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Abstract 28 

Stimuli associated with taking drugs are notorious instigators of relapse. There is, 29 

however, considerable variation in the motivational properties of such stimuli, both as a 30 

function of the individual and the nature of the stimulus. The behavior of some 31 

individuals (sign-trackers, STs) is especially influenced by cues paired with reward 32 

delivery, perhaps because they are prone to process information via dopamine-33 

dependent, cue-driven, incentive salience systems. Other individuals (goal-trackers, 34 

GTs) are better able to incorporate higher-order contextual information, perhaps 35 

because of better executive/attentional control over behavior, which requires frontal 36 

cortical cholinergic activity. We hypothesized, therefore, that a cue that ‘sets the 37 

occasion’ for drug-taking (a discriminative stimulus, DS) would reinstate cocaine-38 

seeking more readily in GTs than STs, and that this would require intact cholinergic 39 

neurotransmission. To test this, male STs and GTs were trained to self-administer 40 

cocaine using an Intermittent Access schedule with periods of cocaine availability and 41 

unavailability signaled by a DS+ and a DS-, respectively. Thereafter, half the rats 42 

received an immunotoxic lesion that destroyed 40-50% of basal forebrain cholinergic 43 

neurons, and later, after extinction training, were tested for the ability of non-contingent 44 

presentations of the DS+ to reinstate cocaine-seeking behavior. The DS+ was much 45 

more effective in reinstating cocaine-seeking in GTs than STs, and this effect was 46 

abolished by cholinergic losses, despite the fact that all rats continued to orient to the 47 

DS+. We conclude that vulnerability to relapse involves interactions between individual 48 

cognitive-motivational biases and the form of the drug cue encountered. 49 

Significance Statement 50 

The most predictable outcome of a diagnosis of addiction is a high chance for relapse. 51 

When addicts encounter cues previously associated with drug, their attention may be 52 

unduly attracted to such cues, and these cues can evoke motivational states that 53 

instigate and maintain drug-seeking behavior. While sign-tracking rats were previously 54 

demonstrated to exhibit greater relapse vulnerability to pavlovian drug cues paired with 55 

drug delivery, here we demonstrate that their counterparts, the goal-trackers, are more 56 

vulnerable if the drug cue acts to signal drug availability, and that the forebrain 57 

cholinergic system mediates such vulnerability. Given the importance of contextual cues 58 
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for triggering relapse and the human cognitive-cholinergic capacity for the processing of 59 

such cues, goal-trackers model essential aspects of relapse vulnerability. 60 

 61 

  62 
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INTRODUCTION 63 

If cues associated with the administration of drugs of abuse are attributed with incentive 64 

salience they can acquire considerable control over motivated behavior. For example, 65 

they can facilitate ongoing drug-taking behavior, and after a period of abstinence, they 66 

can reinstate drug-seeking behavior, producing relapse (Robinson and Berridge, 1993; 67 

Milton and Everitt, 2010). There is, however, considerable variation in the extent to 68 

which reward cues acquire motivational properties, both across individuals and as a 69 

function of the form of the cue itself (Meyer et al., 2012; Robinson et al., 2014; 70 

Saunders et al., 2014; Singer et al., 2016). Some rats (sign-trackers, STs) are 71 

especially prone to attribute incentive salience to discrete, localizable food or drug cues 72 

paired with reward delivery (conditioned stimuli, CSs), as indicated by their tendency to 73 

approach such cues, their willingness to exert effort to obtain them, and the ability of 74 

such cues to reinstate reward-seeking behavior. In contrast, goal-trackers (GTs) are 75 

more likely to approach the location of reward delivery in a pavlovian conditioned 76 

approach task. Interestingly, contextual cues gain greater control over behavior in GTs 77 

than STs, as indicated by greater cocaine context-induced hyperactivity, greater 78 

context-induced renewal of cocaine-seeking behavior (Saunders et al., 2014) and 79 

greater context fear conditioning (Morrow et al., 2011).  80 

These studies have led to the idea that different individuals process motivationally 81 

salient information in different ways, and by different neural systems (Clark et al., 2012; 82 

Robinson et al., 2014; Flagel and Robinson, 2017) and thus may be sensitive to 83 

different ‘triggers’ of relapse. Discrete cue-dominated behavior in STs is dopamine 84 

