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Abstract

Traditional descriptions of the basal forebrain cholinergic projection system to the cortex have 

focused on neuromodulatory influences, that is, mechanisms that modulate cortical information 

processing but are not necessary for mediating discrete behavioral responses and cognitive 

operations. This review summarises and conceptualises the evidence in support of more 

deterministic contributions of cholinergic projections to cortical information processing. Through 

presynaptic receptors expressed on cholinergic terminals, thalamocortical and corticocortical 

projections can evoke brief cholinergic release events. These acetylcholine (ACh) release events 

occur on a fast, sub-second to seconds-long time scale (‘transients’). In rats performing a task 

requiring the detection of cues as well as the report of non-cue events cholinergic transients 

mediate the detection of cues specifically in trials that involve a shift from a state of monitoring 

for cues to cue-directed responding. Accordingly, ill-timed cholinergic transients, generated using 

optogenetic methods, force false detections in trials without cues. We propose that the evidence is 

consistent with the hypothesis that cholinergic transients reduce detection uncertainty in such 

trials. Furthermore, the evidence on the functions of the neuromodulatory component of 

cholinergic neurotransmission suggests that higher levels of neuromodulation favor staying-on-

task over alternative action. In other terms, higher cholinergic neuromodulation reduces 

opportunity costs. Evidence indicating a similar integration of other ascending projection systems, 

including noradrenergic and serotonergic systems, into cortical circuitry remains sparse, largely 

because of the limited information about local presynaptic regulation and the limitations of current 

techniques in measuring fast and transient neurotransmitter release events in these systems.
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Introduction

The ascending neuromodulator systems include the brainstem noradrenergic, serotonergic 

and cholinergic nuclei and their widespread ascending projections, as well as the cholinergic 

and non-cholinergic projections from the basal forebrain to telencephalic regions. 

Descriptions of the anatomical properties of brainstem ascending systems often emphasised 
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that these projections originate from relatively small numbers of neurons and that they 

innervate large regions in the forebrain via their high degree of axonal collateralisation 

(Fallon & Loughlin, 1982; Espana & Berridge, 2006; Waselus ~ et al., 2011). The presence 

and degree of collateralised cholinergic projections arising from the basal forebrain has 

remained in dispute (e.g., Chandler et al., 2013) but generally these neurons exhibit less 

axonal branching than those arising from the brainstem, and the terminals of individual 

neurons tend to cluster in the cortical innervation space (Zaborszky, 2002; Briand et al., 

2007; Hasselmo & Sarter, 2011; Zaborszky et al., 2012). Moreover, volume 

neurotransmission has been viewed as dominating the synaptic communication of 

neuromodulatory systems (for discussion see Sarter et al., 2009). When taken together, these 

considerations have supported the conceptualisation of ascending systems as exerting 

powerful modulatory, but primarily nonspecific, functions such as ‘arousal’, ‘activation’, 

‘information gating’, or ‘increasing the signal-to-noise ratio’. The intuitive allure of these 

traditional views persists in the contemporary literature (e.g. Hornung, 2003; Eggermann & 

Feldmeyer, 2009; Lee & Dan, 2012; Sara & Bouret, 2012; Moran et al., 2013; Varela, 

2013).

The usefulness of such poorly-defined functional concepts for guiding research on the 

functions of ascending systems has been questioned (Robbins & Everitt, 1995). Moreover, 

newer evidence concerning the basal forebrain system indicates a highly structured and 

topographic organisation of efferent projections and the presence of clusters of cholinergic 

terminals in the cortical innervation space (e.g., Zaborszky, 2002; Zaborszky et al., 2008, 

2013). The presence of phasic actions of ascending neurotransmitter systems (Dayan & Yu, 

2006; Parikh et al., 2007; Howells et al., 2012) further challenges the classification of the 

neurotransmitters of ascending projection systems as strictly neuromodulators (Parikh & 

Sarter, 2008; Dayan, 2012; Marder, 2012; Picciotto et al., 2012; Sun et al., 2013).

Below we review the available evidence in support of the hypothesis that basal forebrain 

cholinergic projections to the cortex form an integral part of cortical circuitry, capable of 

mediating, as opposed to modulating, discrete cognitive and behavioral functions. In other 

words, cortical and subcortical projections employ cholinergic inputs to contribute to 

cortical information processing (Fig. 1). Furthermore, these cholinergic inputs themselves 

are subject to neuromodulation by cortical and subcortical input (Fig. 1; below).

