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Abstract

Sign tracking versus goal tracking in rats indicate vulnerability and resistance, respectively, to Pavlovian cue-
evoked addictive drug taking and relapse. Here, we tested hypotheses predicting that the opponent cognitive-
behavioral styles indexed by sign tracking versus goal tracking include variations in attentional performance
which differentially depend on basal forebrain projection systems. Pavlovian Conditioned Approach (PCA) test-
ing was used to identify male and female sign-trackers (STs) and goal-trackers (GTs), as well as rats with an
intermediate phenotype (INTs). Upon reaching asymptotic performance in an operant task requiring the detec-
tion of visual signals (hits) as well as the reporting of signal absence for 40min per session, GTs scored more
hits than STs, and hit rates across all phenotypes correlated with PCA scores. STs missed relatively more sig-
nals than GTs specifically during the last 15min of a session. Chemogenetic inhibition of the basal forebrain
decreased hit rates in GTs but was without effect in STs. Moreover, the decrease in hits in GTs manifested
solely during the last 15min of a session. Transfection efficacy in the horizontal limb of the diagonal band
(HDB), but not substantia innominate (SI) or nucleus basalis of Meynert (nbM), predicted the behavioral effi-
cacy of chemogenetic inhibition in GTs. Furthermore, the total subregional transfection space, not transfection
of just cholinergic neurons, correlated with performance effects. These results indicate that the cognitive-be-
havioral phenotype indexed by goal tracking, but not sign tracking, depends on activation of the basal fore-
brain-frontal cortical projection system and associated biases toward top-down or model-based performance.
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Significance Statement

Sign-tracking rats (STs) have emerged as a model to study the neuro-behavioral mechanisms which bestow
vulnerability for addiction-like behavior. The trait indexed by sign-tracking includes a bias toward bottom-
up, or cue-driven attention, and has been hypothesized to be mediated in part by a low-capacity forebrain
cholinergic system. Here, we show that compared with their counterparts, the goal trackers (GTs), the atten-
tional performance of STs declines over prolonged time on task. Chemogenetic inhibition of the basal fore-
brain rendered the attentional performance of GTs to be similar to that of STs while not affecting the latter
phenotype. Insufficient recruitment of the basal forebrain-cortical projection systems contributes to the ad-
diction vulnerability-predicting trait indexed by sign tracking.
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Introduction
Structural irregularities in cortical and subcortical re-

gions, and associated impairments in attentional control,
impulsivity and compulsivity have been observed in per-
sons with substance use disorder. These abnormalities
may represent preexisting biopsychological risk factors
and not result from drug taking per se, although drug use
may further impair cortico-subcortical interactions (Volkow
et al., 2005; Tomasi et al., 2007; Ersche et al., 2010, 2011,
2012; Goldstein and Volkow, 2011; Robbins et al., 2012).
Sign tracking is a behavioral predictor of a propensity

for drug-taking and relapse (Saunders and Robinson,
2010; Meyer et al., 2012; Robinson et al., 2014). Sign-
tracking rats (STs) are screened from outbred populations
based on their propensity to approach and contact a
Pavlovian food cue [Pavlovian Conditioned Approach
(PCA) test]. Their counterparts, the goal-tracking rats
(GTs), acquire the informational value of such a cue, the
prediction of food delivery, but they do not approach
and manipulate the Pavlovian cue. Compared with GTs,
STs not only approach reward cues but also work more
avidly to gain access to such cues, and such cues are
more effective in instigating reward-seeking behavior in
STs than GTs (Flagel et al., 2007, 2009; Saunders and
Robinson, 2010; Robinson et al., 2014).
Attentional control deficits have been considered an es-

sential component of psychological traits associated with
addiction vulnerability (Black et al., 2006; Tomasi et al.,
2007; Field and Cox, 2008; Marhe et al., 2013; Kilts et al.,
2014). The propensity of STs to approach and contact
Pavlovian reward cues may reflect in part a relative weak-
ness of their attentional control, revealing their bias to-
ward bottom-up, or signal-driven attention. In contrast to
STs, GTs were demonstrated to attend to complex dis-
criminative cues predicting the availability of addictive
drugs, and they integrate higher-order contextual infor-
mation with the enhanced motivational state evoked by
such cues (Pitchers et al., 2017a).
Consistent with the considerable evidence indicating an

essential role of the basal forebrain cholinergic projection
system to cortex in attention (for review, see Ballinger et
al., 2016; Decker and Duncan, 2020; Sarter and Lustig,
2020), GTs, but not STs, activate their cholinergic system
in the presence of a Pavlovian drug cue (Pitchers et al.,
2017b), and cholinergic lesions abolish the ability of GTs
to respond to complex occasion-setting cues (Pitchers
et al., 2017a). In STs, the limited cholinergic responses
to conditioned drug cues and attentional performance
(Paolone et al., 2013) have been demonstrated to be re-
lated to the failure of intracellular neuronal choline

transporters (CHT) to populate the synaptosomal plas-
ma membrane (Koshy Cherian et al., 2017).
Here, we first wished to determine the precise behav-

ioral characteristics of the relatively poor attentional con-
trol that has been hypothesized to constitute an essential
variable of the cognitive-behavioral trait indexed by sign
tracking. Second, given the hypothesis that such charac-
teristics are mediated via a “dampened” basal forebrain
projection system, we expected that chemogenetic inhibi-
tion of the basal forebrain further increases the severity of
the expression of relatively poor attentional control in STs,
while rendering the relatively superior attentional perform-
ance of GTs to resemble that of STs.
To assess the attentional performance of rats, we

employed an operant sustained attention task (SAT)
that required rats to execute discrete responses for re-
porting the presence or absence of a brief visual signal
(McGaughy and Sarter, 1995; McGaughy et al., 1996;
Echevarria et al., 2005; Luck et al., 2012). A relatively
rich basis of evidence describes SAT performance of mice
and rats, healthy humans, children, and patient groups
(Demeter et al., 2008, 2013; Lustig et al., 2013; Berry et
al., 2014, 2015, 2017; Sarter et al., 2016; Kim et al.,
2019; Prasad and Lustig, 2020) and has informed the
analysis of the psychological mechanisms underlying
SAT performance (Chebolu et al., 2022).
Basal forebrain cholinergic and, to a relatively greater

extent, noncholinergic projections form an anatomically
heterogenous (Duque et al., 2000; Manns et al., 2000;
Gritti et al., 2006; Hassani et al., 2009) yet functionally in-
tegrated projection system (Lin et al., 2006; Lin and
Nicolelis, 2008; Tingley et al., 2015; Yang et al., 2017).
Therefore, in the present experiment, chemogenetic inhi-
bition targeted all neurons within the main subdivisions
of the basal forebrain which give rise to projections to
the cortex [nucleus basalis of Meynert (nbM); substantia
innominate (SI); horizontal limb of the diagonal band
(HDB)]. Immuno-histochemical analyses were designed
to identify the potentially differential contributions of cho-
linergic versus noncholinergic neurons to the effects of
chemogenetic inhibition.

Materials and Methods
Subjects and housing
Adult male and female Sprague Dawley rats (N=106; 55

females) were purchased from Envigo. Animals were be-
tween two and threemonths of age on arrival. Rats first
underwent Pavlovian Conditioned Approach (PCA) screening
that yielded 46 GTs, 25 STs, and 35 INTs. Of the 51 male rats
screened, there were 27 GTs, 6 STs, and 18 INTs, and of the
55 females, there were 19 GTs, 19 STs, and 17 INTs. Rats
then underwent training on the Sustained Attention Task
(SAT), followed by surgeries, resumption of SAT practice, and
the assessment of effects of chemogenetic inactivation of the
basal forebrain. Rats were approximately threemonths
of age during PCA screening and between three and
eightmonths of age during SAT training and testing.
Animals were individually housed in opaque single stand-

ard cages (27.70� 20.30cm) in a temperature-controlled
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and humidity-controlled environment (23°C, 45%) and
maintained under a 12/12 h light/dark schedule (lights on at
7:00 A.M.). Food (Envigo Teklad rodent diet) and water were
available ad libitum during PCA screening and recovery
from surgeries. Water was progressively restricted (to 12 h,
8 h, 4 h, 2 h, 1 h, and 30min free water/d) in the week before
the start of SAT training. Rats received 30 min of free water
on days which they did not undergo SAT testing and 15 min
of free water following completion of SAT sessions, in addi-
tion to water rewards received during the task. PCA and
SAT testing were conducted during the light phase (7:00 A.
M. to 7:00 P.M.). At the onset of PCA testing, animals’ body
weights did not differ between subsequently determined
phenotypes (F(2,44) = 1.01, p=0.37; M 6 SD: 321.786 9.61
g). Likewise, body weights also did not differ between phe-
notypes during the assessment of baseline SAT perform-
ance (F(2,44) = 0.85, p=0.43; 337.226 9.81 g) nor during the
period when effects of CNO were determined (F(2,44) = 1.00,
p=0.38; 350.6468.98 g).
All procedures were conducted in adherence with pro-

tocols approved by the Institutional Animal Care and Use
Committee of the University of Michigan and in laborato-
ries accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care.