(DA)-dependent (Flagel et al., 2011; Saunders and Robinson, 2012), associated with 85 

poor top-down executive control over behavior (Paolone et al., 2013), action impulsivity 86 

(Lovic et al., 2011), and relatively unresponsive cholinergic signaling in cortex (Koshy 87 

Cherian et al., 2017). This may all reflect a dominance of ‘bottom-up’ motivational 88 

control over behavior in STs. In contrast, GTs appear to utilize a more cognitive, or top-89 

down analyses of the stimulus situation that is not DA-dependent. Consistent with the 90 

hypothesis that elevated cholinergic capacity in GTs mediates top-down control, 91 

attenuation of cholinergic activity increases the propensity for sign-tracking (Koshy 92 

Cherian et al., 2017). Top-down biases in GTs may involve so-called “model-based” 93 
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processes that more readily incorporate higher-order information, such as changes in 94 

context, and lead to explicit cognitive expectations of reward (Flagel et al., 2009; Clark 95 

et al., 2012).  96 

In addition to discrete CSs, a class of cues that is very important in producing craving 97 

and relapse in addicts are those that signal drug availability, or ‘set the occasion’ for 98 

drug-taking (Crombag et al., 2008). ‘Occasion-setters’, or in operant parlance, 99 

discriminative stimuli (DSs), are potent instigators of relapse, even after very long 100 

periods of abstinence (e.g., Weiss et al., 2000). Such stimuli are thought to exert higher-101 

order hierarchical control over behavior (Rescorla, 1988) and are also thought to share 102 

many properties of contextual stimuli (Weiss, 2005; Trask et al., 2017). We 103 

hypothesized, therefore, that a DS+ signaling cocaine availability would reinstate 104 

cocaine-seeking behavior more readily in GTs but not STs. Furthermore, we 105 

hypothesized that interfering with cortical cholinergic neurotransmission would interfere 106 

with DS+-evoked cocaine-seeking in GTs, but given this system is very unresponsive in 107 

STs, they may be relatively immune to a cholinergic manipulation. These hypotheses 108 

were tested using an Intermittent Access (IntA) cocaine self-administration procedure in 109 

which a DS+ predicted drug availability and a DS- drug unavailability (Zimmer et al., 110 

2012; Kawa et al., 2016). Following extinction, the ability of non-contingent presentation 111 

of the DS+ to reinstate cocaine-seeking behavior was assessed in STs and GTs, with or 112 

without cholinergic losses. The results support our hypotheses and emphasize that STs 113 

and GTs may model different vulnerabilities for addiction, which is important given that 114 

in the ‘real world’ drug users with different psychological/cognitive ‘styles’ encounter 115 

diverse kinds of drug cues that can trigger cravings and expectations via different 116 

cognitive and neuronal mechanisms. 117 

 118 

METHODS 119 

Animals  120 

A total of 128 Sprague-Dawley rats (Envigo, Indianapolis, IN) were used. Rats weighed 121 

250-275 g upon arrival and were individually housed in Plexiglas cages, on a 12-h 122 

light/12-h dark cycle (lights on at 0800 hr), with regulated temperature and humidity. We 123 
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previously reported that the expression of the ST/GT phenotype in Sprague Dawley and 124 

Heterogeneous Stock rats is not affected by sex (Pitchers et al., 2015) and thus male 125 

rats were used for the present experiments. After arrival, rats were given one week to 126 

acclimate to the colony room before experimentation commenced. Food (Rodent Chow, 127 

Laboratory Rodent Diet 5001, LabDiet) and water were available ad libitum until the 128 

onset of cocaine self-administration. Starting 2 days before the first day of self-129 

administration access to food was controlled (~20-24 g of regular chow per day) to 130 

maintain a stable body weight throughout testing, and preventing the unhealthy obesity 131 

associated with long-term ad libitum feeding in male rats (Rowland, 2007). All 132 

procedures were approved by the University of Michigan Institutional Animal Care and 133 

Use Committee and were conducted in laboratories accredited by the Association for 134 

Assessment and Accreditation of Laboratory Animal Care. 135 

Phenotyping GTs and STs  136 

Apparatus. Med Associates test chambers (20.5 cm x 24.1 cm floor area, 29.2 cm high; 137 

