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Abstract

Cognitive-motivational styles describe predominant patterns of processing or biases that broadly 

influence human cognition and performance. Here we focus on the impact of cognitive-

motivational styles on the response to cues predicting the availability of food or addictive drugs. 

An individual may preferably conduct an analysis of the motivational significance of reward cues, 

with the result that such cues per se are perceived as rewarding and worth approaching and 

working for. Alternatively, a propensity for a “cold” analysis of the behavioral utility of a reward 

cue may yield search behavior for food or drugs but not involve cue approach. Animal models for 

studying the neuronal mechanisms mediating such styles have originated from research concerning 

behavioral indices that predict differential vulnerability to addiction-like behaviors. Rats classified 

as sign- or goal-trackers (STs, GTs) were found to have opposed attentional biases (bottom-up or 

cue-driven attention vs. top-down or goal-driven attentional control) that are mediated primarily 

via relatively unresponsive versus elevated levels of cholinergic neuromodulation in the cortex. 

The capacity for cholinergic neuromodulation in STs is limited by a neuronal choline transporter 

(CHT) that fails to support increases in cholinergic activity. Moreover, in contrast to STs, the 

frontal dopamine system in GTs does not respond to the presence of drug cues and, thus, biases 

against cue-oriented behavior. The opponent cognitive-motivational styles that are indexed by 

sign- and goal-tracking bestow different cognitive–behavioral vulnerabilities that may contribute 

to the manifestation of a wide range of neuropsychiatric disorders.
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The search for vulnerability factors for neuropsychiatric disorders has increasingly focused 

on the impact of broadly defined, cognitive-motivational risk factors, or endophenotypes, 

such as a propensity for impulsive responding (Braver et al., 2014; Dickinson, Goldberg, 

Gold, Elvevåg, & Weinberger, 2011; Gur et al., 2007; Robbins, Gillan, Smith, de Wit, & 

Ersche, 2012). Endophenotypes are more conducive to the analysis of genetic risks than is 
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the case with diagnostic categories (Gur et al., 2007) and, in contrast to diagnostic categories 

such as psychosis, they can be reproduced in animals (Voon & Dalley, 2015).

The concept of cognitive-motivational styles is related to that of traits and endophenotypes 

but concerns the more comprehensive psychological impact of fundamental cognitive-

perceptual preferences and biases (Sternberg & Zhang, 2001). Traits typically are revealed in 

relatively specialized contexts such as in tasks designed to specifically determine the 

presence or intensity of a trait. Cognitive-motivational styles contribute to the expression of 

traits, but they also influence cognition and performance in a more generalized fashion, 

impacting a range of psychological categories and task performances. Examples of such 

styles in humans include a persistently positively or negatively biased self-appraisal (Blatt, 

Quinlan, Chevron, McDonald, & Zuroff, 1982; Gormly, 1973; Kirby, Moore, & Schofield, 

1988; White & Shah, 2011) or—the subject of this review—the cognitive-motivational 

biases that govern the response to reward-associated stimuli (Romens, Maccoon, Abramson, 

& Pollak, 2011). The conceptual breadth of cognitive-motivational styles led to earlier 

debates about their heuristic usefulness but more recent cognitive neuroscience research has 

demonstrated brain activity patterns associated with specific styles that can be used to 

predict the behavior of the individual (Kraemer, Rosenberg, & Thompson-Schill, 2009; 

Miller, Donovan, Bennett, Aminoff, & Mayer, 2012). Furthermore, cognitive-motivational 

styles have been shown to contribute to the risks for, and severity of, psychiatric and 

neurological disorders (Boosman, Visser-Meily, Post, Lindeman, & Van Heugten, 2012; 

Kleiman & Riskind, 2012; Stange et al., 2015).

Basic neuroscience research on cognitive-motivational styles has been lacking animal 

models that reproduce such broadly defined information processing biases. This review 

describes research on selected populations of rats which, at the extreme ends of the 

construct, exhibit a bias for bottom-up or cue-driven attention (sign-trackers, STs), or 

relatively high levels of top-down, goal-driven attentional control (goal-trackers, GTs). 

Below we will review the available evidence on the role of major neuromodulator systems in 

mediating these opponent cognitive styles (for reviews focusing primarily on the relevance 

of these rats in addiction research see Flagel, Akil, & Robinson, 2009; Flagel & Robinson, 

2017; Robinson, Yager, Cogan, & Saunders, 2014).

STs and GTs

STs and GTs are selected from outbred rat populations using a Pavlovian Conditioned 

Approach (PCA) test (Meyer et al., 2012; Tomie, Lincks, Nadarajah, Pohorecky, & Yu, 

2012). Briefly, rats undergo five sessions of Pavlovian conditioning during which a lever 

(conditioned stimulus, CS) is inserted into a conditioning chamber for 8 s and upon 

retraction a banana-flavored pellet is delivered into an adjacent food cup. All rats reliably 

retrieve the pellet from the food cup. However, across these sessions, the animals’ behavior 

in the presence of the lever evolves to form three distinct groups: (a) rats that approach and 

interact with the lever (STs), (b) rats that approach only the food cup (GTs), and (c) 

intermediates (INs) that exhibit no preference for either location, but often vacillate between 

the two (for reviews of the procedure and the reliability of this phentopye across rat strains 
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and vendors see Fitzpatrick et al., 2013; Flagel, Watson, Robinson, & Akil, 2007; Meyer et 

al., 2012; Robinson & Flagel, 2009; Robinson et al., 2014).