PCA screening
Apparatus and procedures
The screening of STs and GTs using a PCA test followed

established and previously described methods (Lovic et

al., 2011; Paolone et al., 2013; Yager et al., 2015; Pitchers
et al., 2017a; Campus et al., 2019; Phillips and Sarter,
2020). Briefly, rats were handled daily for 3d and given
;15 banana-flavored grain-based pellets (45mg; BioServ)
in their home cages for 2 d before the start of PCA testing.
Rats were tested in conditioning chambers (20.5� 24.1cm
floor area, 20.2 cm high; MED Associates Inc.). Throughout
the duration of the experiments, males and females were
tested in separate chambers. A food magazine with an
automatic feeder, delivering banana pellets, was located in
the center of one of the walls of the chamber. Infrared pho-
tobeam breaks detected magazine entries. On either the
left or the right side of the magazine was a retractable lever
with an LED backlight that was illuminated only when the
lever extended into the chamber (Fig. 1a). Deflections of
the lever were used to quantify lever contacts. The begin-
ning of a test session was signaled by the illumination of a
red house light located near the ceiling of the side of the
chamber opposite to the magazine/lever. On the first day
of testing (“pretraining”), rats were placed into the condi-
tioning chambers and the house light was illuminated after
a 5-min habituation period. Twenty-five pellets were then
delivered on a VI-30 (0–60 s) schedule. On average, this
pretraining session lasted 12.5min, and the lever was re-
tracted throughout the session. During this session and all
subsequent PCA sessions, rats consumed all pellets. The
house light was turned on in the next five PCA sessions
and rats were presented with 25 lever/pellet pairings deliv-
ered on a VI-90 (30–150 s) schedule. The CS for each trial
was the extension of the illuminated lever into the chamber

Figure 1. Depiction of the apparatus used to assess Pavlovian Conditioned Approach (PCA) behavior (a) and determination of ST,
GT, and INT phenotypes [b; N=106, 55 females; shown are individual data points, means and SD (M 6 SD)]. PCA behavior was as-
sessed across five consecutive sessions/days. a, Illumination of a red house light indicated the beginning of a PCA test session.
The CS for each trial was the extension of the illuminated lever into the chamber for 8 s (shown on the left of the chamber’s intelli-
gence panel). After lever retraction, a pellet was immediately delivered into the magazine (bottom of the center of the panel). Rats
were presented with 25 lever/pellet pairings delivered on a VI-90 (30–150 s) schedule. On average, PCA test sessions lasted
37.5min. b, Positive PCA scores indicate a bias toward approach and operation of the Pavlovian food cue (STs), while negative
PCA scores indicate a bias toward approaching the magazine (GTs). Dashed lines indicate the 60.4 cutoff score for assigning the
three phenotypes. Scores obtained from the first session (left) indicated that the majority of rats did not exhibit a bias toward the
lever (CS) or the magazine. By days 4 and 5 (right), nearly a third of the rats had developed a preference for approaching the CS
while 46/106 rats emerged as goal-trackers (the final classification was based on the average of individual PCA scores from ses-
sions 4 and 5). In this sample, females were more likely to be classified as STs and males were more likely to emerge as GTs (see
Results).
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for 8 s. After lever retraction, a pellet was immediately de-
livered into the magazine. On average, the PCA test ses-
sions lasted 37.5min.

PCAmeasures and classification criteria
Lever presses and magazine entries during the CS peri-

ods were used to quantify three measures of approach
that determined the PCA index score. (1) Response bias
was defined as the difference between lever presses
and magazine entries, expressed as a proportion of the
total responses [(lever presses � magazine entries)/
(lever presses 1magazine entries)]. This value yielded a
score between �1.0 and 1.0, with positive values indi-
cating a bias toward pressing the lever (ST) and nega-
tive values a bias toward entering the magazine (GT)
during CS presentation (lever extension before the de-
livery of food rewards). (2) Latency score was calculated
as the difference between the latency to approach the
lever and the magazine after CS presentation; this dif-
ference was normalized by dividing by the maximum 8-s
latency [(magazine latency � lever latency)/8]. Negative
values indicated rats that rapidly approached the maga-
zine (GT) and positive values indicated that rats quickly
approached the lever during CS presentation (scores
again were between �1.0 and 1.0). (3) Probability differ-
ence was calculated as the difference between the prob-
abilities of pressing the lever during the CS (i.e., the
number of trials with a lever press out of 25 trials) minus
the probability of entering the magazine. For this value,
GTs approached �1.0 and STs approached 1.0. The
final “PCA index score” represented the average of the
three values described above: response bias score, la-
tency score, and probability difference. The values of
this score also ranged from 1.0 to �1.0, with a score of
1.0 indicating approaches and contacts of the lever on
every trial, and a score of �1.0 indicating approaches
and contacts of the magazine entry on every trial. Rats
with an averaged PCA index score from PCA sessions 4
and 5 ranging from �1.0 to �0.4 were defined as GTs (i.e.,
rats more likely to direct behavior toward the food maga-
zine than the lever), and rats with a PCA index score be-
tween 10.4 and 11.0 were designated as STs (i.e., rats
more likely to direct behavior toward the lever-CS than the
food magazine). Rats with scores ranging from �0.39 to
10.39, whose behavior vacillated between lever-CS and
food magazine, were classified as INTs. Approach re-
sponses (response probability, number of contacts,
and latency) were analyzed with repeated-measures
ANOVAs with phenotype (STs, GTs) as the between-
groups measure and training day as the within-subject
factor.

SAT
Apparatus
Training and testing were conducted using 12 operant

chambers (MED Associates Inc.) housed within individual
sound-attenuating cubicles. Males and females were tested
in separate chambers. Each chamber was equipped with
two retractable levers, a central panel white light (2.8 W),
and a water dispenser located on the same wall as the panel

lights. The water dispenser delivered 45ml of water per
correct response. Signal presentation, lever operation,
reinforcement delivery, and data collection were con-
trolled by a Pentium PC and Med-PC for Windows
software (version 4.1.3; MED Associates).