Med Associates, St. Albans, VT) were used for Pavlovian Conditioned Approach (PCA) 138 

training (Meyer et al., 2012; Pitchers et al., 2017). Each chamber was equipped with a 139 

food receptacle located 2.5 cm above the floor in the center of the wall. A catch tray 140 

filled with corn cob bedding was located underneath the floor, which was constructed 141 

from stainless steel rods. A red house light was located on the wall opposite the food 142 

receptacle and remained on for the duration of training sessions. A retractable lever 143 

(Med Associates) was located approximately 2.5 cm to the left or right of the food 144 

receptacle, 6 cm above the floor. The side of the lever with respect to the food 145 

receptacle was counter-balanced across boxes. A white LED was located inside the 146 

lever housing and was used to illuminate the slot through which the lever protruded 147 

when it was extended. The lever required a ~15 g force to deflect, such that most 148 

contacts with the lever were recorded as a ‘lever press’. The pellet dispenser (Med 149 

Associates) delivered one-45 mg banana-flavored food pellet (Bio-Serv®, #F0059, 150 

Frenchtown, NJ) into the food receptacle at a time. Head entry into the food receptacle 151 

was recorded each time a rat broke the infrared photobeam located inside the 152 

receptacle (approximately 1.5 cm above the base of the food cup). Each conditioning 153 

chamber was located in a sound-attenuating enclosure and background noise was 154 
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supplied by a ventilating fan. Data collection was controlled by Med-PC software. 155 

PCA training. During the initial one-week acclimation period, rats were handled 156 

regularly. All training sessions were conducted during the 12-hr lights-on period. Prior to 157 

the start of training, ~20 banana-flavored food pellets were placed into the rats’ home 158 

cages to familiarize the animals with this food. For pre-training, rats were placed into the 159 

test chamber with a red houselight illuminated, and while the lever remained retracted 160 

twenty-five food pellets were delivered on a variable interval (30 s) schedule to assure 161 

that rats reliably retrieved pellets from the receptacle.  162 

During a PCA training session, each individual trial consisted of the insertion of the 163 

illuminated lever (CS) into the chamber for 8 s and, immediately following the retraction 164 

of the lever, the activation of the pellet dispenser caused the delivery of a single food 165 

pellet (unconditioned stimulus, US) into the food receptacle. The intertrial interval (ITI) 166 

started immediately following the retraction of the lever. The CS was presented on a 167 

variable interval 90 s schedule such that one presentation of the CS occurred on 168 

average every 90 s, but the actual time between CS presentations varied randomly 169 

between 30 and 150 s. Each pavlovian training session consisted of 25 trials, yielding 170 

35-40 min sessions. PCA training was conducted over 5 consecutive days. For each 171 

trial the following measures were taken: (i) number of lever deflections (contacts), (ii) 172 

latency to first lever deflection, (iii) number of head entries into the food cup (referred to 173 

as food cup entries) during presentation of the CS, (iv) latency to the first cup entry 174 

following CS presentation, and (v) number of cup entries during the ITI. All animals 175 

included in the final analysis consumed all food pellets during each training session.  176 

At the conclusion of PCA training the propensity of each individual rat to approach the 177 

lever-CS vs the food cup during the CS period (i.e., sign-tracking or goal-tracking 178 

conditioned response, CR) was calculated using a PCA Index score, as previously 179 

described (Meyer et al., 2012). Briefly, the PCA Index score consisted of averaging 180 

three measures of conditioned approach: (i) the probability of contacting either the 181 

lever-CS or food cup during the CS period [P(lever) – P(food cup)]; (ii) the response 182 

bias for contacting the lever-CS or the food cup during the CS period [(#lever-CS 183 

contacts - #food up contacts)/(#lever-CS contacts + #food cup contacts)]; and (iii) the 184 

latency to contact the lever-CS or the food cup during the CS period [(food cup contact 185 
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latency – lever-CS contact latency)/8]. Averaging these three measures produces PCA 186 

Index scores along a scale ranging from -1.0 to +1.0, where +1 indicates an animal 187 

made a sign-tracking CR on every trial and -1 a goal-tracking CR on every trial, and 0 a 188 