Consistent with the demonstration that ST-behavior is mediated via ventral striatal phasic 

dopamine (DA) responses (Flagel et al., 2011; Saunders & Robinson, 2012), sign-tracking 

has been interpreted as reflecting the attribution of incentive salience to the CS. Indeed, STs 

not only approach and interact with such cues but they will work to access such cues in the 

absence of food reward. That is, the lever-cue has enhanced conditioned reinforcing 

properties for STs relative to GTs. In addition, such cues instigate and energize instrumental 

action in STs (reviewed in Robinson et al., 2014). Because STs show a greater propensity for 

developing addiction-like behaviors and relapse, the psychological trait that is indexed by 

sign-tracking has been considered a drug and food addiction endophenotype in rodents 

(Flagel et al., 2007; Saunders & Robinson, 2010, 2011; Tunstall & Kearns, 2015) as well as 

humans (Versace, Kypriotakis, Basen-Engquist, & Schembre, 2015).

Attention-Associated Levels of Cholinergic Neuromodulation in STs and 

GTs

Impaired or biased processing of drug-associated cues constitute a psychological trait in 

people with addiction disorders (Broos, Diergaarde, Schoffelmeer, Pattij, & De Vries, 2012; 

Ersche et al., 2011; Field & Cox, 2008; Pitchers, Wood, Skrzynski, Robinson, & Sarter, 

2017; Tomasi et al., 2007). Given that STs have been demonstrated to be vulnerable for 

addiction-like behaviors (see also Kawa, Bentzley, & Robinson, 2016), our initial 

experiments on the attentional capacities of STs and GTs were guided by the hypothesis that 

STs exhibit a relatively weak degree of top-down attentional control when compared with 

GTs, and this relative “deficit” would render them to be inordinately attracted to drug-

associated cues.

Definition of Poor Attentional Control

The selection of stimuli to control behavior normally is strongly influenced by longer-term 

strategies and goals that bias our attention toward certain sources and types of stimuli and 

maintain relevant task-related instructions in working memory (Buschman & Miller, 2007; 

Connor, Egeth, & Yantis, 2004; Sarter, Gehring, & Kozak, 2006; Sarter, Givens, & Bruno, 

2001). Poor attentional control is characterized by relatively unstable task performance, poor 

task compliance, and a limited capacity for restoring performance after exposure to 

distractors or other detrimental manipulations (Berry et al., 2014; Demeter & Woldorff, 

2016; St. Peters, Demeter, Lustig, Bruno, & Sarter, 2011). Furthermore, a relatively 

automatic attraction to, or capture of attention by, salient environmental stimuli characterizes 

poor attentional control. In our research, the Sustained Attention Task (SAT) has been 

designed to tax attentional control mechanisms in rodents and humans (Demeter, 

Hernandez-Garcia, Sarter, & Lustig, 2011; Demeter, Sarter, & Lustig, 2008; St. Peters, 

Demeter, et al., 2011).

The SAT consists of a random sequence of signal (or cued) and nonsignal trials, with visual 

signals varying in duration or intensity, to minimize the development of a fixed detection 
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threshold and to present cues that are generally of relatively low saliency (McGaughy, 

Kaiser, & Sarter, 1996; McGaughy & Sarter, 1995). In the rat version of the task, two levers 

are extended following a signal or a nonsignal event, for a maximum of 4 s, and subjects 

report hits or misses, correct rejections or false alarms with hits and correct rejections 

yielding reward. Humans and mouse versions of the task have been established and cross-

validated (Demeter et al., 2008; St. Peters, Cherian, Bradshaw, & Sarter, 2011). For the 

distractor condition of the rat version of the SAT, the chamber houselight typically flashes at 

0.5 Hz. While the distractor is on, the performance of all subjects is nearly randomized and, 

thus, the efficacy of top-down control is revealed primarily by the rate and degree of 

postdistractor performance recovery. An attenuated or absent recovery of performance 

during the postdistractor period is indicative of poor attentional control.

Poor Attentional Control in STs

We determined asymptotic SAT performance in STs and GTs, and then fully replicated this 

experiment using new groups of animals to determine the reliability of phenotype-based 

performance differences (Paolone, Angelakos, Meyer, Robinson, & Sarter, 2013). Across all 

signal durations, STs scored fewer hits than GTs. In STs, a greater degree of sign-tracking 

(high PCA scores) predicted lower hit rates. Furthermore, STs’ performance was highly 

variable, fluctuating between levels of poor and good performance (illustrated in Paolone, 

Angelakos, et al., 2013). In contrast, the performance of GTs was more stable across 

sessions and at a higher level of response accuracy. Moreover, following the presentation of 

a distractor, GTs’ attentional performance immediately improved and returned to 

predistractor baseline. In contrast, the performance of STs remained at distractor-associated 

chance levels throughout the postdistractor 16-min remainder of the test session (Kim, Rivet, 

Lustig, & Sarter, 2016). These findings in STs are hallmarks of poor top-down attentional 

control and likely involve weaknesses in both proactive and reactive control mechanisms 

(Braver, 2012). Poor attentional control is a component of the complex psychological trait 

that is indexed by sign-tracking.