Acquisition
Water-deprived rats (oneweek of a progressively re-

duced period of free water, down to 30 min on the final
day) were initially trained to press a lever for a water re-
ward in accordance with a modified fixed ratio-1 (FR1)
schedule for water reinforcement. Two levers were ex-
tended throughout the session (to the left and right of
the water port). During this training phase, any lever
press resulted in water delivery. Typically, the animals
did not exhibit a side bias with regard to which lever is
pressed; however, if one lever was pressed five times
in succession, the FR1 schedule was modified to re-
quire the animal to press the opposite lever before the
next reward could be obtained. After three consecutive
days with 120 reinforced lever presses under 20 min,
the rats began training to discriminate between a sig-
nal (1-s illumination of the central panel light) and a
nonsignal (no illumination) event (for luminance meas-
ures see Phillips and Sarter, 2020). Two seconds after
a signal or nonsignal event, both levers were extended
into the operant chamber and remain extended for 4 s
or until a lever was pressed. If no press occurred after
4 s, the levers were retracted and an omission was re-
corded. Immediately following responses (either cor-
rect or incorrect), both levers were retracted and the
variable intertrial interval (ITI; 126 3 s) was reset. On
signal trials, a press of the left lever was reinforced and
termed a “hit,” whereas a press of the right lever was
not reinforced and termed a “miss.” On nonsignal trials, a
press of the right lever was reinforced and termed a “cor-
rect rejection,” whereas a press of the left lever was not
reinforced and termed a “false alarm.” Animals received
water rewards only for correct responses (45ml for each
hit and correct rejection), whereas incorrect responses
(misses and false alarms) were not rewarded. Half of the
animals were trained with the opposite pattern (boxes 1–
12, alternating) to eliminate the possibility of a selection
bias. Signal and nonsignal events were presented in pseu-
do-random order for 81 trials each (total of 162 trials) per
session. During this training phase, incorrect responses
were followed by correction trials in which the previous trial
was repeated. After three consecutive incorrect responses
on correction trials, the animal underwent a forced trial in
which the lever was extended for 90 s or until the animal
made a response. If the forced-choice trial was a signal
trial, the signal light remained illuminated for as long as the
lever was extended. The house light was not illuminated
during this training stage.
Animals progressed to the subsequent step of shaping

if they responded correctly to�70% of both signal and
nonsignal trials for three consecutive days. During the
third phase of shaping, multiple signal durations (500, 50,
and 25ms) were introduced and the ITI was reduced to
96 3 s. Correction and forced-choice trials were also
eliminated. Trial type and signal duration were pseudo-
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randomly determined for each trial. Session length was set
at 42min (including a 3-min habituation period on the start
of each session). After stable performance was achieved,
defined by at least 70% hits to 500-ms signals, 70% cor-
rect rejections, and�30% omissions, animals began train-
ing in the final version of the task. The final version was
identical to the previous training stage, except that the
house light was illuminated throughout the session. The
addition of the illuminated house light represents a crucial
element of testing sustained attention as it requires the ani-
mal to constrain its behavior and focus on the central panel
light during task performance. Upon reaching the final
stage of training before lesion surgeries, animals remained
at this stage until they reached a stable performance of at
least 60% hits to 500-ms signals, 70% correct rejections,
and�30% omissions for three consecutive sessions.

Measures of SAT performance
The following behavior measures were recorded during

each SAT session: hits, misses, false alarms, correct re-
jections, and omissions. Misses and false alarms are the
inverses of hits and correct rejections, respectively. The
relative number of hits (hits/hits 1 misses) for each signal
length as well as the relative number of correct rejections
(correct rejections/correct rejections 1 false alarms) were
calculated. Response bias (B}D) was determined based on
the proportion of hits (HP) and proportion of false alarms
(FAP). Using performance with the 500-ms duration signal,
B}D was calculated using the formula: B}D= [(1 – HP)(1 –

FAP) – HP FAP]/[(1 – HP)(1 – FAP)1HP FAP] (Donaldson,
1992). B}D values range from�1 to11, with negative values
indicating a (liberal) bias toward reporting the presentation
of a signal, and positive values indicating a (conservative)
bias toward reporting the absence of a signal. A B}D value
of 0 indicates no bias (for a prior analysis of these parame-
ters based on data from humans performing the SAT, see
Demeter et al., 2008).

Postsurgery performance and effects of CNO
Following surgeries and postsurgery SAT practice, the

effects of CNO were assessed. Rats were administered
either vehicle or CNO (pseudo-random assignment) and,
5–7d later, CNO or vehicle.
CNO was obtained from Tocris Bioscience and dissolved

in 10mg/ml in 6% DMSO in 0.9% NaCl solution. Injections
of CNO or vehicle (intraperitoneal) were given at a dose of
5.0mg/kg 15–20min before SAT testing. We previously did
not find effects of this dose of CNO in control construct-ex-
pressing rats performing an attention-demanding motor task
(Kucinski et al., 2019). This finding was consistent with the
proposed conversion rate of CNO to clozapine (Gomez et
al., 2017), yielding an equivalent clozapine dose of 0.05mg/
kg. However, a 50- to 100-fold higher dose of clozapine is re-
quired to produce direct effects on brain neurochemistry and
trained behaviors (Parada et al., 1997; Gemperle et al., 2003;
Rueter et al., 2004; Martinez and Sarter, 2008).

Designer Receptors Exclusively Activated by Designer
Drugs (DREADD) virus expression
About two-thirds of basal forebrain cholinergic neurons

are noncholinergic and predominantly GABAergic (Gritti

et al., 2006). Because basal forebrain cholinergic and
noncholinergic neurons mediate overlapping functions,
including the generation of high-frequency oscillations in
the cortex (Lin et al., 2006; Lin and Nicolelis, 2008; Gritton
et al., 2016; Howe et al., 2017), the necessity of basal fore-
brain neuronal activity for the relatively superior SAT per-
formance of GTs was tested by nonselectively expressing
an inhibitory DREADD in cholinergic and noncholinergic
neurons. The viral vector containing plasmid pAAV-hSyn-
hM4D(Gi)-mCherry was obtained from AddGene (AddGene
plasmid #50475-AAV8). The adeno-associated virus (AAV),
containing a double floxedmuscarinic Gi-coupled-receptor,
hM4D (Armbruster et al., 2007; Roth, 2016), fused with
mCherry and under the control of human synapsin pro-
moter, was stereotaxically infused into the basal forebrain,
targeting primarily the fronto-medial cortical projection sys-
tems arising from the HDB. Rats were placed in vaporiza-
tion chambers and anesthetized with 4–5% isoflurane
delivered at 0.6 l/min O2 using a SurgiVet Isotec four
Anesthesia Vaporizer until the animals were no longer re-
sponsive to a tail pinch and exhibited no hindlimb with-
drawal reflex. Heads were shaved using electric clippers
and cleaned with a betadine scrub and alcohol pad. The
animals were then mounted to a stereotaxic instrument
(David Kopf Instruments) and isoflurane anesthesia was
maintained at 1–3% for the remainder of the surgery. An
;2.5-cm incision was made down the midline of the
scalp to expose the skull. The animals’ body temperature
was maintained at 37°C using Deltaphase Isothermal
Pads (Braintree Scientific). Ophthalmic ointment was
used for eye lubrication. To prevent hypovolemia and
hemodynamic instability, 1 ml/100 g 0.9% NaCl was
administered subcutaneously. Animals also received
an injection of an analgesic (carprofen; 5.0mg/kg, s.c)
before surgery and once or twice daily as necessary
for 48 h postoperatively. One microliter of AAV-hSyn-
hM4D(Gi)-mCherry vector was infused (bolus) into the
basal forebrain at two sites per hemisphere (AP: �0.4;
ML:62.4; DV: �7.6; AP: �0.8; ML:62.9; DV: �8.0
mm). The injector was left in place for 8min to minimize
diffusion into the injector tract.

Visualization and quantification of DREADD transfection
space
Following the completion of SAT testing, rats were

deeply anesthetized with a lethal dose of sodium pento-
barbital (270mg/kg, i.p.) and transcardially perfused
with PBS, followed by 4% paraformaldehyde in 0.15 M

sodium-phosphate solution, pH 7.4. Brains were ex-
tracted and postfixed in 4% paraformaldehyde for 24 h,
rinsed with PBS and then placed in 30% sucrose solu-
tion until they sank. Brains were sectioned into 35-mm
thick slices using a freezing microtome (CM 2000R;
Leica) and stored in cryoprotectant until further histo-
logic processing.
To determine the efficacy and selectivity of mCherry ex-