50:50 distribution of sign- and goal-tracking CRs. For the purpose of classification, rats 189 

with an averaged PCA Index score from days 4 and 5 ranging from -1.0 to -0.5 were 190 

operationally defined as GTs (i.e., rats more likely to direct behavior towards food cup 191 

than lever), and rats with a PCA Index score between +0.5 and +1.0 were designated 192 

as STs (i.e., rats more likely to direct behavior towards the lever-CS than food cup). Of 193 

the rats screened for PCA behavior, 19 STs and 17 GTs were used in the experiment 194 

described below.  195 

Intravenous catheter surgery 196 

Following PCA training, chronic indwelling catheters were implanted into the right 197 

jugular vein of all rats, as described previously (Crombag et al., 2000). Briefly, animals 198 

were anesthetized initially with 5% isoflurane in an anesthetic chamber 199 

(Anesco/Surgivet) then maintained with 2% isoflurance via nose cone. Gas was carried 200 

via oxygen at a flow rate of 0.6 L/min. Animals’ body temperatures were maintained at 201 

37oC using Deltaphase isothermal pads (Braintree Scientific) and ophthalmic ointment 202 

was provided for lubrication of the eyes. Post-operative pain was managed with 203 

carprofen (5 mg/kg, s.c.). The catheter exited through the dorsal skin surface between 204 

scapulae. Following surgery, catheters were flushed daily with 0.2 mL of sterile saline 205 

containing 5 mg/mL gentamicin sulfate (Vedco) to prevent occlusions and minimize 206 

infections. Catheter patency was tested periodically by intravenous (IV) injection of 0.15 207 

mL of methohexital sodium (10 mg/mL in sterile water; JHP Pharmaceuticals). Animals 208 

were removed from the experiment if they failed to become ataxic after infusion.   209 

Cocaine self-administration 210 

Apparatus. Cocaine self-administration, extinction and reinstatement testing was 211 

conducted in behavioral chambers identical to those used for PCA training but equipped 212 

with different manipulanda and programmable features. The food cup and lever were 213 

removed from the chamber and replaced with two nose ports located 3 cm above the 214 

floor on the left and right sides of the wall opposite the red houselight. The side of the 215 

nose port deemed “active” was counterbalanced between rats. Two identical LED 216 
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stimulus lights (Med Associates) were placed on the front and back walls. The front cue 217 

light was located centrally between the two nose poke ports but 8 cm above the floor. 218 

The location of the back cue light mirrored the front cue light, but below the red 219 

houselight. A syringe pump, located outside the sound attenuating chamber and 220 

connected to the rats’ catheter back ports, delivered cocaine infusions. The infusion 221 

tubing was suspended into the chamber via a swivel mechanism, which allowed free 222 

movement in the chamber.  223 

Acquisition of cocaine self-administration. Following implantation of chronic indwelling 224 

catheters and a recovery period (~7 days), rats were trained to make an instrumental 225 

response (nose poke into the active nose port) to receive an intravenous injection of 226 

cocaine hydrochloride over 2.8 s (0.4 mg/kg/infusion, weight of the salt, dissolved in 227 

sterile saline (0.9%); NIDA, MD) on a fixed ratio (FR) 1 schedule of reinforcement, with 228 

20 s timeout following each infusion. Responses into the active nose poke port during 229 

the timeout, or into the inactive port at any time, had no programmed consequence but 230 

were recorded. Importantly, no explicit experimenter-provided cue (CS) was associated 231 

with drug infusion during self-administration sessions. Rather than restricting the length 232 

of session, rats were required to earn a fixed number of infusions during each session 233 

(infusion criteria, IC), which increased across days (IC10, IC20, IC40). Session length 234 

was determined by number of infusions to ensure that all rats received the same 235 

amount of drug during self-administration training. Animals had 3 sessions at IC10 and 236 

IC20, and then 5 sessions at IC40.  237 

Intermittent access cocaine self-administration. Following acquisition of cocaine self-238 

administration, rats were moved onto an Intermittent Access (IntA) self-administration 239 

schedule previously shown to generate high levels of motivation for cocaine (Zimmer et 240 

al., 2012). Rats were placed into the behavioral chamber with the red houselight 241 

illuminated for two minutes before the beginning of the first 5-min Drug Available period, 242 

signaled by the illumination of the cue light located on the front wall. This cue light thus 243 

served as a discriminative stimulus signaling drug availability (DS+). When the DS+ was 244 

present a response into the active port caused the administration of a single infusion of 245 

cocaine (0.4 mg/kg/infusion over 2.8 s) on a FR1 schedule, and again, no experimenter-246 

provided cue was paired with drug-delivery. Apart from this 2.8 s infusion interval during 247 
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which the pump was on, no timeout was imposed to limit the number or timing of 248 

infusions within a Drug Available (DS+) period. After the 5-min Drug Available period, 249 

the DS+ was turned off and the cue light on the back wall was turned on. This cue light 250 

served as a discriminative stimulus indicating drug unavailability (DS-). During the 25-251 

min No-Drug Available (DS-) period nose pokes were recorded for each port, but 252 

responses in neither had any consequence. After 25 min the DS- was turned off and 253 