This review does not cover the basic organisation of the cholinergic system and evidence 

indicating neuromodulatory functions (Wenk, 1997; Deco & Thiele, 2008; Schliebs & 

Arendt, 2011; Picciotto et al., 2012). Rather, we will focus specifically on the evidence in 

support of the idea that cortical circuitry integrates a component of the ascending systems to 

support cortical information processing and therefore has deterministic functions. By 

reviewing the evidence in support of this hypothesis we are not rejecting the importance or 

presence of a neuromodulatory component of ascending systems, including a component of 

the cortically-projecting basal forebrain cholinergic system (St Peters et al., 2011; see also 

further below for a conceptualisation of cholinergic neuromodulation). Rather, we propose 

that separate from and in addition to their role as a neuromodulator, these ascending 

projections take part in highly specialised cortical information processing (Aston-Jones & 

Cohen, 2005; Zaborszky et al., 2005; Unal et al., 2012).
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Heteroreceptors – local control of cortical cholinergic activity

Cholinergic inputs to cortical regions are capable of generating complex neurophysiological 

effects via multiple muscarinic and nicotinergic acetylcholine (ACh) receptor subtypes 

(mAChR and nAChR). In turn, the release of ACh is itself under the control of 

heteroreceptors. Such heteroreceptor-mediated control of neurotransmitter release involves 

ionotropic as well as metabotropic receptors situated near the active presynaptic zone, 

activating either ion channels or second-messenger mechanisms to influence or even 

determine neurotransmitter release (for reviews see MacDermott et al., 1999; Schicker et al., 

2008). Presynaptic control of neurotransmitter release can occur via depolarisation-

dependent modulation of release levels as well as the induction of release in the absence of 

action potentials (Kunz et al., 2013). However, the intracellular mechanisms mediating 

depolarisation-independent release remain poorly understood.

Early experiments measuring ACh release from cerebral synaptosomal preparations and 

slices demonstrated that it is subject to GABAergic modulation; however, these studies did 

not indicate a consistent set of effects (e.g., Bonanno et al., 1991). Evidence from in vivo 

microdialysis studies suggested that local GABAergic activity directly inhibits basal ACh 

release from cortical terminals (Giorgetti et al., 2000). However, ascending cholinergic 

projections also target GABAergic interneurons which in turn inhibit release from 

cholinergic terminals (Disney & Aoki, 2008; Kruglikov & Rudy, 2008; Disney et al., 2012). 

Furthermore, local GABAergic activity also modulates changes in cholinergic activity that 

are evoked by local noradrenergic and serotonergic mechanisms (Moroni et al., 1983; Beani 

et al., 1986; Ramírez et al., 1996). Clearly, the mechanisms involved in cerebral GABAergic 

modulation of ACh release remain very poorly understood.

Our own recent research has focused on local mechanisms contributing to the generation of 

brief cholinergic release events in pre-frontal cortex. We demonstrated that glutamate 

released from thalamic afferents is necessary to evoke brief, seconds-based or ‘transient’ 

cholinergic release events (Parikh et al., 2008). Furthermore, glutamate release from these 

thalamic inputs is itself modulated by cholinergic activity and stimulation of nAChRs 

(Gioanni et al., 1999; Lambe et al., 2003; Howe et al., 2010; Parikh et al., 2010). We 

exploited this mechanism to study the relationships between cholinergic neuromodulation 

and cholinergic transients by determining the effects of nAChR stimulation on glutamatergic 

and cholinergic transients in prefrontal cortex. As expected based on the presence of 

nAChRs on glutamatergic terminals and our hypothesis about cortical glutamatergic–

cholinergic interactions (Fig. 1), stimulation of alpha4beta2* nAChRs evokes both transient 

glutamate release and ACh transients. Furthermore, cholinergic transients evoked by such 

stimulation are abolished by removing thalamic inputs or by blocking ionotropic glutamate 

receptors in the prefrontal recording region (Parikh et al., 2008, 2010). Although the 

assumption that ionotropic glutamate receptors are expressed by cholinergic terminals would 

provide a straightforward mechanism underlying these glutamatergic–cholinergic transient 

interactions, to our knowledge the presence of ionotropic glutamate receptors on cholinergic 

terminals has not been investigated. Thus, a more complex, multi-synaptic mechanism 

underlying the relationship between prefrontal cholinergic and glutamatergic signaling 
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cannot be excluded. We will return to the discussion of potential synaptic mechanisms 

further below following the discussion of the cognitive functions of cholinergic transients.

Functions of cholinergic transients

Cholinergic inputs to the cortex are necessary for attentional performance and specifically 

for the detection and use of instructive cues to guide decisions about ongoing behavior 

(Muir et al., 1992; McGaughy et al., 1996; Turchi & Sarter, 1997; Dalley et al., 2004; Botly 

& De Rosa, 2009). The use of cues to guide behavior henceforth is termed ‘detection’, as 

defined in Posner et al. (1980). Importantly, this definition integrates the perceptual with the 

cognitive processes involved in the decision to report a signal – ‘By detection, we will mean 

the entry of information concerning the presence of a signal into a system that allows the 

subject to report the existence of the signal by an arbitrary response indicated by the 

experimenter’ (Posner et al., 1980, p. 162).

