the within-area 

desynchronization associated with anticipatory attention (see discussion by [20]

Cholinergic neuromodulation and top-down attentional effort

Complementing the immediate (re)activation of dormant cue-response associations mediated 

by cholinergic transients, longer-term (tens to hundreds of seconds) cholinergic 

neuromodulation appears to mediate the stabilization of relevant task-set representations 

supporting “top-down” regulation. Increases in cholinergic neuromodulation can be seen in 

the SAT as increases in extracellular acetylcholine (ACh) levels in rPFC as rodents move 

from a no-task baseline to the task itself, and further increases in the face of attentional 

challenge [21,22]. These longer-term increases in rPFC ACh occur despite reductions in hits, 

and thus cholinergic transients, during attentional challenges, indicating an independent, 

though interacting (see below) pathway. Human fMRI studies show parallel increases in 

rPFC activation from no-task baseline, to the SAT, to the challenge condition [23–25]. 

Notably, the challenge-related rPFC increase is not seen in individuals expressing a low-

capacity variant of the choline high-affinity transporter thought to limit the ability to sustain 

cholinergic activity [25].

These increases in rPFC ACh and/or activation are linked with top-down “attentional effort” 

and maintenance, stabilization, or recovery of the relevant task set rather than successful 
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performance per se. They occur even when the task is only expected based on past 

experience, not actually introduced [26], interact closely with dopaminergically-mediated 

motivational systems [27], and persist or even increase when other factors make 

performance declines inevitable [22]. In humans, rPFC activation increases during the SAT 

are correlated with larger, not smaller, performance declines in response to the attentional 

challenge condition, and individuals expressing the low-CHT variant are able to maintain 

successful performance.

While initially counterintuitive, functional connectivity analyses clarified the potential role 

of rPFC activation: Increased connectivity with the anterior cingulate, associated with error 

signaling, was associated with greater vulnerability to the attentional challenge, whereas 

increased connectivity to superior parietal regions, associated with the control of spatial 

attention, correlated with preserved performance [25]. In other words, rPFC activation/

cholinergic neuromodulation appears to interact with conflict or error detection and 

motivation systems to support the recruitment of the task representations necessary for 

preserving performance in the face of challenge, but actual preserved performance may 

depend more heavily on the degree to which those representations can be successfully 

implemented.

More specifically, the top-down neuromodulatory component appears to play a critical role 

in stabilizing the relevant task set, presumably by maintaining the synchrony of the 

representative cortical ensembles. It is thus more directly involved in preserving 

performance when challenge comes from “competitive distractors” – stimuli with strong 

bottom-up salience that are associated with a competing response or task set. This is 

illustrated by comparing the performance of low-cholinergic populations across different 

task parameters. As a general rule, they show stimulus-driven, rather than goal-driven 

behavior.

For example, “sign trackers” (STs) are defined by their propensity to direct attention and 

behavior towards Pavlovian cues, even though these cues only predict reward delivery and 

do not require any response. Rodent STs exhibit an attenuated capacity for sustained 

elevated cholinergic neuromodulation, due to a dysregulation in the CHT that limits ACh 

synthesis [28]. This is associated with poor attentional control and a bias towards bottom-up, 

stimulus-directed processing, with the sign-tracking behavior itself (orienting towards a 

salient but irrelevant cue) as one example. In the SAT, where the target cue has a great deal 

of bottom-up salience but top-down control is required to maintain the appropriate cue-

response set associations, STs exhibit above-chance but highly unstable performance [29]. 

The top-down attentional control vulnerabilities of STs were also revealed by the 

demonstration that their ability to perform complex movements is relatively poor when such 

movement require attentional control, such as during the traversal of rotating straight or 

zigzag rods [30].

Humans expressing a relatively low-capacity CHT variant (I89V variant), and thus 

presumably with a reduced capacity to sustain cortical cholinergic modulation, show a 

similar pattern of parameter-dependent preserved versus impaired performance. As noted 

above, these humans fail to activate rPFC regions associated with attentional effort in 
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response to changing background illumination in the SAT, but demonstrate good 

performance by relying on the bottom-up salience of the cue. In contrast, they report high 

levels of distractibility in everyday life, and show marked distractor vulnerability in a task 

where the target has very low bottom-up salience (differentiated from nontargets only by its 

duration), but the distractor (videos playing on a nearby laptop) has strong bottom-up 

salience [31]. Notably, a different human CHT variant suspected to yield a relatively 

superior capacity of the CHT is associated with a strikingly near-perfect resistance to this 

distractor [32]. Providing converging evidence, in patients with Parkinson’s disease, cortical 

cholinergic denervation does not predict SAT performance, but does predict vulnerability to 

the video distractor [33].

Interactive cognitive control functions of cholinergic signaling

The evidence from PD patients also points to the ways that different components of the 

cholinergic system interact with each other and other systems to support cognitive control. 