DS+ was turned on again to signal another 5-min Drug Available period. Each IntA self-254 

administration session consisted of 8 Drug Available (DS+) and 8 No-Drug Available 255 

(DS-) periods resulting in a 4 hr session. This self-administration procedure results in a 256 

series of spiking brain cocaine concentrations, rapidly rising and returning back to 257 

baseline prior to the next Drug Available period (for the pharmacokinetic profile 258 

produced by this method see Fig. 1 in Zimmer et al., 2012; see also Fig. 2 in Allain et 259 

al., 2017). Each rat underwent IntA cocaine self-administration for 14 consecutive daily 260 

sessions. 261 

Extinction (before surgery)  262 

After the last IntA self-administration session, rats underwent 7 daily 1-hr sessions of 263 

extinction training. Under extinction conditions responses into either nose port had no 264 

scheduled consequence (no drug) and neither the DS+ nor DS- were illuminated. 265 

Following completion of initial extinction training, all animals underwent surgery to lesion 266 

basal forebrain cholinergic neurons, or sham surgery.  267 

Infusions of 192 IgG-saporin 268 

Animals were anesthetized initially with 5% isoflurane in an anesthetic chamber 269 

(Anesco/Surgivet) then maintained with 2% isoflurance via nose cone. Gas was carried 270 

via oxygen at a flow rate of 0.6 L/min. The animals were mounted into a stereotaxic 271 

instrument (David Kopf Instruments). Animals’ body temperatures were maintained at 272 

37oC using Deltaphase isothermal pads (Braintree Scientific) and ophthalmic ointment 273 

was provided for lubrication of the eyes. Post-operative pain was managed with 274 

carprofen (5 mg/kg, s.c.). Infusions were made using a 30-gauge needle attached to a 275 

1-μL Hamilton syringe mounted on a stereotaxic arm. The cholinotoxic immunotoxin 192 276 

IgG-saporin (SAP; Advanced Targeting System) was suspended in aCSF. Each rat 277 

received bilateral bolus infusions of the toxin (200 ng/μL; 0.5 μL/hemisphere), or aCSF, 278 
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into the basal forebrain, targeting the nucleus basalis of Meynert (nbM), substantia 279 

innominate (SI), magnocellular preoptic area (MCPO) and the horizontal diagonal band 280 

(HDB) (relative to bregma: AP: 0.8 mm; ML: ±2.9 mm; DV: -6.8 mm from skull). The 281 

needle was left in position for 5 min post-infusion to foster absorption of the toxin. 282 

Surgical clips were used to close the incision (removed 7 days later) and a topical 283 

antibiotic (Neosporin) was applied to the wound. This procedure yielded four 284 

experimental groups: STs sham (n=10), STs SAP (n=9), GTs sham (n=9) and GTs SAP 285 

(n=8). 286 

Re-extinction and reinstatement  287 

Because spontaneous recovery of drug-seeking can occur following a period of 288 

abstinence (Shaham et al., 1997), three weeks following lesion surgery, animals 289 

underwent 5 additional extinction sessions (re-extinction), using extinction training 290 

conditions that were identical to those used pre-surgery. This extinction training was 291 

followed on the next day by a single 1-hr test for DS+ induced reinstatement of drug-292 

seeking behavior. During this session, the DS+ was repeatedly presented non-293 

contingently for 2 s with a variable ITI of 15-45 s. The rats’ responses were recorded but 294 

had no programmed consequence. Reinstatement was assessed by an increase in 295 

responding during the session in which the DS+ was presented, relative to that on the 296 

last day of extinction, and we were primarily interested in whether this differed between 297 