Cholinergic activity in the cortex serves both neuromodulatory and deterministic functions, 

albeit via separate mechanisms. Our current model assumes that that the cholinergic neurons 

that modulate cortical circuitry form a separate population from those that generate the 

transient release events that are integrated into cortical information processing and exert 

deterministic functions (Hasselmo & Sarter, 2011; see also Hasselmo & Bower, 1992). This 

assumption awaits further testing, but separate cholinergic cell populations may be revealed 

based on, for example, their topographic organisation in the basal forebrain, differential 

histological markers, and/or their differential cortical vs. subcortical afferent organisation 

(Unal et al., 2012; Zaborszky, 2002; Zaborszky et al., 2005, 2013; Fig. 1).

In the present context, the neuromodulatory component of cholinergic activity is 

hypothesised to influence the probability and amplitude of cortical glutamatergic–

cholinergic transients, primarily via stimulation of nAChRs (as described above). The level 

of this neuromodulatory influence has been shown to co-vary with demands on attentional 

control, not level of performance. That is, performance-associated increases are highest 

when performance is low as a result of distractors, extended time on task, or 

pharmacological challenges (Kozak et al., 2006; Sarter et al., 2006; St Peters et al., 2011).

While the neuromodulatory component appears to be more closely linked to demand (and 

attempts to maintain performance in the face of such demand), we propose that transient 

ACh release events play a more direct and immediate role in controlling detection 

performance. This hypothesis initially arose from our studies using fixed-potential 

amperometry to record medial prefrontal cholinergic transients in rats performing a cued 

appetitive response task. Cue presentations were separated by ~ 90-s intervals during which 

animals were free to engage in task-irrelevant behavior. Cues that were detected and thus 

evoked a shift from ongoing behavior (e.g., grooming) to cue-directed behavior produced 

transient increases in ACh release (Parikh et al., 2007). In contrast, cues that were not 

detected (‘misses’) failed to evoke cholinergic transients. Several control experiments 

demonstrated that reward delivery and reward retrieval do not contribute to the generation of 

cholinergic transients. Furthermore, we showed that cue-evoked cholinergic transients 

emerged during the learning of this task, as cues began to control behavior.
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Subsequent experiments recorded both glutamatergic and cholinergic activity in rats 

performing an operant sustained-attention task (SAT). This task consists of separate trials 

during which visual cues (or signals) are presented, or not, followed by the extension of the 

levers into the operant chamber which triggers a response. Rats press one lever to report the 

presence of the cue and another to report the cue’s absence (nonsignal trial). Correct 

responses are ‘hits’ on signal trials and ‘correct rejections’ on nonsignal or blank trials. In 

the thalamic input layer of the prelimbic cortex, all cues that resulted in hits evoked 

glutamatergic transients (W.M. Howe, H. Gritton & M. Sarter, unpublished observations; 

Fig. 1B).

Although glutamatergic transients were found for all hit trials, cholinergic transients 

occurred for only a proportion (~ 60%) of cues yielding hits. Thus, glutamatergic transients, 

while required for cholinergic transients, were not sufficient for their generation. Instead, the 

presence or absence of cholinergic events during cue-hit trials depended on the previous trial 

type (Howe et al., 2013). Specifically, cholinergic transients were only evoked by cues in hit 

trials when those trials were preceded by a missed cue or correct rejection trial. In other 

words, transients only occurred when hits (correct indication of a signal trial) were preceded 

by an actual (correct rejection) or perceived (miss) nonsignal trial. We therefore refer to 

these particular hit trials as ‘incongruent hits’ or ‘shift-hits’, i.e., the signal response on these 

trials is incongruent with nonsignal response on the prior trial, and requires a shift in task 

representation and response. Cholinergic transients were not evoked by cues that were 

presented consecutively and reliably detected (‘consecutive hits’; Howe et al., 2013).

We have interpreted this cholinergic signal as forcing a shift, away from a state of 

monitoring that dominates attentional performance during the absence of cues, to cue-

directed attention. This same state would also have been engaged during the long inter-trial 

intervals in the task described in Parikh et al. (2007). Importantly, parallel experiments 

employing functional MRI in human subjects revealed coincident basal forebrain and 

prefrontal activation during incongruent hits, as well as in prefrontal oxygen levels in rats 

(for details see Howe et al., 2013). Combined, these data support the presence a prefrontal 

cholinergic mechanism that is preserved across species and supports attentional performance 

by forcing shifts from monitoring to cue-directed attention.