pression in BF cholinergic and noncholinergic neurons,
sections were stained to amplify the signal of the mCherry
fluorescent tag and to visualize cholinergic neurons, using
antibodies against the vesicular acetylcholine (ACh)
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transporter (VAChT; Arvidsson et al., 1997). Sections
were first rinsed six times for 5 min each in 0.1 M PBS,
pH 7.3, then incubated in 0.1% Triton X-100 diluted in
PBS for 15min (Agostinelli et al., 2019). Sections were
then rinsed with PBS three times for 5min each and in-
cubated with 1% normal donkey serum (NDS) and 1%
Triton X-100 made in PBS for 60min at room tempera-
ture (RT). The sections were incubated overnight in the
primary antibodies (rabbit anti-mCherry: ab167453,
Abcam; goat anti-VAChT: abn100; Millipore; 1:1000 for
both). The following day, sections were rinsed three times
for 5min in PBS and then incubated in the secondary anti-
bodies (donkey anti-rabbit conjugated to Alexa 594,
A11058; ThermoFisher Scientific; donkey anti-goat conju-
gated to Alexa 488, A11055; ThermoFisher Scientific) for
90min at room temperature. Sections were then incu-
bated in DAPI (D21490; ThermoFisher Scientific; diluted
to 300 nM in PBS) for 2min at room temperature. All sec-
tions were rinsed three times for 5min with PBS and then
mounted, air dried, and cover-slipped with Vectashield
Antifade Mounting Medium (H-1000; Vector Laboratories).
A Zeiss LM 700 confocal microscope was used to inspect
and photomicrograph fluorescent neurons at 10� (for cell
count estimates), 20� (for verifying and documenting dou-
ble-labeled cells), and 40� magnification at two A-P levels
(�0.72 and �0.96 mm). The microscope was equipped for
sequential multi-track acquisition with 405-, 488-, and 561-
nm excitation lines and filter sets specific for DAPI (Zeiss fil-
ter set 49), Alexa 488 (Zeiss filter set 38 HE), and Alexa 594
(Zeiss filter set 54 HE), respectively. Single-labeled and
double-labeled neurons were counted in three subregions
of the basal forebrain [nucleus basalis of Meynert (nbM);
horizontal limb of the diagonal band (HDB); substantia inno-
minate (SI)]. Using the ImageJ multipoint tool, superimposed
counting frames were generated for each subsection (nbM:
0.4 � 0.8 mm; HDB: 1.4 � 1 mm; SI: 0.5 � 0.9 mm) and
counts were restricted to these frames. Counts were
generated based on two sections per rat, yielding four
counts per rat and subregion. For further analyses, aver-
aged counts as well as the highest count among the four
counts obtained from each brain and subregion were
used. Tile scanning/stitching was used at the 10� (3� 2
tiles, 3455.94 by 2370.64 mm) and 20� (4� 3 tiles, 1407.88
by 1135.31mm)magnifications. The resolution of the 20� im-
ages allowed for visualization of neuronal architecture, spe-
cifically fluorescence restricted to the soma versus puncta.
The split view on Zen Black software was used to view single
channels of the multi-track shots. Cells with green (Alexa
488) and red (Alexa 594) fluorescence located primarily in the
soma, co-labeled with DAPI, were used in counts for double-
labeled neurons.
To rank subregions in accordance with overall DREADD

transfection efficacy, total mCherry-positive cell counts
were categorized using a scale from 0 to 5 (0: 0 cells; 1:
,20; 2: 20–30; 3: 31–60; 4: 61–80; 5: .80 cells). To quan-
tify the portion of cholinergic neurons co-expressing the
DREADD reporter fluorophore, the number of double-la-
beled neurons (mCherry-positive 1 VAChT-positive) was
divided over the total number of mCherry-expressing neu-
rons. To correlate transfection efficacy scores and the

percent of double-labeled cells with the behavioral effi-
ciency of DREADD activation in GTs, brain sections were
processed and cell counts were generated from the five
GTs that showed the largest decreases in hit rates follow-
ing CNO administration when compared with their hit
rates following vehicle injection (decreases ranging from
100.00% to 32.50%) as well as from the five GTs that ex-
hibited the smallest effects of CNO (decreases ranging
from 3.61% to an increase of 7.04%). Furthermore, and to
test for the possibility that the relative lack of effect of
CNO in STs was unrelated to the DREADD expression ef-
ficacy, we selected three STs with HDB cell counts that
were within the range of cell counts of the five GTs that
exhibited the largest CNO effects (reflecting the main find-
ing in GTs) and compared the performance impact of
CNO in these rats with those GTs.

Statistical analyses
SAT performance measures (hits, correct rejections,

and omissions) were analyzed primarily with mixed model
repeated measures ANOVAs as well as one-way or two-
way ANOVAs when applicable. The analyses of hits also
included the within-subject factor signal duration (500,
50, and 25ms). Following significant main effects, post
hocmultiple comparisons were conducted using the least
significant difference (LSD) test. Significant interactions
between the effects of group and other factors were fol-
lowed by one-way ANOVAs on the effects of group and
LSD multiple comparison tests. a Was not corrected for
post hoc multiple comparisons because these compari-
sons followed ANOVAs which already rejected the null hy-
pothesis and therefore served solely to locate, and
assist in the interpretation of, main effects and inter-
actions (Rothman, 1990). For the analysis of effects of
CNO on SAT performances, dose was used as a factor
in the mixed model ANOVAs. x2 and nonparametric sta-
tistical tests (detailed in Results) were employed to ana-
lyze the number of SAT blocks indicating above-chance
performance levels. Spearman rank correlations coeffi-
cients (r ) were used to determine relationships between
the behavioral impact of CNO and the expression of the
DREADD construct in cholinergic and noncholinergic
neurons in three subregions of the basal forebrain.

Effects of sex
Approximately half of the rats used for these experi-

ments were females. x2 and nonparametric statistical
tests (detailed in Results) were employed to analyze the
PCA test-based classification of male and female rats
per phenotype. Furthermore, the effects of sex on PCA
scores from test day 5 were determined using an ANOVA
on the effects of phenotype and sex. Furthermore, an ini-
tial ANOVA on the hit rate of STs, INTs, and GTs included
the factor sex. For major results derived from parametric
tests, effect sizes (Cohen’s d) were indicated (Cohen,
1988). Statistical analyses were performed using SPSS
for Windows (version 17.0: SPSS). In cases of violation
of the sphericity assumption, Huyhn–Feldt-corrected F
values, along with uncorrected degrees of freedom, were
given. a Was set at 0.05. Exact P values were reported
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as recommended previously (Greenwald et al., 1996;
Sarter and Fritschy, 2008). Unless indicated otherwise,
data graphs depict individual values, means and 95%
confidence intervals (CIs).

Results
PCA testing and phenotype distribution by sex
A total of N=106 rats (55 females) underwent five ses-

sions/days of PCA testing. PCA scores from the 4th and
5th session were averaged for individual rats, and this av-
erage score determined phenotype assignment (GT, ST,
INT). As in our previous experiments (Kucinski et al., 2019),
we applied relatively liberal PCA cutoff scores to assign phe-
notypes (60.4 as opposed to the more typical 60.5); how-
ever, post hoc re-analyses indicated that applying the tighter
cutoff scores did not significantly impact the results de-
scribed below.
Figure 1a shows a photograph of the intelligence panel

of the chambers used for PCA testing, with the CS ex-
tended and illuminated. Figure 1b depicts individual PCA
scores obtained during the first, 4th and 5th PCA session.
During the first session, most rats did not exhibit a prefer-
ence for approaching and operating the lever (i.e., the CS)
versus entering the magazine, as reflected by a mean
PCA score of �0.10. Across subsequent testing sessions,
an increasing number of rats developed a preference for
the CS or the magazine, yielding a total of 46 GTs (19 fe-
males), 35 INTs (17 females), and 25 STs (19 females). A
x2 test of independence was performed to examine the
relationship between sex and the manifestation of sign
tracking versus goal tracking (x2(2) = 8.04; p=0.02). This
finding reflected that, in this sample, females were more
likely to be classified as STs and males as GTs. However,
such a relationship between these two categories was not
reliably observed in prior experiments (Pitchers et al., 2015),
perhaps reflecting considerable variations in the distribution
of these phenotypes in cohorts obtained from different ven-
dors, as well as from different breeding barriers of the same
vendors, and associated genetic heterogeneity (Fitzpatrick
et al., 2013; Gileta et al., 2022). Furthermore, an ANOVA on
the effects of sex and phenotype on PCA scores obtained
from test day 5 indicated neither a main effect of sex nor an
interaction between the effects of sex and phenotype (both
p. 0.93). Thus, across the three phenotypes, sex did not in-
fluence the distribution of PCA scores, consistent with re-
sults from prior experiments (Pitchers et al., 2015; Peterson
et al., 2020).