Low Cholinergic Modulation of SAT Performance in STs

In GTs, performance during the no-distractor SAT is mediated via increases in levels of 

cortical cholinergic activity. While absolute baseline acetylcholine (ACh) levels do not differ 

between STs and GTs (this issue will be addressed further below), SAT-associated increases 

in prefrontal extracellular ACh levels, measured by microdialysis during performance, were 

significantly lower in STs (Figure 1, taken from Paolone, Angelakos, et al., 2013). This 

finding is consistent with the hypothesis that in STs, SAT performance is based largely on 

bottom-up mechanisms and, thus, mediated via relatively low levels of cortical cholinergic 

neuromodulation.

Potassium-Stimulation In Vivo Verifies Attenuated ACh Release Capacity in STs

As attentional performance-associated increases in ACh release were significantly lower in 

STs than in GTs, we hypothesized that a relatively straightforward method to evoke 

increases in ACh release—reverse dialysis of potassium—suffices to reveal the attenuated 

capacity of cholinergic neurons of STs to release ACh. As already noted, basal levels of 

cortical ACh release do not differ between the phenotypes. Potassium-stimulation-induced 
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ACh levels in GTs reached 201.81 ± 27.28% over baseline compared with 109.07 ± 20.83% 

in STs (Koshy Cherian et al., 2017). In contrast to ACh, GABA, glutamate, serotonin, 

dopamine, and norepinephrine levels were not differently stimulated in STs and GTs. It is 

important to emphasize that the nonselective depolarizing effects of potassium-stimulation 

merely served to reproduce a fundamental ACh release capacity limit in STs. Potassium-

stimulation should not be thought of as a pharmacological model of the attention-associated 

release data as shown in Figure 1, in part because the degree of unspecific depolarization of 

all neurons in the perfusion area is unlikely to match the more selective, orchestrated 

activation of neuronal networks during attentional performance (e.g., Gill, Sarter, & Givens, 

2000). However, the effects of potassium-stimulation confirm that STs exhibit an attenuated 

capacity for cortical ACh release.

Unresponsive CHTs in STs

The neuronal high-affinity choline transporter (CHT; SLC5A7) is the rate-limiting step for 

the synthesis of ACh (Ennis & Blakely, 2016; Ferguson et al., 2004; Guyenet, Lefresne, 

Rossier, Beaujuan, & Glowinski, 1973; Haga, 2014; Parikh, St. Peters, Blakely, & Sarter, 

2013; Sarter & Parikh, 2005; Simon, Atweh, & Kuhar, 1976). As such, the CHT is a major 

determinant of the capacity of cholinergic neurons to sustain elevated levels of cholinergic 

neuromodulation (Paolone, Angelakos, et al., 2013; Paolone, Mallory, et al., 2013). The 

capacity of the CHT to transport choline is largely controlled by translocation of 

intracellular CHTs into synaptosomal plasma membrane (Ferguson et al., 2003; Parikh et al., 

2013; Pinthong et al., 2008; Ribeiro et al., 2003, 2006). Accordingly, we previously 

demonstrated in unscreened rats and mice that SAT performance increases CHT-mediated 

choline transport and that this increase was paralleled, and explained, by an increase in the 

density of CHTs in the synaptosomal plasma membrane (Apparsundaram, Ferguson, 

George, & Blakely, 2000; Parikh et al., 2013).

To begin revealing the mechanisms underlying the nearly unresponsive cholinergic 

neuromodulatory system in STs, we investigated CHT-mediated choline uptake and cellular 

CHT distribution following basal forebrain electrical stimulation (BF-ES) in vivo, using 

methods adopted from our studies on genetically imposed CHT capacity variants (Parikh et 

al., 2013). BF-ES stimulation parameters were selected from prior studies showing effects 

on sensory encoding and facilitation of cognitive processes (Edeline, Maho, Hars, & 

Hennevin, 1994; Goard & Dan, 2009; McLin, Miasnikov, & Weinberger, 2002) and were 

shown to increase choline uptake and CHT plasma membrane density (Parikh et al., 2013). 

The capacity of the CHT to support CHT-mediated choline transport and associated CHT 

subcellular distribution was assessed in cortical synaptosomes harvested following BF-ES. 

We found that BF-ES increased choline uptake in GTs but not STs.

To assess the cellular distribution of CHT, synaptosomes from separate groups of rats were 

further processed to separate a synaptosomal plasma membrane-rich fraction (LP1) from a 

fraction enriched with intracellular membranes (LP2). We then determined the total CHT 

protein in synaptosomes from frontal cortex in STs and GTs. Total CHT levels did not differ 

between the phenotypes. Likewise, at baseline (unstimulated), the density of CHTs in the 

synaptosomal plasma membrane did not differ between STs and GTs, consistent with the 
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absence of differences in basal ACh release. Stimulation was expected to increase CHT 

density in the plasma membrane-enriched LP1 fraction, reflecting mobilization from 

intracellular domains to synaptosomal plasma membrane. However, this was only the case 

for GTs, but not for STs (Koshy Cherian et al., 2017).

BF-ES-induced increases in CHT density in the plasma membrane are expected to be 

paralleled by removal of a proportion of CHTs from the intracellular LP2 fraction (Ferguson 

et al., 2003). BF-ES-induced reduction in LP2 CHT density occurred in both STs and GTs. 

Because, in STs, BF-ES did not increase synaptosomal plasma membrane density but 

removed a portion of LP2 CHTs, this portion of CHTs may have been moved to domains 

that were not captured by our subcellular fraction-based assays.