Evidence for the deterministic role of cholinergic transients in attentional performance was 

obtained from a subsequent set of studies that demonstrated that the generation or 

suppression of such transients, using optogenetic methods, enhances or reduces, 

respectively, hit rates in SAT-performing mice (H. Gritton, W.M. Howe & M. Sarter, 

unpublished observations). Specifically, if transients are evoked to coincide with cues, hit 

rates increase; this is most robustly demonstrated for trials in which cue illumination is 

briefest in duration. Correspondingly, if endogenously generated cholinergic transients are 

suppressed using opsins that inhibit depolarisation, animals detect fewer cues. These data 

suggest that cholinergic transients promote a shift to cue-associated response 

representations.

In what is perhaps an even more direct demonstration of the causal relationship between 

phasic cholinergic signaling and cue ‘detection’, artificially generating a cholinergic 
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transient on non-signal trials increases the likelihood of a false alarm. These induced, ill-

timed transients produce false alarms in as many as 50% of such trials (as opposed to < 10% 

at baseline). This finding supports the hypothesis that cholinergic transients increase the 

probability for a discrete behavioral response, the reporting of a signal. Generating transients 

in the absence of signals ‘inserts’ the cholinergic activity normally generated by a detected, 

incongruent cue. Thus, we hypothesise that cholinergic transients are a sufficient cause for 

incongruent hits. Clearly, this hypothesis requires more testing, including more stringent 

manipulations of cholinergic transient activity during controlled sequences of signal and 

nonsignal trials.

The timecourse of cholinergic transients (Fig. 1B) leads to additional speculation about their 

function. Specifically, cholinergic activity extends beyond the completion of incongruent 

hits and persists into the subsequent inter-trial interval, peaking at ~ 6 s following the cue 

(see fig. 2 in Howe et al., 2013). This ongoing activity is not likely to be related to the 

mediation of the actual hit in that particular trial. Rather, such prolonged cholinergic activity 

may serve as a reporter that binds action selection with outcome. Thus, the extended portion 

of the transient could act as a ‘teaching signal’, confirming the accuracy of the response 

choice in such trials and thereby increasing the likelihood of future shifts from monitoring 

for cues to cue-directed behavior. Again, however, further experiments are necessary to test 

this theory.

Absence of cholinergic transients during consecutive hits

The synaptic mechanisms responsible for the generation of cue-evoked cholinergic 

transients during incongruent hits remain largely speculative. The evidence supports the 

general idea that a cue that will be detected is ‘inserted’ into cortical circuitry via cue-

evoked glutamatergic transients from mediodorsal thalamic projections (Fig. 1). As 

discussed above, cue-evoked glutamatergic transients, evoked by all cues yielding hits 

irrespective of trial sequence, are necessary, but not sufficient, for generating the cholinergic 

transients; the latter being evoked only by cues yielding incongruent hits. Thus, it needs to 

be determined whether cholinergic transients are actively suppressed during consecutive hits 

or whether such transients are generated specifically during incongruent hits and based on 

additional, currently unknown, circuitry.

One possibility is that cholinergic transients are not generated on consecutive hits because 

the signal-associated task response condition is already activated, and thus there is no need 

for a ‘shift’. On the other hand, there is evidence consistent with the alternative possibility 

that cholinergic transients are actively suppressed during consecutive hits. Cholinergic 

transients may depolarise GABAergic interneurons and thereby contribute to their own 

subsequent suppression (see above; Xiang et al., 1998). Furthermore, muscarinic 

mechanisms have been demonstrated to maintain persistent firing of neurons (Klink & 

Alonso, 1997; Egorov et al., 2002). Some of these neurons may be inhibitory interneurons, 

and thus this mechanism could contribute to the persistent suppression of cholinergic 

transients during strings of consecutive hits. Our own preliminary evidence supports the 

hypothesis that local GAB-Aergic activity can suppress cholinergic transients (Berry et al., 

2011). In this scheme, a nonsignal event would be speculated to terminate such suppression 
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of cholinergic transients, ‘releasing’ glutamatergic–cholinergic transient interactions from 

inhibition and therefore allowing a subsequent cue, if detected, to again evoke a cholinergic 

transient. The mechanisms that would terminate this proposed persistent suppression of 

cholinergic transients remain entirely unknown.