STs scored fewer hits than GTs
The data from test sessions following administration of

the vehicle for the DREADD agonist were used for an in-
depth analysis of the attentional performance of the three
phenotypes. Of the initial N=106 rats that began SAT
training, 51 rats (21 GTs, five females, 18 INTs, seven fe-
males, and 12 STs, six females) had previously reached
SAT performance criterion and thus were included in this
analysis. The proportion of rats reaching this stage did not
depend on phenotype (x2(2, N=157) = 0.09; p=0.95).

The analysis of the relative number of hits revealed
main effects of phenotype and a significant interaction be-
tween the effects of phenotype and signal duration [main
effect of phenotype: F(2,42) = 3.91, p=0.03 (Fig. 2a); signal
duration: F(2,84) = 196.73, p, 0.001; phenotype � dura-
tion: F(4,84) = 4.84, p=0.001 (Fig. 2b)]. Post hoc multiple
comparisons indicated that GTs scored significantly more
hits than INTs (Cohen’s d = 0.77) and STs (d: 0.89; main
effect illustrated in Fig. 2a), that all rats detected fewer 50-
ms and 25-ms signals than 500-ms signals, and that STs
scored fewer hits in response to the longest signals than
GTs (Fig. 2b). Although male rats scored more hits than
female rats (F(1,39) = 8.01, p=0.007; M 6 SD: males:
54.026 13.08%; females: 42.586 11.39%), the effect of
phenotype on hits were not moderated by sex (all two-
way and three-way interactions involving the factor sex,
p. 0.14).
A main effect of phenotype on the relative number of

correct rejections (F(2,44) = 3.47, p=0.04) reflected that
INTs scored more correct rejections than GTs (see further
below for more analysis of this finding). However, the rela-
tive number of correct rejections did not differ between
STs and GTs (Fig. 2c). Omissions remained relatively low
and neither differed between the phenotypes (F(2,44) = 1.44,
p=0.25), nor sexes (F(1,44) = 0.01, p=0.96), nor did the two
factors interact significantly (F(2,44) = 0.45, p=0.64; grand
M6 SD: 4.456 4.50% omissions).

Hit rates correlated with PCA scores
Across all three phenotypes, the degree of sign tracking

versus goal tracking (PCA score) predicted hit rates to
longest signals (R2 = 0.20, p=0.002; Fig. 2d). For each in-
crease of the PCA score by 0.25, indicating a shift away
from a preference for approaching the magazine toward
approaching and contacting the CS (that is, shifting to-
ward more sign tracking), the hit rate decreased by;3%.

Do INTs form a separate phenotype?
Previous studies have rarely determined the behavioral

and neurobiological status of INTs. Overall, INTs scored
fewer hits than GTs (Cohen’s d = 0.89; Fig. 2a), but this
difference was not consistently apparent when hits were
calculated separately by signal duration (Fig. 2b), and
INTs did not score significantly more hits than STs.
Furthermore, the correlation shown in Figure 2e required
inclusion of the data from INTs to reach significance.
Thus, the present data largely support the view that, in
terms of their attentional performance, INTs fit in-between
GTs and STs, as opposed to reflecting a separate pheno-
type characterized by a performance pattern distinct from
the more extreme phenotypes.
However, INTs correctly rejected more nonsignal trials

than GTs (Fig. 2d), suggesting the possibility that the per-
formance of INTs was influenced by a relatively more con-
servative response bias than in GTs (that is, a relatively
greater propensity for reporting the absence of signals).
Therefore, we calculated a signal detection theory-de-
rived measure of response bias [B”D; scores ranging from
�1 (liberal bias) to 11 (conservative bias); see Materials
and Methods]. This analysis indicated a significant effect
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of phenotype (F(2,44) = 3.53, p=0.04), reflecting that GTs ap-
plied a significantly more liberal bias than STs (M 6 SEM;
GTs: 0.326 0.10, STs: 0.686 0.0; LSD: p=0.01), meaning
that GTs exhibited a relatively greater propensity than STs to
report the presence of a signal (validly or not). However, B”D
scores of INTs did not differ from those of the other two phe-
notypes (INTs: 0.5260.11; both p. 0.16). Together, these
data support the view that, consistent with their intermediate
PCA scores, the level of attentional performance of INTs was
situated between the two, more extreme phenotypes.

Attentional performance decrement in STs
Following selective lesions of the basal forebrain cholin-

ergic system, the hit rates of rats were previously found to
be greatly suppressed to ;30% hits across signal dura-
tions (McGaughy et al., 1996). Compared with such a fun-
damental and persistent loss of the capacity for detecting

signals, and albeit STs scored significantly fewer hits than
GTs (above), the distribution of the present hit scores
pointed to less profound, and perhaps more complex,
cognitive-behavioral mechanisms which may have con-
tributed to the performance difference between the two
phenotypes.
To further explore the origin of the relatively lower hit

rates in STs, we investigated the rats’ performance over
time on task, by extracting hit rates over 3 min trial blocks
(yielding a total of 13 blocks per session). Inspection of
the data from individual GTs and STs suggested that, in
STs, hits to longest signals steeply declined toward the
end of the session. On contrast, GTs tended to exhibit
more stable levels of hit rates, with little or no decline to-
ward the end of the session.
To quantify and test this possibility, we counted the

number of 3-min blocks in which the individual rat scored
above chance levels of hits, defined by .60% hits (.59

Figure 2. Attentional performance of GTs, INTs, and STs. Unless noted otherwise, these and subsequent data figures show individ-
ual values, means and 95% confidence intervals (CIs). Furthermore, figures depict the results of post hoc multiple comparisons
(*p , 0.05, **p , 0.01, ***p , 0.001; see Results for ANOVAs, effect sizes, and other major statistical findings). a, A main effect of
phenotype on the relative number of hits reflected that GTs scored more hits than INTs and STs. b, Across all phenotypes, fewer
hits were scored to 50- and 25-ms signals when compared with longest signals. Moreover, STs had fewer hits to the longest signals
when compared with GTs. c, The relative number of correct rejections did not differ between GTs and STs but was unexpectedly
higher in INT relative to GTs (see Results for a follow-up of this finding on response bias). d, depicts the significant correlation be-
tween the relative number of hits to longest signals and PCA scores. More positive PCA scores (greater expression of sign-tracking be-
havior) predicted lower detection rates.
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hits/100 trials at p=0.5; p, 0.044; binomial test). This
count was obtained separately for the last five 3-min
blocks of performance (blocks #9–13) and, as a control,
for the five blocks preceding these last five (blocks #4–8).
Figure 3a depicts the hit rates of an individual GT and

ST. Across the last five blocks of trials, the GT scored
.60% hits in all blocks, while the ST had only one such
block. Across all GTs and STs, we found main effects of
phenotype on the number of blocks with above-chance
hit rates (H(2) = 8.12, p=0.02 Kruskal–Wallis test; Fig. 3b),
and on the number of consecutive blocks with above-

chance hit rates (H(2) = 6.68, p=0.04; Fig. 3c). These
main effects indicated significantly lower counts for STs
and each of the two measures when compared with GTs.
Moreover, multiple comparisons also indicated a lower
number of blocks with above-chance hit rats in INTs rela-
tive to GTs (Fig. 3b). A similar analysis of hit rates from the
preceding five blocks of trials (Fig. 3a, blocks #4–8) did
not reveal such effects of phenotype (both p. 0.31; data
not shown). These findings indicated that compared with
GTs, STs exhibited a robust decrement in performance
toward the end of the test sessions, characterized by