While these complications suggest the presence of multiple cellular domains involved in the 

trafficking of CHTs, the results from our experiments indicated that, in STs, BF-ES did not 

elevate choline transport and did not elevate synaptosomal plasma CHT density (see Figure 

2 for illustration). The presence of a nearly unresponsive cellular CHT system may be 

responsible for, or at least contribute to, the limited capacity of the cholinergic system of 

STs to increase ACh release during attentional performance or in response to potassium-

induced depolarization. In STs, ACh levels are not completely “frozen” at baseline because 

CHTs are present in the synaptosomal plasma membrane to support initial ACh release, as 

observed following the onset of potassium stimulation. However, in response to continued 

stimulation of cholinergic neurons, vesicular reloading and perhaps also the mobilization of 

secondary pools of vesicles likely are attenuated (Alabi & Tsien, 2012; Xue et al., 2013) 

and, thus, STs cannot sustain increases in ACh release. As we will discuss further below, the 

results of experiments on the effects of pharmacological inhibition of the CHT are consistent 

with the hypothesis that, mechanistically, attenuated CHT capacity mediates key aspects of 

sign-tracking behavior and, thus, represents at least one neuromolecular cause of the 

phenotype.

Basal ACh Release and Basal CHT Distribution Do Not Differ Between STs and GTs

Basal cortical ACh release does not differ between STs and GTs. This finding corresponds 

with the observation that, at baseline, the density of CHTs in synaptosomal plasma 

membrane does not differ between the phenotypes (above). Thus, the cholinergic system in 

STs, when compared with GTs, is characterized by a reduced capacity to respond to 

stimulation, but likely not by fundamentally different synaptic mechanisms governing basal 

ACh release dynamics (Jahn & Fasshauer, 2012), or even by a relatively lower density of 

cholinergic terminals. This is an important observation as it supports a focus on CHT 

trafficking as a major mechanism underlying attenuated cholinergic neuromodulation in STs. 

Had we found lower levels of basal ACh release in STs we would have needed to be 

concerned about the presence of possible differences in the number of neurons or the density 

of terminals and, thus, the presence of potentially neuropathological mechanisms in STs. 

The absence of differences in basal ACh release further enhances the usefulness of STs for 

studying the functional implications of attenuated cholinergic release dynamics.
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CHT Inhibition Causes Sign-Tracking

Poor Attentional Control, ACh, and Sign-Tracking

The evidence described thus far indicates a limited capacity of the cholinergic system of STs 

to increase levels of cholinergic neuromodulation for the mediation of enhanced attentional 

control. As a cellular cause, we demonstrated that in STs CHT outward trafficking is nearly 

unresponsive to stimulation. Although we typically determine the capacity for cholinergic 

neuromodulation by assessing attention task-associated levels of cholinergic activity, we 

hypothesized that a limited capacity for cholinergic neuromodulation in STs also impacts the 

very behavioral characteristic that provides the name for this phenotype—sign-tracking.

Sign-tracking behavior in the PCA test has been interpreted in terms of attribution of 

incentive properties to the CS (Flagel et al., 2009, 2007; Robinson et al., 2014; Saunders & 

Robinson, 2011). In the PCA screening test, the lever-CS is a salient Pavlovian cue 

predictive of reward. In addition to the motivational processes thought to govern sign-

tracking, the attention of STs appears to be captured by the lever-CS that attain the ability to 

control their behavior (Koshy Cherian et al., 2017). As will be further defined and discussed 

below, these observations suggest, in STs, a bias for stimulus-driven (or bottom-up) attention 

and, conversely, a bias away from utilizing (top-down) attentional control to guide behavior. 

In contrast, GTs also learn about the cue, as indicated by orienting responses, but their cue-

driven behavior is goal-directed, toward the location of impending pellet delivery. Poor 

attentional control and a propensity for attribution of incentive salience are hypothesized to 

be overlapping and complementary expressions of the cognitive-motivational styles that are 

indexed by “sign-tracking” (Koshy Cherian et al., 2017). In STs, orienting and approaching 

a CS initially may primarily be a result of the attentional bias but, over time, the power of 

the cue to control behavior and to serve as a conditioned reinforcer likely involves the 

attribution of incentive salience, rendering the CS attractive and magnetic.

Attenuation of Elevated ACh Levels by VU6001221

We tested the hypothesis that sign-tracking behavior may also be mediated by relatively low 

levels of cholinergic activity by assessing the effects of a CHT inhibitor, VU6001221, on 

PCA performance. VU6001221 (Vanderbilt Center of Neuroscience Discovery) is a second-

generation CHT inhibitor with improved CNS penetration and in vivo pharmacokinetic 

characteristics (Bertron et al., 2016). We first verified that the CHT inhibitor VU6001221 

attenuates the capacity of cholinergic neurons to sustain elevated levels of 

neurotransmission. We used reverse dialysis of potassium as a means to upregulate 

cholinergic activity over a 15-min period. We conducted this experiment only in GTs 

because, in contrast to STs, they exhibit robust K+-evoked increases in extracellular ACh 

levels. As expected, reverse dialysis of K+ reliably increased prefrontal ACh levels by over 

200%. Systemic administration of VU6001221 significantly attenuated the increases in 

extracellular ACh levels.