Postsynaptic mechanisms – high-frequency oscillations

To this point, our discussion has focused largely on presynaptic mechanisms and cognitive 

contexts associated with the generation of cholinergic transients. An additional, and equally 

important consideration focuses on the postsynaptic effects of these release events. What 

effect do transient increases in glutamatergic and cholinergic activity have on the state of 

local prefrontal networks, and how might these changes relate to task performance? One 

possible answer originates from experiments in which we recorded local field potentials in 

prefrontal networks in animals performing the SAT. These recordings indicated enhanced 

synchronous activity at gamma frequencies during cue detection. However, we also found 

that cue detection on incongruent hits coincided with more synchronised gamma activity 

that was sustained through the reward period consistent with the timeline noted for long-

lasting cholinergic transients (Howe et al., 2011). Thus, we hypothesise that the increased 

gamma power during incongruent hits, reflecting the postsynaptic impact of combined 

glutamatergic–cholinergic activity, relays the local processing of the cue across a distributed 

network that in turn recruits the circuitry required to execute the motor response. In the 

absence of a cholinergic transient, gamma synchrony is attenuated, the likelihood for a 

successful attentional mode shift is reduced, and cues in such trials are more likely to be 

missed.

The hypotheses described above align with the idea that cortical circuitry integrates the 

ascending cholinergic system into local circuitry to support cognitive operations (Fig. 1). 

Stimulation of intra-cortical and efferent neurons by cholinergic transients, in conjunction 

with glutamatergic activity, increases synchronous high-frequency oscillatory activity (as 

described above). Such enhanced coordination of local activity fosters the formation of cell 

assemblies to relay output across a distributed network in support of cue detection (see also 

Fan et al., 2007; Gulledge et al., 2009) and, more generally, the ability of such a cue to 

control behavior (Engel & Singer, 2001; Rodriguez et al., 2004, 2010; Fries, 2005; Briggs et 

al., 2013). In the absence of cholinergic transients and synchronous high-frequency activity, 

hit rates are predicted to be reduced, specifically in cued trials requiring an attentional mode 

shift.

Our hypothesis has been deduced from recordings in rats performing the SAT and thus 

suggests a cortical cholinergic function required for a specific cognitive operation that 

underlies SAT trial-sequence-based performance. However, this hypothesis may be readily 

generalised to other cognitive operations involving cue detection and cue-directed behavior. 

For example, in rats performing a cross-modal divided-attention task (McGaughy et al., 

1994), cholinergic activity is necessary for shifting between cues of different modalities but 

not for shifting between cues within modalities (see also Turchi & Sarter, 1997). Although 

cholinergic transients in animals performing this task have not been recorded, the present 

data would predict that cues involving cross-modal shifts likewise generate cholinergic 
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transients to orchestrate cue-related processing (see also Senkowski et al., 2008; Schneider 

et al., 2011).

Cholinergic transients require wired neurotransmission, or does it matter?

The hypothesis that cholinergic transients mediate a specific component of the cortical 

processing of cues entails the characteristics of wired neurotransmission. That is, this 

hypothesis predicts that the transient cholinergic signal stimulates a defined set of 

postsynaptic receptors as opposed to a more persistent stimulation of cholinergic receptors 

across a larger cortical region and involving receptors located away from the presynaptic 

release sites (volume neurotransmission; for an illustration of the two transmission modes 

see fig. 3 in Sarter et al., 2009).

Our electrochemical evidence suggests that all newly released ACh is hydrolyzed by 

endogenous ACh esterase (AChE; Giuliano et al., 2008). In other words, this evidence 

suggests that because of the abundance and extraordinary potency of AChE (ACh esterase), 

little or no ACh remains available for volume neurotransmission, certainly not the high 

nanomolar to low micromolar ACh concentrations that were proposed to support volume 

neurotransmission (Descarries, 1998). However, the presence vs. absence of volume 

neurotransmission is extremely difficult to resolve experimentally. We suggested that this 

issue may be of secondary importance when compared to the significance of transient 

release events (see the discussion in Sarter et al., 2009). It appears more important to 

understand how the time course of these transients maps onto behavior and information 

processing, rather than deciphering the degree to which extra-synaptic neurotransmission 

underlies the ability of a cue to be detected and shift attentional modes.

Cortical cholinergic signaling – computational conceptualisation

This section provides a reductionist description of the information-processing steps that 

require cholinergic transients in prefrontal cortex. Furthermore, the impact of the 

neuromodulatory component of cholinergic neurotransmission on the generation of 

cholinergic transients will be described in computational terms of attentional effort.

Cholinergic transients reduce detection uncertainty

As detailed above, our evidence from electrochemical recordings and optogenetic 

experiments indicate that for cues to yield hits after an extended period of nonsignal 

processing, these cues need to produce a cholinergic transient. The perceptual component of 

the detection process may depend on the glutamatergic transient and does not require a 

prefrontal cholinergic transient; consecutive cues, if reliably detected, do not evoke 

cholinergic transients. Instead, the specific association of cholinergic transients with hits that 

follow extended nonsignal processing, as well as the increase in false alarms on non-cued 

trials during which such transients were optogenetically generated (described above), 

suggests that these transients instigate, or at least increase the probability of, a shift away 

from monitoring for cues and towards the processes needed to generate the cue-directed 

response. As also described above, we hypothesise that the increase in gamma power 
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triggered by cholinergic transients represents a postsynaptic efferent mechanism for 

executing hits in these trials.