Figure 3. Decline in hits in STs toward the end of the session. Performance data were extracted from individual sessions and col-
lapsed over 5-min blocks, yielding 13 blocks of trials. a, Illustration of the relative number of hits to longest signals by a representa-
tive GT and a ST. In contrast to the GT, the ST’s hit rate was less stable, fluctuating between high (.60%) and low levels (,30%)
particularly during the last five blocks of trials. To quantify this observation, for the last five blocks we counted the number of blocks
with above-chance hit rates (,60%; gray area in a) and the number of consecutive blocks with .60% hits separately for STs and
GTs (shown in b and c, respectively). The analysis of both measures indicated main effects of phenotype; multiple comparisons
(Mann–Whitney U test; see Results) confirmed that in comparison to GTs, the hit rates of STs relatively rarely reached above-chance
level (b), and if, rarely stayed at this level for longer than one block (c). d, To assess a possible contribution of loss of motivation in
STs to their decrease in hits, we also analyzed the relative number of trials during which rats did not press a lever (omissions; d).
Omissions overall remained relatively rare (less than ;10% of trials), slightly but significantly increased toward the end of the ses-
sion (see Results from post hoc comparisons in d), but omissions did not differ between the phenotypes (no main effect and no in-
teraction between the effects of block and phenotype). Likewise, the analysis of response latencies for hits to longest signals (time
between extension of the lever and a lever press) indicated that response times increased for all animals toward later blocks (e), but
that phenotype did not influence response latencies (no main effect and no interaction between the effects of block and phenotype).
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overall lower performance and rapid fluctuations between
above-chance and below-chance performance. These re-
sults on time-on-task-associated decline in hit rates fur-
ther confirmed the view that the performance of INTs can
be seen as situated in-between GTs and STs, as opposed
to forming a distinct attentional phenotype.
Although the number of errors of omission increased for

all rats toward the end of the session (main effect of
block: F(4,124) = 8.55, p=0.001; Fig. 3d), importantly, the
absence of a main effect of phenotype and of an interac-
tion between the effects of block and phenotype (pheno-
type: F(1,31) = 1.03, p=0.32; phenotype � block: F(4,124) =
0.58, p=0.68) did not suggest that a declining motivation
to perform contributed to the decrement in hit rates in
STs. To further assess a possible loss of motivation or
other overt behavioral mechanisms which may have con-
tributed to the late decrease in detection rates in STs, we
also analyzed response times for hits to longest signals
(time from extension of the lever to a lever press). This
analysis rejected the possibility that one phenotype was
slower than the other, in general or during individual
blocks (main effect of phenotype: F(1,31) = 0.75, p= 0.39;
block � phenotype: F(4,124) = 0.23, p= 0.92). All rats, re-
gardless of phenotype, responded more slowly during
later blocks when compared with earlier blocks (main ef-
fect of block: F(4,124) = 6.78, p,0.001; for multiple com-
parisons, see Fig. 3e).

Basal forebrain inhibition converts the attentional
performance of GTs to that of STs
Because the level of attentional performance of INTs

was situated between STs and GTs, as opposed to indi-
cating a separate phenotype, we restricted the determina-
tion of effects of CNO to the two extreme phenotypes.
Furthermore, as neither our prior experiments (Kucinski et
al., 2019; Avila et al., 2020), nor the experiments by other
investigators (Tran et al., 2020; Norman et al., 2021) indi-
cated the presence of off-target effects of CNO in rodents
transfected with a control virus or in nontransfected ro-
dents, such a control was not included here.
The effects of CNO significantly interacted with effects

of signal duration (F(2,62) = 3.34, p=0.04), reflecting that
CNO suppressed the hit rates to longest, but not 50-ms
and 25-ms signals (Fig. 4a). Furthermore, a three-way in-
teraction (phenotype � drug � signal duration: F(2,62) =
3.64; p=0.03) suggested that the efficacy of DREADD ac-
tivation differed between the phenotypes and hits to the
three signal durations. Follow-up two-way ANOVAs on
the effects of drug and signal duration for the individual
phenotype indicated that DREADD activation reduced hit
rates in GTs but not STs (GTs: F(1,20) = 7.32, p=0.01; STs:
F(1,11) = 0.21, p=0.66). Post hoc multiple comparisons iso-
lated the effects of CNO to hits to 500-ms signals (t(20) =
18.74; p=0.01; Cohen’s d = 0.90; Fig. 4b). Administration of
CNO did not affect the relative number of correct rejections
(F(1,31) = 0.81, p=0.38) but increased the relative number of
omissions in all rats (main effect: F(1,31) = 5.64, p= 0.02; vehi-
cle: 4.066 0.85%omitted trials; CNO: 11.5263.11%).
Above, we demonstrated that the reduced hit rate in

STs, when compared with GTs, manifested specifically

during the last five 3-min blocks of trials, suggesting a
profound performance decrement across time-on-task.
We therefore determined whether, in GTs, CNO adminis-
tration similarly suppressed hit rates to 500-ms signals
specifically during the last 15min of the test session. As
shown in Figure 4c, CNO administration to GTs signifi-
cantly reduced the number of 3-min blocks with hit rates
.60% (Wilcoxon test; Z=3.31, p=0.0009). Furthermore,
CNO also reduced the number of consecutive blocks with
hit rates .60% (Z=3.07, p=0.002; Fig. 4d). Neither mea-
sure was significantly reduced by CNO during the five 3-
min blocks that preceded the last 15min of performance
(blocks #4–8; both Z, 1.87, both p.0.06; data not
shown). Thus, suppressing the activity of the basal fore-
brain in GTs yielded a decline in attentional performance
specifically during the last 15min of trials, mirroring the
performance of naive STs during this period.

Viral transfection efficacy in the HDB predicted the behav-
ioral efficacy of CNO in GTs
As detailed in Methods, DREADD-positive cells (total

number and proportion of cholinergic neurons) were
counted in three major regions of the basal forebrain
projecting to cortical regions (nbM, SI, HDB). For this
analysis we selected the brains of two subgroups of
GTs, five each, which exhibited the largest and small-
est, respectively, decreases in the relative number of
hits following the administration of CNO (median per-
cent decrease of the 5 rats with the largest decreases
in hits: 43.55%; smallest: 5.01%). The total number of
DREADD-positive cells per subregion was categorized
into five classes of transfection efficacy. Furthermore,
the percent of neurons co-localizing m-Cherry (DREADD
expression reporter) and Alexa 488 (VAChT-positive) was
calculated for each of the three subregions of the basal
forebrain. Figure 5a,b shows a low-magnification micro-
photograph of the HDB of a GT and a ST, respectively,
exemplifying the relative dense packing of cholinergic neu-
rons in this area and the widespread expression of the
DREADD construct in cholinergic and noncholinergic
neurons. The magnified areas shown in Figure 5b,d, re-
spectively, show several cholinergic cells expressing
the DREADD construct. The overall transfection effi-
cacy and the percent double-labeled neurons were sig-
nificantly correlated for counts taken from the HDB of
GTs (r = 0.91, p = 0.0009; Fig. 5e), but not for the other
two subregions (both p. 0.22). Furthermore, correla-
tions between the CNO-induced decreases in hit rates
of GTs and transfection efficacy reached significance
solely for counts taken from, and averaged across the
hemispheres, the HDB (r = 0.73, p = 0.021; Fig. 5f; SI,
nbM: both p. 0.14). However, the percent of choliner-
gic neurons that also expressed the DREADD signifi-
cantly correlated with decreases in hits neither for
counts taken from the HDB (r = 0.57, p = 0.08) nor for
the other two subregions (both p.0.12).
To test the possibility that CNO remained relatively inef-

fective in STs because of a potential group-wide failure to
produce DREADD transfection efficacies that were com-
parable to those seen in GTs, we selected three STs with
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HDB transfection efficacy scores that were within the
range of the five GTs that showed the largest CNO-in-
duced decreases in hits (Fig. 5c,d for an illustration of
such a case; see also Fig. 5e,f, red symbols). CNO admin-
istration shifted these animals’ hit rates (differences to ve-
hicle) by �3.22%, 10.19%, and �37.45% respectively
(the latter decrease in hits was the largest effect of CNO
seen in STs; median difference in STs: 12.83%). Thus,
DREADD expression efficacy in the HDB predicted the
behavioral efficacy of DREADD activation GTs, but not
STs.