Fostering Sign-Tracking

The first PCA session was conducted in the absence of drug to exclude all rats with PCA 

index scores >0 and, thus, were more likely to emerge as STs. Drug was then given before 
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Sessions 2–5 to determine whether, compared with the effects of vehicle, inhibition of the 

CHT yields a greater proportion of rats classified eventually as STs. By excluding early STs 

we favored the rejection of our hypothesis that administration of VU6001221 fosters sign-

tracking. As expected, lever- and food cup-directed behavior (learning the conditioned 

response) evolved across sessions for all rats, irrespective of treatment. Furthermore, rats 

treated with vehicle or VU6001221 equally learned to discriminate between CS and non-CS 

periods as indicated by a decrease in non-CS food cup contacts across days of training. 

Administration of VU6001221 facilitated all aspects of lever-directed behavior (main effects 

of treatment on lever contact probability, number of lever contacts, and lever approach 

latency). With vehicle treatment, the final distribution was 10 STs, 6 GTs, and 8 rats with 

intermediate scores. In contrast, following the treatment with VU6001221, we obtained 19 

STs, 2 GTs, and 4 INs, indicating a significantly greater proportion of STs in the drug-

treated group (Koshy Cherian et al., 2017).

Impact on Addiction: I. Cholinergic Processing of a Pavlovian Drug Cue in 

GTs, But Not STs

The low-capacity neuromodulatory system of STs is hypothesized to mediate poor 

attentional control, including a bias for bottom-up, or stimulus-driven attention or, 

conversely, a bias that disfavors goal-driven, top-down control. This bias of STs is 

hypothesized to extend to the control of Pavlovian drug cues: STs are expected to more 

readily exhibit drug-seeking behavior in the presence of such cues, reflecting that such cues 

readily capture their attention and, thus, control their behavior. Indeed, extensive evidence 

supports the view that cocaine or opiate cues control drug-taking and drug-seeking behavior 

to a greater extent in STs than GTs (Saunders & Robinson, 2010, 2011; Yager, Pitchers, 

Flagel, & Robinson, 2015; Yager & Robinson, 2013). Hypothesizing that GTs resist 

behavioral control by drug cues based on their relatively superior cholinergic top-down 

control capabilities, we measured the effects of presentation of a Pavlovian cue previously 

associated with intravenous injections of cocaine on the activity of two major 

neuromodulatory inputs to the prefrontal cortex, ACh and DA. We specifically hypothesized 

that STs would express their preference for cue-directed behavior and that increases in 

cortical extracellular DA levels would be associated with their bias for processing the 

motivational attributes of the cocaine cue, as has been described in cocaine addicts (Milella 

et al., 2016). In contrast, GTs were expected to exhibit less cue approach behavior, 

consistent with the very behavior that underlies their classification as GTs, and that the 

absence of cue approach would be associated primarily with increases in prefrontal ACh 

levels.

STs and GTs rats were randomly assigned to either paired (CS and US, unconditioned 

stimulus, presented together) or unpaired groups (US explicitly not paired with presentation 

of the CS). No action was required to initiate the cocaine infusion or the CS illumination 

(Pitchers, Kane, Kim, Robinson, & Sarter, 2017). As would be expected, STs approached 

the drug-associated CS more frequently than GTs. Indeed, the approach frequency of GTs 

was comparable with the low approach frequency seen in rats undergoing cocaine infusions 
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not paired with the CS. More important, STs and GTs oriented to the CS at similar rates, 

indicating that both learned the cue’s predictive value.

Following a 10-day abstinence period, rats were exposed to the cue while cocaine was not 

available and four medial prefrontal 4-min dialysates (containing eight 5-s cue presentations 

each) were collected. The main results are summarized in Figure 3 (for statistical analyses, 

results from unpaired rats and results from additional control experiments see Pitchers, 

Kane, et al., 2017). STs approached the cue more frequently than GTs and their DA levels 

increased over levels measured during noncue periods. In STs, approaches and DA levels 

were significantly correlated. In contrast, in GTs, DA levels did not change from basal 

levels, and increases in ACh levels were not associated with any particular behavior, 

including locomotor activity during cue presentation periods.

The increases in prefrontal DA, but not ACh in STs together may have augmented their bias 

toward the processing of the Pavlovian drug cue. In other words, STs’ behavior in the 

presence of a Pavlovian drug cue may be described as dopaminergically and 
noncholinergically mediated. In contrast, the behavior of GTs in the presence of the drug cue 

lacks dopaminergic mediation and, thus, the attentional-motivational processing of a salient 

and magnetic cue. More important, GTs oriented toward the cue at similar rates as STs, 

indicating that the informational value of the cue was not affected by phenotype. Increased 

extracellular levels of pre-frontal ACh may have contributed to an attenuated processing of 

the cue in GTs, reflecting that cocaine was unavailable during this phase of the experiment 

(extinction condition). Thus, cholinergic activity may support the “model-based” processing 

of cue information that integrates changes in context and accurate expectations of reward 

(Clark, Hollon, & Phillips, 2012; Flagel et al., 2009). This view also predicts that compared 

with STs, GTs favor the processing of contextual cues, or occasion setters, and that this 

requires basal forebrain cholinergic activity.