The function of cholinergic transients could also be phrased in terms consistent with the 

theory of Yu & Dayan (2005) that cholinergic activity in the cortex indicates expected 

uncertainty (see also Dayan, 2012), though with some modifications. First, rather than the 

global probability with which a cue is predicted by a practiced performer, the current 

conceptualisation emphasises the uncertainty of the detection process as a function of trial 

sequence, a concept perhaps more akin to the response bias in signal detection theory. 

Second, it is not the neuromodulatory component that signals the level of predicted 

uncertainty (see below for a discussion of neuromodulatory effects); rather, it is solely the 

cholinergic transient that affects the certainty of detection. Third, the cholinergic transient 

does not merely signal the degree of predicted uncertainty in incongruently cued trials; 

instead it reduces such uncertainty. In other words, the presence of a cholinergic transient 

shifts the performer toward adopting a riskier detection criterion, thereby enhancing the 

probability that detection occurs in cued trials that follow non-cued trials.

Reducing uncertainty of detection does not tap purely perceptual or purely behavioral 

operations; rather, it concerns the integration of the two, as captured by the definition of 

detection (detailed above) in Posner et al. (1980). Therefore, a neuronal mechanism that is 

designed to reduce detection uncertainty must be closely connected to, and to a degree 

depend on, the actual perceptual mechanisms. The finding that the generation of a 

cholinergic transient depends upon thalamic glutamatergic input, that is relayed to the 

prefrontal cortex by all cues that yield hits, reflects this close connection between perceptual 

and decisional mechanisms. Moreover, as illustrated rather drastically by the ability of 

artificially generated cholinergic transients to force hits on nonsignal trials (above), a 

cholinergic transient appears to be capable of overriding perception and triggering a decision 

to report a cue even in its absence.

What then would be the costs of cholinergic transients if evoked on consecutively-cued 

trials? What would be the costs of further reducing detection uncertainty when the 

perceptual process already established that a cue was present, as indicated by the finding that 

glutamatergic transients reliably predict hits (Fig. 1B)? We speculate that the presence of 

cholinergic transients during consecutively cued hits would nearly completely abolish any 

residual detection uncertainty and thereby strongly bias performance to the reporting of 

signals. As a consequence, the ability to respond accurately to subsequent nonsignal trials 

could be impaired. In other words, cholinergic transients during consecutively-cued trials 

would reduce the flexibility to accurately perform a task that presents cued and non-cued 

trials at equal probability. Certainly, manipulating such probability will be an important 

experimental means of further testing our hypothesis. The speculation that the absence of 

cholinergic transients during consecutive hits maintains the flexibility to shift from 

executing hits to reporting the absence of cues would also be consistent with the proposition 

that transients are actively suppressed during consecutively cued trials.

Our evidence from animals and humans (Howe et al., 2013) indicates that cholinergic 

transients serve to shift the performance from a state of monitoring for signals to responding 
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to cues. Here we suggest that cholinergic transients increase the likelihood for accurate 

responding during such shifts by reducing the uncertainty with which a cue is detected. The 

hypothesis that cholinergic transients reduce detection uncertainty in trials in which such 

uncertainty is high allows for interesting predictions of the consequences of dys-regulated 

cholinergic transients (Sarter et al., 2012). A robust attenuation or absence of such transients 

predicts failures in detecting cues specifically in situations involving dynamic cue 

probabilities (Perry & Hodges, 1999). Conversely, ill-timed cholinergic transients enhance 

the ability of random and behaviorally irrelevant cues to control behavior and cognitive 

activity (Nuechterlein et al., 2009; Luck et al., 2012).

Cholinergic modulation reduces opportunity costs

Our collective evidence indicates that attentional-performance associated levels of 

cholinergic neuromodulation are highest in the presence of distractors and when 

performance is relatively low (e.g., St Peters et al., 2011; see also Kozak et al., 2006). On 

the other hand, such levels are attenuated in animals exhibiting relatively poor and highly 

fluctuating performance as a trait (Paolone et al., 2013). We have previously conceptualised 

this cholinergic neuromodulatory function as a top-down modulation of cortical detection 

circuitry as a function of attentional effort (Sarter et al., 2006). As an important technical 

corollary, the evidence supports the view that cholinergic transients and the more tonically 

active neuromodulatory component that is measured by microdialysis and varies on a scale 

of tens of seconds to minutes, are separate phenomena. ACh levels in dialy-sates do not 

reflect the sum of transients over one or several minutes (Paolone et al., 2010; Sarter et al., 

2010).