STs and GTs. 298 

In addition to the automated measures of behavior, the rats were recorded using a 299 

digital video recording system and videos were subsequently scored offline. For 300 

technical reasons, videos were available only for a subset of rats/sessions (STs sham, 301 

n=5; STs SAP, n=5; GTs sham, n=3; GTs SAP, n=6). An orienting response was scored 302 

if the rat made a head and/or body movement in the direction of the DS when it was 303 

presented, regardless of whether the rat approached the DS. We also recorded when 304 

active responses were made relative to DS+ presentations (during a period of 4 s post 305 

DS+, and during a 26-s period while the DS+ was not present). Furthermore, we 306 

recorded whether an active response was made during or immediately following an 307 

orientation response to the DS+. 308 

Histological analyses 309 
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At the conclusion of the experiment, animals were deeply anesthetized using sodium 310 

pentobarbital (270 mg/kg; i.p.) and perfused intracardially with 50 mL of 0.9% saline, 311 

followed by 500 mL of 4% paraformaldehyde in 0.1 M phosphate buffer (PB). Brains 312 

were removed and post-fixed for 1 hr at 4oC in the same fixative, then immersed in 20% 313 

sucrose and 0.01% sodium azide in 0.1 M PB and stored at 4oC. Coronal sections (40 314 

m) were cut with a freezing microtome (SM 2000R; Leica), collected in four parallel 315 

series in cryoprotectant solution (30% sucrose and 30% ethylene glycol in 0.1 M PB) 316 

and stored at -20oC until additional processing.  317 

Sections of all animals were used to verify the extent of the lesion. Free floating 318 

sections were washed extensively with 0.1 M phosphate-buffered saline (PBS; pH 7.3-319 

7.4) between incubations. Sections were exposed to 1% H2O2 for 10 min at room 320 

temperature (RT) to destroy endogenous peroxidases then blocked in PBS+ incubation 321 

solution, which was PBS containing 0.1% bovine serum albumin (Jackson 322 

ImmunoResearch Laboratories, West Grove, PA) and 0.4% Triton X-100 (Sigma-323 

Aldrich) for 1 hr. After blocking in PBS+, sections were incubated overnight at RT in a 324 

goat anti-ChAT polyclonal antibody (1:500 in PBS+; EMD Millipore, Merck KGaA, 325 

Darmstadt, Germany). Sections were then incubated for 1 hr in biotin-conjugated rabbit 326 

anti-goat IgG (1:500 in PBS+; Vector Laboratories, Burlingame, CA, USA) and then 1 hr 327 

in avidin-biotin-horseradish peroxidase (ABC elite; 1:1000 in PBS; Vector Laboratories, 328 

Burlingame, CA, USA). Following ABC incubation, the peroxidase complex was 329 

visualized after treatment to a chromogen solution containing 0.02% 3,3’-330 

diaminobenzidine tetrahydrochloride (DAB; Sigma-Aldrich, St. Louis, MO) in 0.1 M PB 331 

with hydrogen peroxide (0.015%) for 10 min. Sections were washed thoroughly in 0.1 M 332 

PB to terminate the reaction and mounted onto coded Superfrost plus glass slides 333 

(Fisher, Pittsburgh, PA) with 0.3% gelatin in ddH20. Following dehydration, all slides 334 

were cover-slipped with DPX mounting medium (dibutyl phthalate xylene; Electron 335 

Microscopy Sciences, Hatfield, PA). 336 

To verify the placement and degree of cholinergic losses, a semi-quantitative estimate 337 

of the number of residual cholinergic neurons, as indicated by number choline 338 

acetyltransferase-immunoreactive (ChAT-IR) neurons, was generated. An average of 339 

10 sections per brain was examined, with the range of levels extending from 340 
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approximately -0.2 mm relative to bregma to -1.5 mm relative to bregma. Additionally, 341 

the basal forebrain of each section was divided into two major subregions consisting of 342 

the nucleus basalis of Meynert (nbM) and the ventral basal forebrain (vbf, magnocellular 343 

preoptic area and horizontal diagonal band) (Paxinos and Watson, 2007). Images of 344 

each of the sections were taken at 10X using a Leica DM400B digital microscope. Cell 345 

counts for the nbM were included within a 1400 μm x 1600 μm area and for the vbf 346 

within a 800 μm x 2150 μm region. ChAT-IR cells were also counted in the vertical limb 347 

of the diagonal band (within a 150 μm x 300 μm) region to determine whether the toxin 348 

also affected cholinergic projections to the hippocampus. Cell counts from both 349 

hemispheres were averaged. Sections were grouped by their anterior-posterior (AP) 350 

position relative to bregma in the following ranges: -0.2 mm to -0.5 mm, -0.6 mm to -0.9 351 

mm, -1.0 mm to -1.2 mm and -1.3 to -1.5 mm. Cell counts from images within a given 352 

range were averaged to produce a single estimate of residual cell numbers per range. 353 