Impact on Addiction: II. In GTs, Cholinergic Activity Is Necessary for Drug-

Seeking in the Presence of a Contextual Cue

Thus far, we have focused on correlational and causal evidence indicating the impact of a 

low-capacity cholinergic neuromodulatory system on sign-tracking, attentional performance, 

and the behavioral control of drug cues. We saw that sign-tracking behavior emerges more 

likely as a result of inhibiting the choline transporter in potential goal-trackers, mimicking 

the attenuated CHT outward trafficking found in STs, that STs exhibit relatively poor 

attentional control that is associated with dampened levels of performance-associated 

prefrontal ACh, and that a Pavlovian cocaine cue controls their behavior, perhaps via 

enhanced frontal DA and nonresponsive ACh levels. An alternative approach to investigating 

the role of cholinergic systems in these opponent phenotypes is to test hypotheses about the 

role of the high-capacity cholinergic-attentional control system in GTs. GTs are considered 

to exhibit high levels of goal-directed attentional control that is indicated by the ability—

during PCA screening—to avoid approaching Pavlovian food and cocaine cues and instead 

direct their behavior to the location of food delivery. While not approaching the cocaine cue 

(above), no explicit alternative behavioral response was available to GTs and, therefore, we 
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did not observe any systematic behavior in GTs in lieu of approaching the cue. Given this 

top-down processing bias in GTs, we predicted that they should be robustly more capable 

than STs in the processing of a complex contextual cue, or occasion setter (Bueno & 

Holland, 2008; Crombag, Bossert, Koya, & Shaham, 2008; Trask, Thrailkill, & Bouton, 

2017) that indicates the availability of drug but, in contrast to a Pavlovian cue, does not 

merely precede the delivery of drug to an otherwise passive animal. Moreover, the 

processing of such a contextual cue by GTs should depend on cholinergic mechanisms.

To test these hypotheses, STs and GTs were trained to nose-poke to self-administer cocaine 

(no explicit cue given). Thereafter, these animals were moved to an intermittent self-

administration regimen that is known to generate high levels of cocaine-seeking behavior 

(Zimmer, Oleson, & Roberts, 2012). Two spatially and spectrally different light cues 

indicated that drug was either available upon a nose-poke (DS+) or not (DS−). Thereafter, 

rats underwent extinction training (no cues and no cocaine upon nose-pokes) and removal of 

about ~50% of the cholinergic neurons in the basal forebrain, primarily in the nucleus 

basalis of Meynert, by infusions of the cholino-specific toxin 192 IgG saporin. 

Subsequently, rats were exposed again to the two cues while cocaine remained unavailable 

and nose-poking rates, indicative of drug-seeking behavior, were determined (for more 

details see Pitchers, Phillips, Jones, Robinson, & Sarter, 2017).

In the presence of the contextual cue (DS+) that previously signaled the availability of 

cocaine, GTs exhibited more nose-pokes, indicating greater drug seeking, than STs (see 

Figure 4). Cholinergic losses in GTs reduced this behavior to levels seen in STs. 

Remarkably, cholinergic lesions had no effects on drug seeking behavior in STs. In GTs, the 

presence of the contextual stimulus may have generated a more cognitive expectation of 

drug than in STs, consistent with the general view that GTs are governed by goal-directed 

top-down biases. Secondary to expecting drug to be available in the presence of the cue, a 

state of heightened motivation or craving may have generated more nose pokes in GTs. Such 

an interpretation would also be consistent with the observation that craving for drug in 

humans is highest when drug availability is expected in the very near future (Dar, Rosen-

Korakin, Shapira, Gottlieb, & Frenk, 2010). Accordingly, cholinergic lesions decreased the 

ability of such cues to elicit the expectation of drug availability and craving in GTs. This 

finding is consistent with prior studies that demonstrated that such lesions disrupt the 

processing of cues in attentional contexts and the integration of learning cues with 

motivational states (Leong, Radulescu, Daniel, DeWoskin, & Niv, 2017; Turchi & Sarter, 

1997, 2000). In STs, the relatively low level of drug-seeking behavior elicited by such a 

contextual cue is thought to have been caused by their unresponsive cholinergic system and, 

thus, cholinergic lesions did not have any further effects on drug seeking in these rats.

STs and GTs as Models for Research on Opponent Cognitive-Motivational 

Styles

The available evidence supports the role of the cholinergic system in mediating the opponent 

cognitive-motivational styles of STs and GTs, and the impact of these styles on addiction-

like behaviors. This view is further supported, albeit more indirectly, by evidence from basic 
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research on cholinergic function and the impact of genetic CHT capacity variants on bottom-

up versus top-down attentional styles.

Support From Basic Research on Basal Forebrain Cholinergic Functions

Using diverse research approaches ranging from assessing effects of selective lesions, 

amperometric measures of the fast, phasic, or transient component of cholinergic 

neurotransmission, microdialysis measures of levels of cholinergic neuromodulation, 

neurophysiological recordings, and optogenetic generation and attenuation of fast 

cholinergic transients in performing rodents, the basal forebrain cholinergic projection 

system to the cortex has been shown to mediate, necessarily, the incorporation of cues into 

cortical circuitry, thereby allowing such cues to control behavior (Avery, Dutt, & Krichmar, 

2014; Goard & Dan, 2009; Gritton et al., 2016; Howe et al., 2013; Howe et al., 2017; 

McGaughy et al., 1996; Parikh, Kozak, Martinez, & Sarter, 2007; Pinto et al., 2013; 

Runfeldt, Sadovsky, & MacLean, 2014; Sarter, Howe, & Gritton, 2015; Sarter, Lustig, Berry, 

et al., 2016; Sarter, Lustig, Howe, Gritton, & Berry, 2014). Furthermore, levels of 

cholinergic neuromodulation influence the likelihood and the amplitudes of cholinergic 

transients that cause the detection of cues in attentional contexts (for a circuitry model 

underlying this interaction see Hasselmo & Sarter, 2011). Relatively low levels of 

cholinergic neuromodulation—as is the case in STs—are predicted to cause relatively low 

and unstable hit rates in attention tasks (Paolone, Angelakos, et al., 2013), vulnerability to 

the effects of distractors, and a propensity to allow salient Pavlovian cues to control 

behavior. Conversely, high levels of cholinergic neuromodulation are predicted to support 

solid goal-directed performance, mediated in part by the generation of high-frequency 

oscillations in frontal regions (Howe et al., 2017), and to support the processing of complex 

contextual stimuli and their associated motivational states (Pitchers, Phillips, et al., 2017). 