We have previously conceptualised attentional effort as a set of mechanisms designed to 

cope with, or combat the consequences of, limited attentional resources (Sarter et al., 2006). 

An arguably more informative conceptualisation of the attentional effort construct considers 

such effort as the experience of mentally calculating the utility of continuing performance of 

the present task relative to the costs and benefits of discontinuing performance of or 

reallocating resources to alternative tasks (Kurzban et al., 2013). This view begins to explain 

important observations from our research. For example, rodents performing versions of the 

basic SAT do not exhibit significant within-session performance decline. The absence of 

performance decrements is not well explained by speculations about limited demands on 

attentional resources or limited cognitive load imposed by such a task. Such hypotheses are 

also quite difficult to reject. Rather, the absence of behavioral-cognitive alternatives, 

combined with high levels of motivation to stay on task and not engage in task-unrelated 

behavior keeps ‘opportunity costs’ relatively low (Kurzban et al., 2013). As attentional 

effort and the associated sensation of fatigue and boredom result from monitoring and 

accruing opportunity costs, a motivated subject routinely performing a single task, with no 

alternative action in sight, accrues little to no such costs and thus performance will not 

degrade.

We repeatedly observed relatively stable levels of cholinergic neuromodulatory activity over 

40–60 min of SAT performance (Arnold et al., 2002; St Peters et al., 2011). As an 

alternative to hypothesising that these levels indicate the stable and limited demands on top-
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down control of attention in subjects performing the standard SAT, these stable levels of 

cholinergic neuromodulation may index the output of estimating the utility of the current 

over alternative actions, in short, the low opportunity costs that are accrued by subjects 

having access only to the regular SAT. Because opportunity costs are already low in the 

absence of alternative tasks, we now understand why lowering the demands on performance 

(animals had access to only one response lever) failed to alter levels of cholinergic 

neuromodulation (Himmelheber et al., 2001).

In contrast, staying on task in the presence of a distractor and regaining high performance 

levels thereafter requires activation of diverse neuronal mechanisms to enhance the 

processing of cues and filter distractors and to monitor prediction errors (see Sarter et al., 

2006). Even in the absence of an alternative task, distractors therefore increase the costs for 

staying on task and the relatively utility of discontinuing performance. The presentation of 

distractors may also trigger the actual monitoring of these relative utilities. It is in such 

situations that we observed highest levels of cholinergic neuromodulation. Moreover, and 

importantly, higher cholinergic levels were correlated with better (residual) performance (St 

Peters et al., 2011). Thus, we hypothesise that higher levels of cholinergic neuromodulation 

shift the cost/benefit calculation for staying on task, relative to the utility for switching to an 

alternative task or, in our experimental settings, over discontinuation of performance. Higher 

levels of cholinergic neuromodulation reduce opportunity costs and perhaps also the 

subjective and aversive experience of computing these costs (mental effort), thereby 

decreasing the likelihood for discontinuing performance or, if available, switching to 

alternative action. As elevated levels of cholinergic neuromodulation are recruited in part via 

mesolimbic–basal forebrain interactions (St Peters et al., 2011; see also Neigh et al., 2004; 

Zmarowksi et al., 2005), it is conceivable that the cholinergic modulation of opportunity 

costs primarily increases the computed value of earned rewards, as opposed to decreasing 

the costs of discontinuing performance and omitting rewards.

Consistent with the hypothesis that higher levels of cholinergic neuromodulatory activity 

reduce opportunity costs in rats performing an attention task, such levels were found to 

correlate with the degree of task compliance under taxing conditions (Passetti et al., 2000). 

Furthermore, this hypothesis also predicts the relatively poor and fluctuating levels of 

attentional performance in rats exhibiting relatively low levels of cholinergic 

neuromodulation during such performance (see Paolone et al., 2013). Likewise, this 

hypothesis predicts that humans who carry a minor allele of the choline transporter gene, 

which may limit the dynamic range of neuromodulatory cholinergic activation, self-report 

greater levels of distractibility in situations that readily allow for discontinuation of 

performance and engagement on alternative behavioral of cognitive activities (e.g. are easily 

distracted by a TV or radio playing in the next room). In contrast, such vulnerability to 

distraction may be more difficult to demonstrate in situations that demand high levels of 

attention but are relatively devoid of competitive alternatives (Berry et al., 2013). In other 

words, compared with humans expressing the wild-type gene for this transporter, the 

variant-expressing subjects, assuming that expression of this allele limits the capacity for 

cholinergic neurotransmission, may experience higher opportunity costs and assign relative 

greater utility to engaging in alternative mental or behavioral action.
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Reducing opportunity costs reduces detection uncertainty