Although cortical cholinergic denervation did not predict hits to the visually salient cue in 

SAT, thalamic denervation did, perhaps reflecting early-stage “orienting” [34]. The 

importance of thalamic cue processing was also revealed by the finding that cue-evoked 

glutamate bursts from thalamo-cortical neurons - which express α4β2* nicotinic 

acetylcholine receptors (nAChRs) - are necessary (though not sufficient) for the generation 

of cholinergic transients in cortex [35,36]. In simplified, functional terms, thalamic inputs 

“insert” information about the cue into the cortex. Elevated levels of cholinergic 

neuromodulation facilitate the reliability and efficacy of cue representation in cortical 

circuitry [35–38]. However, a cholinergic transient is then required for cue to be detected, in 

part via synchronizing multiple neuronal populations across larger brain regions to activate 

cueassociated task and response set representations [39,40]. The results from studies using 

pharmacological means to elevate cholinergic activity in humans are consistent with the 

view that detection processes and associated attentional biases are under cholinergic control 

[41,42].

We have focused on the specific roles of transient and neuromodulatory cholinergic 

signaling in detecting relevant cues and avoiding disruption from irrelevant stimuli as these 

operations are fundamental to successful behavior in many situations. Moreover, divided 

attention, cross-modal cue processing, and working memory capacity all depend on 

cholinergic signaling [43–46]. Because of the multilevel nature of cholinergic contributions, 

cholinergic deficiencies affect all forms of attention and attention-dependent learning [47–

50]. In addition, cholinergically-mediated top-down control and response to movement cues 

becomes especially important when motor function is impaired, and thus poor attentional 

control causes complex movement deficits and falls in older adults and patients with 

Parkinson’s disease [51–53]. The dual role of cholinergic contributions in maintaining stable 

representations and detecting change may be especially important for timing in both 

movement and working memory [26,30,54,55].

In conclusion, converging evidence from animal models, human genetic populations, and 

patients with dysregulated or degenerating cholinergic systems continues to illuminate the 

multidimensional role that cholinergic activity plays in attention and cognitive control. 
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Given the fundamental limitations of acetylcholinesterase inhibitors [discussed in 56], 

further development of this more detailed and mechanistic perspective will be essential for 

improving the cognition and daily life of patients with diverse neurological and psychiatric 

disorders [57,58].
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Figure 1. 
Sustained Attention Task (SAT) performance, including the distractor version of this task 

(dSAT) of mice (left), rats (middle), and humans (right; some major task parameters are 

indicated below the individual task versions). The SAT consists of a semi-random sequence 

of signal and non-signal (or blank) trials. The intertrial interval (ITI) in all versions is 

variable, reducing the ability to time event onset. Following a signal or a non-signal event, a 

response window is opened either by extending two specialized nose-poke devices in the 

mouse version [‘MICARPs”; see 59], two retractable levers in the rat version [60], or by a 

low frequency buzz that activates to response keys on a computer keyboard in the human 

version [for details about signal presentation parameters see 3]. Subjects need to report a 

response in each trial within a defined period; a failure to do so is counted as an error of 

omission. Possible responses are hits (one response port or key) or misses (opposite response 

port or key) following signal events, or correct rejections or false alarms following non-

signal events (reversed response port or key assignment.) A test session consists of 100–200 

trials that are blocked post hoc (usually by time) to determine potential performance 

decrements. Hits and correct rejections are rewarded (water or pellets in rodents; symbol for 

later monetary reward in humans). Misses and false alarms have no further scheduled 

consequences and trigger, similar to hits and correct rejection responses, the next ITI. False 

alarms are relatively rare in all three species, and hits vary with signal duration. The 

ordinates in Fig. 1 depict the SAT score which combines the relative number of hits and 

correct rejections into one score that ranges from 0 (random response selection) to 1 (all 

responses are hits and correct rejections). Averaged over all signal durations, SAT scores (no 

distractor, black lines) generally are flat across sessions, with humans obviously performing 

robustly better than rodents. During dSAT sessions, the distractor, or perhaps more 

accurately the disruptor [this issue is discussed in 32], is turned on typically during trial 

blocks 2 and 3. In rodents, the distractor consists of the operant chamber houselight flashing 

on/off at 0.5 Hz. In humans, the screen alternates between silver and black at 10 Hz. As 

illustrated in Figure 1, the distractor suppresses performance in all three species, with 
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rodents reaching chance level, followed by a relatively quick recovery of performance in 

block 4 and 5. In the presence of the distractor, humans adopt a more conservative and 

rodents a more liberal response bias [3], possibly also reflecting the qualitatively different 

capacity for top-down control in humans versus rodents. Our collective evidence indicates 

that cholinergic transients are necessary and sufficient to mediate hits, specifically in shift-

hit trials. During the distractor, elevated levels of cholinergic neuromodulation predict the 

degree of post-distractor performance recovery and therefore is thought to mediate levels of 

topdown control designed to stabilize and recovery task performance (see main text).
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