Moreover, higher levels of cholinergic neuromodulation may also support the processing of 

erroneous outcomes and their consequences (Danielmeier et al., 2015), thereby further 

enhancing top-down cognitive control capacities (Fobbs & Mizumori, 2014). Together, the 

evidence from basic research is consistent with, and predictive of, the evidence on the 

impact of low-versus high-capacity cholinergic systems deduced from research in STs and 

GTs.

Similarities of the Impact of Genetically Imposed Low CHT Capacity on Attentional Biases 
in Mice and Humans

The unresponsive CHT trafficking system and the resulting low-capacity neuromodulator 

system in STs resembles the impact of CHT heterozygosity (CHT+/−) in mice. Stimulation 

of the cholinergic system of these mice, including by SAT performance, likewise fails to 

increase CHT-mediated choline uptake in the right frontal cortex, SAT-associated levels of 

extracellular ACh remain near basal levels, and SAT performance is unstable and vulnerable 

to behavioral and pharmacological manipulations (Paolone, Mallory, et al., 2013; Parikh et 

al., 2013).

Humans expressing the I89V single nucleotide polymorphism (SNP) of the CHT (Okuda, 

Okamura, Kaitsuka, Haga, & Gurwitz, 2002) may also model the impact of a low-capacity 

cholinergic neuromodulatory system. This SNP, when expressed in a human cell line, 
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reduced choline uptake by about 40% (Okuda et al., 2002) that, given the rate-limiting 

nature of the CHT for ACh synthesis and release, would be expected to limit elevations of 

cholinergic neuromodulation. We found that I89V humans self-report greater vulnerability 

for distractors and dramatically exhibit such vulnerability when tested in a continuous 

attention task in the presence of content-rich distractors, and they fail to activate right frontal 

regions in the presence of a distractor (Berry, Blakely, Sarter, & Lustig, 2015; Berry et al., 

2014). As is the case in rats that are STs, the cognitive performance of humans expressing 

the I89V CHT subcapacity variant is consistent with a bias away from top-down attentional 

control and toward bottom-up, cue-driven performance (Sarter, Lustig, Blakely, & Koshy 

Cherian, 2016).

Presence Versus Absence of Cue-Driven Dopaminergic Activity

As already discussed above, in STs, Pavlovian cocaine cues elicit increases in frontal DA, 

but not ACh, release while, in GTs, this pattern was precisely reversed (Pitchers, Kane, et 

al., 2017). We hypothesize that, in STs, the increases in frontal DA parallel the increases in 

ventral striatal DA levels that, in STs, support the behavioral significance of Pavlovian 

reward cues (Flagel et al., 2011) and cue-evoked drug-seeking behavior (Fraser & Janak, 

2017; Saunders, Yager, & Robinson, 2013). Specifically, increases in cortical extracellular 

DA levels in STs may mediate their bias for processing of the motivational attributes of the 

cocaine cue, mirroring findings in cocaine addicts (Milella et al., 2016). Furthermore, in 

STs, cue-evoked increases in prefrontal DA levels may stabilize such cue-directed behavior 

(Ellwood et al., 2017). Cue-evoked increases in prefrontal and ventral striatal dopaminergic 

activity, and the absence of increases in cholinergic modulation, together may collaborate to 

support the cognitive-motivational style that governs the behavior of STs in the presence of 

Pavlovian reward and drug cues. Conversely, in GTs, the absence of increases in cue-evoked 

frontal DA levels, paralleling the absence of cue-evoked increases in ventral striatal DA 

signaling (Flagel et al., 2011) limits the potential deployment of processing biases that could 

compete with the predominance of their cholinergically mediated, “cold” analysis of the role 

of a conditioned reinforcer, resulting in the lack of cue-approach behavior and, therefore, 

also minimizing (Pavlovian) cue-induced drug-seeking.

Thus, elevations in frontal ACh versus DA levels appears to mediate opponent cognitive-

motivational styles. Increases in cholinergic activity may directly limit elevations in frontal 

DA neurotransmission in GTs, thereby mediating their cold nonapproaching behavior. In 

contrast, in STs, the lack of increases in cholinergic neurotransmission may allow the 

elevation of DA levels and, thus, the approach to Pavlovian food or drug cues. It will be 

interesting to determine whether rats classified as intermediates exhibit parallel increases in 

both neuromodulators in the presence of drug cues, thereby preventing the expression of the 

two extreme styles that governs the behavior of STs and GTs.

Hot and Cold Cognitive Styles and Risk for Neuropsychiatric Disorders

The evidence described herein suggests that STs have a propensity toward a relatively “hot” 

dopaminergic processing of the motivational significance of stimuli, to attend to salient cues 

and to attribute incentive value to such cues. GTs, in contrast, preferably apply a relatively 
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“cold” cholinergic processing of the utility of cues for goal-directed behavior while 

minimizing behavior directed to the cue per se.