As discussed above, the results of our research cumulatively support the hypothesis that 

increases in cholinergic neuromodulation enhance prefrontal glutamatergic–cholinergic 

transient interactions (Fig. 1) and that stimulation of nAChRs ‘import’ the neuromodulatory 

impact on transients. Our studies on the beneficial effects of alpha4beta2* nAChR agonists 

on cholinergic transients and SAT performance demonstrated that such benefits are 

restricted to SAT performance that is burdened by the presence of a distractor. Furthermore, 

nAChR agonist-induced increase in hits was due primarily to an increase in hits on trials 

where a signal followed extended periods of nonsignal processing, that is, hits for which 

cholinergic transients are required (Howe et al., 2010). Thus, higher levels of cholinergic 

neuromodulation increase the probability for cholinergic transients and thus for incongruent 

hits. These considerations are consistent with the hypothesis that higher levels of cholinergic 

neuromodulatory activity lower opportunity costs in part by reducing detection uncertainty, 

thereby stabilising and restoring hit rates and thus performance outcome. In simpler words, 

this means that an operator that computes relatively lower opportunity costs, perhaps by 

assigning relatively greater value to continuing performance and obtaining rewards, will 

then also obtain more rewards.

Cortical integration of other ascending systems

Evidence from the cholinergic system reminds us that the local, cortical control of release 

events via presynaptic heteroreceptors allows for specificity even if these afferents originate 

from a relatively small number of neurons (see also Zaborszky et al., 2013). The 

neuromodulatory impact of brainstem ascending systems on cortical functions has been 

extensively demonstrated in recent decades (e.g., Berridge & Arnsten, 2013) and it would 

not be surprising if future studies reveal other discrete cognitive operations that are mediated 

via presynaptic mechanisms that control local transient neurotransmitter release events. The 

presence of discrete, cortically-generated and cognitive-operation-associated activity in 

branches of noradrenergic and serotonergic systems would be consistent with the 

increasingly refined hypotheses about their functions (Aston-Jones & Cohen, 2005; Aznar & 

Klein, 2013).
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Fig. 1. 
Illustration of (A) the integration of cortical cholinergic inputs into cortical circuitry and (B) 

cue-evoked glutamatergic and cholinergic transients. The illustrations are based on evidence 

from our electrochemical studies (Parikh et al., 2007, 2010; Parikh & Sarter, 2008; Howe et 

al., 2013). In attentional contexts, all cues that are detected (see text for definition of 

‘detection’) elicit a glutamatergic (Glu) transient from mediodorsal thalamic afferents (MD 

in A). Such glutamatergic transients are necessary, but not sufficient, to generate cholinergic 

transients (ACh), perhaps via ionotropic glutamate receptors that may be expressed at 

cholinergic terminals (see text). Glutamate may elicit cholinergic transients regardless of 

cholinergic depolarisation (Kunz et al., 2013), thereby integrating cholinergic inputs into 

cortical circuitry and employing these terminals for cortical information processing. (B) 

Glutamatergic and cholinergic transients (spline-interpolated traces) recorded in the medial 

prefrontal thalamic input layers during incongruent hits. As detailed in the text, all cues 

yielding hits, regardless of trial sequence, evoke glutamatergic transients. These transients 

peak at around the time the levers are extended and prior to the response. The absence of a 

cue-evoked glutamatergic transient invariably predicts a miss. Cholinergic transients are 

observed only during cued trials yielding hits that are preceded by trials ending with correct 

rejections or misses (‘incongruent hits’), but not in trials preceded by a hit (‘consecutive 

hits’). Thus, it is hypothesised that cholinergic transients mediate cue detection during trials 

involving a shift from perceptual attention to cue-oriented behavior (Howe et al., 2013). As 

indicated by gamma oscillations seen during such trials, the interactions between 

glutamatergic and cholinergic transients during incongruent hits synchronises cortical output 

assemblies to forward the processing of the cue to further telencephalic regions, thereby 

mediating an attentional mode shift and the detection of the cue in trials requiring such a 

shift. In addition to this deterministic function of ACh, basal forebrain cholinergic 

projections also modulate the glutamatergic–cholinergic transient interactions via 

stimulating alpha4beta2* nAChRs; it is hypothesised that these cholinergic neurons form a 

separate population of basal forebrain cholinergic neurons (A). Cholinergic 

neuromodulatory upregulation of glutamatergic–cholinergic interactions is a functions of 

attentional effort (e.g., St Peters et al., 2011; see also main text). Thus, such upregulation 

restores or increases detection rates.
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