Discussion
Male and female rats were screened using the PCA test

to assign the three phenotypes (STs, INTs, and GTs). The

rats of these three phenotypes acquired the SAT at statisti-
cally similar rates. However, once asymptotic performance
was achieved, STs scored fewer hits than GTs while reject-
ing nonsignals at the same rate as GTs. Furthermore,
the relatively fewer hits by STs originated exclusively from
the last 15min of a ;40-min-long performance session.
Importantly, the mounting instability of the detection rate of
STs toward the end of the session was not associated with
an increase in errors of omission. Hit rates across the phe-
notypes were significantly correlated with PCA scores (the
more sign tracking, the fewer hits). In general, INTs do not
seem to form a discrete attentional phenotype; rather, their
performance was consistent with the PCA-derived classifi-
cation as intermediates. In GTs, chemogenetic inhibition
of the basal forebrain, specifically of the HDB, reproduced
the late-session instability of the detection rate seen in

Figure 4. CNO administration reduced hit rates in GTs, but not STs, and specifically during the last 15min of trials of the test ses-
sion. a, A significant interaction between the effects of CNO and signal duration reflected that CNO suppressed hit rates to longest,
but not 50- and 25-ms signals. Hits to the shorter signals approached chancel level, thereby limiting the demonstration of effects of
CNO. A three-way interaction (phenotype � CNO � signal duration) originated from a selective effect of CNO on the hits to longest
signals in GTs (b). The CNO-induced loss of hits to longest signals manifested specifically during the last 15min of performance, as
indicated by a significant reduction of the number of 3-min blocks with .60% hits (c) and of consecutive blocks with above-chance
hit rates (d; Wilcoxon test, see Results). A similar analysis of the number of blocks with .60% hits, and the number of such consec-
utive blocks, from the preceding 15min of trials (blocks 4–8) did not indicate significant effects of CNO (data not shown).
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untreated STs. DREADD activation remained statistically
ineffective in STs. The total number of HDB neurons trans-
fected with the DREADD construct, but not the number of
cholinergic neurons positive for the DREADD-reporting flu-
orophore, correlated with the effects of DREADD activation
on hits. The discussion below focuses on the nature of the
attentional phenotypes of STs and GTs, on the collective
functions of HDB cholinergic and noncholinergic projec-
tions to cortex in attention, and on the potential impact
specifically of cholinergic dysregulation in STs on these
functions.
Because the reduction of hit rats following inhibition of

the basal forebrain was limited to longest signals in GTs,
the role of variable signal intensity in the construction of

sustained attention tasks requires comment. To effec-
tively tax the capacity for sustained attention, signals of
variable intensity serve to limit the manifestation of a fixed
perceptual sensitivity threshold and, thereby, increase
mental workload and foster a performance decline over
time (Parasuraman and Mouloua, 1987; Parasuraman et
al., 1987; Temple et al., 2000; Berardi et al., 2001). An ef-
fective dynamic signal intensity range typically would
include low-intensity signals that yield hit rates approach-
ing chance level. Thus, different hit rates to individual sig-
nal intensities per se do not indicate separate attention
modes; rather, they reflect the impact of variations of one
task parameter employed to tax sustained attention per-
formance (see also Lim et al., 2010; Chebolu et al., 2022).

Figure 5. Visualization of DREADD expression in HDB cholinergic and noncholinergic neurons (m-cherry, appearing red, indicates
the expression of the DREADD construct; Alexa 488, appearing green, indicates the presence of the VAChT). a, c, Low-magnifica-
tion photomicrographs (500-mm scale inserted) of a coronal section showing the HDB of a GT and a ST, respectively. These photo-
micrographs exemplify the dense presence of magnocellular cholinergic neurons (green) as well as numerous neurons expressing
the DREADD construct (red) or both markers. The areas marked by a whitish overlay in a and c are magnified in b and d, respec-
tively, and show several double-labeled neurons (yellow puncta). In b, a cholinergic neuron (green) not expressing the DREADD-re-
porter is also present. For the 10 GTs selected for histologic analyses, viral transfection efficacy and the degree of double-labeling
was significantly correlated for counts from the HDB (e) but not for the other two subregions. Moreover, the efficacy of DREADD ac-
tivation, in terms of decreases in hits, was significantly correlated with viral transfection efficacy in the HDB (f) but not for counts ob-
tained from the other two subregions. In none of the three subregions did the proportion of cholinergic neurons also expressing the
DREADD correlate with decreases in hits (data not shown). e and f also depict the transfection efficacy and decreases in hits in the three
STs selected for histologic analyses based on transfection efficacies that were comparable to those in GTs which showed the greatest
effects of DREADD activation on SAT performance.
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Variations of event rate, the insertion of nonsignal trials,
and rewarding not just hits but also correctly reported ab-
sences of signals (correct rejections) are additional means
to tax such performance (McGaughy and Sarter, 1995;
Echevarria et al., 2005).
In contrast to the on-off visual signals used in the

SAT, the perception of more complex visual stimuli
such as orientation-specific gratings or stimuli requiring
the detection of incremental contrast changes or binoc-
ular processing, critically depend on the integrity of pri-
mary visual cortical regions (Kang et al., 2014; Sheynin
et al., 2020; Goldbach et al., 2021). Thus, it seems un-
likely that inhibition of basal forebrain inputs to primary
visual regions (Huppé-Gourgues et al., 2018), and thus
primarily perceptual effects, contributed to the decrease in
hits in GTs. Furthermore, such potential, primary percep-
tual effects of DREADD inhibition would have been ex-
pected to manifest throughout a SAT session and not just
exclusively toward the end of such sessions, and it would
have been expected to likewise manifest in STs. As will be
discussed below, decreases in detection performance that
depend on the time-on-task are hypothesized to reflect ef-
fects on attentional control mechanisms, mediated in part
via inhibition of basal forebrain inputs to frontal-parietal
cortical regions (Serences et al., 2005; Rossi et al., 2007).
STs were previously demonstrated to attend to external

cues in accordance with a bias for bottom-up, or cue sali-
ence-driven, processing. In contrast, GTs may have mini-
mized the influence of cue salience on hit rates, perhaps by
applying relatively more goal-directed, decisional biases
(Phillips and Sarter, 2020). We may also exclude a relatively
lower motivation to perform as a source of the end-of-ses-
sion decline in STs, as omissions remained low overall and
did not differ between the phenotypes. We hypothesize,
therefore, that the performance difference between STs
and GTs toward the end of test sessions reflects, in STs,
an attention decrement that was contrasted with a rela-
tively superior and stable control of attentional perform-
ance in GTs.
There is a rich, albeit largely descriptive and speculative

literature on the cognitive capacities required to sustain
attention over long periods of time, and on the mecha-
nisms responsible for time-on-task associated increases
in distractibility, impulsive action, the rate of attentional
lapses or, to employ another theoretical construct, at-
tentional fatigue. Furthermore, time-on-task-dependent
decrements in attentional performance have often been
attributed to weak top-down control, that is, to the de-
cline of a set of operations that include: maintaining
task rules and goals in working memory; error monitor-
ing; weighing reward and reward loss against levels of
motivation; enhanced cue processing and distractor filtering;
and suppression of competitive behaviors (Parasuraman and
Mouloua, 1987; Hopfinger et al., 2000; Miller and Cohen,
2001; Miller and D’Esposito, 2005; Baluch and Itti, 2011;
Head and Helton, 2014; Esterman and Rothlein, 2019).
Theories which attempted to break out of the circular logic
that attributes vigilance decrements to weak top-down con-
trol, and solid top-down control to the relative superiority in
some mental capacity, have remained rare and typically

have continued to pose limited capacities for deploying sus-
tained attentional effort, specifically when computing the
benefits of alternative action (Braver, 2012; Kurzban et al.,
2013; Thomson et al., 2015; Esterman and Rothlein, 2019;
Chebolu et al., 2022). Thus, the time-on-task associated de-
cline of performance of STs, on the one hand, can readily be
discussed in terms of relatively poor top-down control (or,
conversely, of the relatively strong top-down control by GTs)
but, on the other hand, remains mechanistically unsettled
(for a computational model on the costs of maintaining ele-
vated attention across multiple trials of the SAT see Chebolu
et al., 2022).
The evidence in support of a cholinergic role in the de-

tection of signals and of a cholinergic abnormality of STs
may provide a more conclusive foundation for under-
standing the time-on-task decrement seen in STs. Early
studies on the effects of basal forebrain cholinergic le-
sions on hit rates (McGaughy et al., 1996), trial-specific
recordings of cholinergic activity and associated oscilla-
tory activity (Parikh et al., 2007; Howe et al., 2013, 2017)
and, more recently, effects of optogenetic generation or
suppression of cholinergic activity on hit rates (Gritton et
al., 2016), have consistently indicated that scoring hits in
such tasks, but not correctly reporting the absence of sig-
nals, requires cholinergic activation of frontal cortices.
Collectively, this evidence has given rise to the view that
the release of acetylcholine (ACh) in such tasks is bound,
on the scale of seconds, to specific trials (hits), as op-
posed to prior views that ACh primarily modulates target
regions, over minutes, to influence a behavioral state (for
more discussion see Sarter and Lustig, 2020). In such
tasks, cholinergic signaling evokes high-frequency oscil-
lations via stimulation of muscarinic M1 postsynaptic re-
ceptors, and this effect is thought to mobilize neuronal
networks involved in cue-based decisions to execute a hit
(Howe et al., 2017).
Over longer periods of time, cholinergic synapses in