The costs and benefits of individual cognitive styles depend strongly on situational variables 

and the nature of behaviorally significant cues. For example, compared with GTs, the 

behavior of STs appears to be generally controlled more effectively by Pavlovian reward 

cues. Conversely, contextual cues or occasion setters have significantly greater influence on 

the behavior of GTs than STs, including drug-seeking behavior (Pitchers, Phillips, et al., 

2017). Thus, while much research is directed toward the hypothesis that a range of addiction 

disorders, including eating disorders, is associated with the motivational biases indexed by 

sign-tracking (for review see Flagel, 2014), the important role of contextual stimuli in the 

development and maintenance of these maladaptive behaviors in humans indicate a more 

complex relationship between these two phenotypes and vulnerability for addiction-like 

behaviors.

However, a relatively low capacity for cholinergic-attentional control, as represented in ST 

rats, in CHT−/− mice, and in humans expressing the I89V CHT subcapacity variant, may 

confer a relatively greater vulnerability for neuropsychiatric disorders that share relatively 

poor attentional control as a common cognitive style. These disorders include attention-

deficit-hyperactivity disorder (ADHD), in which the low I89V subcapacity variant has 

already been found to be overrepresented (English et al., 2009), and schizophrenia in which 

low cholinergic-attentional control has been identified as a cognitive endophenotype (Luck, 

Ford, Sarter, & Lustig, 2012; Lustig, Kozak, Sarter, Young, & Robbins, 2013; Lustig & 

Sarter, 2015). The risks associated with the top-down cold cognitive biases of GTs are even 

less well understood but could be associated with deficient reward learning in situations in 

which Pavlovian cues control such learning, thereby potentially contributing to a wide range 

of psychiatric disorders (Bodi et al., 2009; Der-Avakian & Markou, 2012). Beyond their 

original role in addiction research, STs and GTs will assist in determining the disease risks 

associated with broad and fundamental biases toward the processing of behaviorally 

significant cues and the neuronal mechanisms mediating their opponent cognitive-

motivational styles.
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Figure 1. 
Sustained Attention Task (SAT) performance-associated increases in extracellular 

acetylcholine (ACh) levels in the medial prefrontal cortex of goal-trackers (GTs) and sign-

trackers (STs; B1-B3, pretask baseline; T1-T8: during SAT; PT1-PT5: posttask levels). 

Absolute basal ACh release levels did not differ between the groups. The relatively poor and 

unstable attentional performance of STs was associated with strikingly attenuated right 

prefrontal extracellular ACh levels when compared with GTs (from Paolone et al., 2013, 

reprinted with permission). See the online article for the color version of this figure.
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Figure 2. 
In synaptosomes from sham-stimulated (unstimulated) animals, the density of choline 

transporters (CHTs) in the synaptosomal plasma membrane (indicated by red protein 

symbols in membrane) did not differ between sign-trackers (STs) and goal-trackers (GTs), 

consistent with the absence of differences in basal, absolute levels of acetylcholine (ACh) 

release as measured by microdialysis. However, while total synaptosomal CHT protein did 

not differ between the phenotypes, the density of CHTs in the intracellular LP2 fraction 

(blue protein symbols) was lower in STs than in GTs, suggesting that a portion of CHTs in 

STs are on domains not captured by our fractionation methods. Following basal forebrain 

electrical stimulation (BF-ES), in GTs, CHT density in the synaptosomal plasma membrane 

increased and this was reciprocated by losses in the LP2 fraction, consistent with an 

upregulation of the capacity of cholinergic neurons of GTs to increase levels of 

neuromodulation. In STs, BF-ES failed to increase synaptosomal plasma CHT density. 

Moreover, intracellular CHT density also decreased in STs following BF-ES, suggesting 

again that CHT trafficking in STs involves additional subcellular domains hosting CHTs. 

The absence of increases in CHT density in synaptosomal plasma membrane in STs is 

hypothesized to be the primary mechanism responsible for the limited capacity of 

cholinergic neurons of STs to support increases in levels of cholinergic neuromodulation (for 

details see Koshy Cherian et al., 2017). See the online article for the color version of this 

figure.
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Figure 3. 
Number of approaches to the Pavlovian drug cue and extracellular dopamine (DA) and 

acetylcholine (ACh) levels in sign-trackers (STs) and goal-trackers (GTs) during 4-min 

blocks during which the cue was presented eight times for 5 s every 30 s (cocaine was 

unavailable). STs significantly approached the cue more frequently than GTs, exhibited 

increased prefrontal DA levels and, in contrast to GTs, did not exhibit increases in ACh 

release. Unpaired rats did not approach the cue and did not exhibit significant changes in DA 

or ACh levels. In STs, the number of approaches and DA levels were significantly correlated 

(Pitchers, Kane, et al., 2017). See the online article for the color version of this figure.
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Figure 4. 
Number of responses previously yielding cocaine infusions in the presence of the DS+ by 

sham-operated goal-trackers (GTs) and sign-trackers (STs) and rats with 192 IgG saporin-

induced (SAP) losses of the BF cholinergic system. Sham-operated GTs generated 

significantly more nose-pokes than STs. Loss of about 50% of the cholinergic neurons in the 

basal forebrain reduced cocaine-seeking behavior in GTs to the level seen in sham-operated 

STs. The lesions had no effects on cocaine-seeking in STs (reproduced with permission from 

Pitchers, Phillips, et al., 2017). See the online article for the color version of this figure.
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