STs may exhibit a reduction in signaling capacity, for the
following reasons. Studies addressing a potential defi-
ciency of the capacity for cholinergic signaling in STs dem-
onstrated that, at baseline, the plasma membrane density
of CHTs is similar in STs and in GTs (Koshy Cherian et al.,
2017). However, depolarization of synaptic terminals in
cortex in vivo, over 15min, tripled ACh release in GTs but
only doubled it in STs, and this attenuated release in STs
was attributed to a reduced rate with which CHTs translo-
cate from intracellular domains into the synaptosomal plas-
ma membrane (Koshy Cherian et al., 2017). This evidence
may be consistent with the present finding that, during the
early trials of SAT sessions, hit rates did not differ between
STs and GTs. In contrast, following an extended period of
continuous performance, approaching 120 trials total, the
CHT trafficking deficit in STs may have limited the capacity
of cholinergic synapses to continue supporting the scoring
of hits. Thus, this neuro-mechanistic interpretation attrib-
utes the performance decrement in STs to a progressively
declining capacity of cholinergic neurons to support the
detection of signals (see further below for a discussion of
interactions between cholinergic and noncholinergic basal
forebrain systems).
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The proposed neuro-mechanistic foundation of the at-
tentional control decline seen in STs suggests significant
limitations for conventional strategies designed to rescue
or improve the SAT performance of STs. Stimulation of
cholinergic neurons may not overcome the fundamental
capacity limit imposed by the CHT outward trafficking
limit. Likewise, conventional strategies to elevate synaptic
and extra-synaptic levels of ACh by, for example, inhibiting
acetylcholinesterase, would disregard the highly phasic na-
ture of cholinergic communication (Sarter and Lustig,
2020). Elevated levels of extracellular ACh would further
disrupt the synaptic dialogue via stimulation of autoinhibi-
tory presynaptic muscarinic M2 receptors (Sarter, 2015).
More promising strategies to effectively enhance choliner-
gic processing and rescue the SAT performance of STs
may require first a clarification of the cellular basis of the
CHT trafficking deficit in STs, and a normalization of the ac-
tivity-dependent population of synaptic plasma membrane
with functional CHTs.
The present histologic analyses indicated that inhibition

of the HDB as a whole, not just of its cholinergic projections
to medial frontal and retrosplenial cortices (Gyengesi et al.,
2013; Gielow and Zaborszky, 2017), was closely associ-
ated with the CNO-induced decrease in hit rates in GTs
that manifested toward the end of the test sessions. This
finding may be considered to conflict with the focus on
cholinergic signaling capacity limits as a key neuronal
mechanism underlying the relatively poor hit rates in STs
late in the session. However, the impact of neither a CHT
abnormality, nor the effects of selective optogenetic inhibi-
tion of basal forebrain cholinergic neurons (Gritton et al.,
2016) or of chemogenetic inhibition of selectively these
neurons, are likely to remain restricted to cholinergic ac-
tivity (Miesenbock, 2009). Indeed, local interconnectivity
within the basal forebrain between cholinergic and non-
cholinergic cells, in part via multiple populations of in-
terneurons, as well as long-loop feedback connections
directly from cortex and via multiple intermediate re-
gions, together are extremely likely to co-modulate the
activity of cholinergic and noncholinergic projections
(Duque et al., 2000; Sarter and Bruno, 2002; Zant et
al., 2016; Gielow and Zaborszky, 2017; Yang et al.,
2017; Anaclet et al., 2018). Consistent with this view, re-
sults from numerous experiments indicated that cholin-
ergic and noncholinergic projection systems function in
overlapping or complementary ways to support complex
behaviors, including SAT performance (Burk and Sarter,
2001; Lin et al., 2006; Lin and Nicolelis, 2008; Avila and
Lin, 2014; Tingley et al., 2018; Hwang et al., 2019).
CNO-induced DREADD activation in GTs reproduced

the time-on-task associated decrease in hit rates seen in
untreated STs. Although the relative subtlety of this effect
may have been unexpected (but see Miesenbock, 2009),
the performance of GTs may have been partially pro-
tected against the effects of DREADD activation based on
compensatory top-down capacities. Eventually, late into
the test session, this “cognitive reserve” may have re-
mained insufficient to stem the impact of inhibition of the
basal forebrain, including inadequate reloading of cholin-
ergic synapses (above), yielding a decline in detection

rates. CNO did not further reduce the hit rate in STs (Fig.
4b), despite equivalent transfection efficacy in the HDB
(see Results). Previous studies reported the lack of in-
creases in ACh release in STs in response to exposure
to a Pavlovian cocaine cue (Pitchers et al., 2017b), the
absence of effects of basal forebrain cholinergic lesions
on the response of STs to a cocaine reinstatement cue
(Pitchers et al., 2017a), and of effects of basal forebrain
chemogenetic inhibition on complex movement control
in STs (Kucinski et al., 2019). The results from these prior
and the present study collectively suggest that STs can
perform these tasks, at least for a relatively limited time
and to a degree, without depending essentially on recruit-
ing functionally acting top-down, basal forebrain-cortical
and cortical-subcortical systems (Campus et al., 2019).
The finding that humans expressing a genetic CHT variant,
known to limit cholinergic signaling under taxing conditions
(Donovan et al., 2022), perform the SAT at wild-type levels
but, in contrast to the latter, without activating a key corti-
cal node of the brain’s dorsal attention system (Berry et al.,
2015) is consistent with the idea that variations in choliner-
gic capacities are associated with differential cognitive
strategies and resources deployed to sustain attention.
The present results extend the conceptualization of

sign tracking and goal tracking as behavioral indices of
broader opponent traits, or cognitive styles (Sarter and
Phillips, 2018). Limitations in the ability to sustain atten-
tion, including the contributions of attentional lapses and
attentional fatigue to performance decline, are consid-
ered essential components in the relative weakness of
STs to resist approaching and operating drug cues, and
of the cognitive vulnerabilities of humans with substance
use disorder (Tomasi et al., 2007; Field and Cox, 2008;
Romens et al., 2011). Moreover, STs exhibit a bias for
the (dopaminergic) processing of the motivational attrib-
utes of drug cues (for evidence from human sign-track-
ers see Colaizzi et al., 2020; Schad et al., 2020; Cope et
al., 2023), thereby further increasing the perceived sali-
ence of such cues and reducing resistance toward ap-
proaching and using such cues. In contrast, GTs deploy
more effective top-down strategies to sustain attention
and, more generally, seem to employ a “colder” analysis
of the utility of cues for goal-directed behavior, com-
bined with relatively low levels of (dopaminergic) proc-
essing of incentive values of drug cues (Pitchers et al.,
2017b). In addition to the relevance of these animal mod-
els of opponent cognitive styles to study the neuronal
mechanisms underlying vulnerability for and resistance
against, respectively, repeated addictive drug use, re-
search on STs and GTs may assist in revealing differen-
tial risks for a wide range of neuropsychiatric disorders
(Robbins et al., 2012).
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