The point tool on ImageJ was used to count each ChAT-IR neuron in each image. Two 354 

individuals blind to the experimental groups counted all ChAT-positive cells; the cell 355 

counts of the two counters were averaged. 356 

Experimental design and statistical analysis  357 

The present experiments were designed to test the explicit hypotheses that (1) a DS+ 358 

would evoke drug-seeking behavior to a greater extent in GTs than STs, and (2) that 359 

DS+-evoked drug-seeking behavior in GTs, but not STs, would be attenuated by 360 

forebrain cholinergic depletion. Therefore, experimental groups consisted of STs and 361 

GTs that were selected from outbred rats using an established PCA test and criteria for 362 

categorization of the phenotypes. Furthermore, STs and GTs were randomly assigned 363 

to receive either infusions of the cholinotoxin or vehicle into the basal forebrain. As 364 

indicated in Animals, there are not marked sex differences in the expression of the 365 

ST/GT phenotype is not affected by sex (Pitchers et al., 2015) and thus experiments 366 

were conducted using male rats. Final group sizes were n=17 GTs (9 sham, 8 SAP) and 367 

n=19 STs (10 sham, 9 SAP).  368 

The primary results from this study concern the number of responses to the active port 369 

in sham-operated and lesioned STs and GTs (Fig. 6). Analysis of variance was used to 370 

analyze active/inactive responses made during the DS+ reinstatement test. Linear 371 
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mixed-models (LMM) analysis was used for all repeated measures data. The covariant 372 

structure was explored and modeled for each dependent variable. The best fitting model 373 

of repeated measures covariance was determined by the lowest Akaike information 374 

criterion score (West, 2006). Significant main effects and interactions are indicated with 375 

uncorrected degrees of freedom to maintain the transparency of the experimental 376 

design (Sarter and Fritschy, 2008). When main effects were found, post hoc 377 

comparisons were made (Bonferroni test) and alpha was set at 0.05. For the analysis of 378 

reinstatement behavior, effects sizes (Cohen’s d) are also reported. In accordance with 379 

prior recommendations, exact P values are reported whenever applicable (Greenwald et 380 

al., 1996).  381 

 382 

RESULTS 383 

PCA performance-based phenotyping 384 

Distinct phenotypes emerged as a result of PCA training, as reported previously (Flagel 385 

et al., 2009; Meyer et al., 2012). Rats classified as GTs, based on average PCA scores 386 

from sessions 4 and 5 (Fig. 1), rarely approached the lever-CS but instead, over the 5 387 

training sessions, learned to reliably and rapidly approach the food cup (Fig. 2b,d,f). 388 

Conversely, STs learned to preferentially and rapidly approach and contact the lever 389 

(Fig. 2a,c,e; note that Figs. 1 and 2 do not show data from intermediate rats). These 390 

food cup- or lever (CS)-directed behaviors increased across training days for GTs and 391 

STs, respectively (Figs. 1, 2). The resulting STs (n=19) and GTs (n=17) had PCA Index 392 

scores between +0.53 to +0.88 (mean±SEM: +0.70±0.03) and -0.60 to -0.94 (-393 

0.82±0.03), respectively.  394 

 395 

---------------------------------------------- 396 

Insert Figures 1 and 2 about here 397 

---------------------------------------------- 398 

 399 

Acquisition of cocaine self-administration  400 

Following PCA training, rats were trained to self-administer cocaine using an infusion 401 
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criteria- (IC) based procedure (Saunders and Robinson, 2010). Animals were required 402 

to self-administer a fixed number of drug infusions each session (IC10, 20 or 40). Thus, 403 

any differences in the acquisition of cocaine self-administration would be evident with 404 

respect to the number of nose pokes into the active versus inactive port or the rate of 405 

self-administrations (average number of cocaine infusions taken per min). Across 406 

phenotypes, the number of active and inactive responses significantly increased and 407 

decreased across training, respectively (active: F(2,35)= 94.93, P<0.001; inactive: 408 

F(2,35)=6.96, P=0.003; Fig. 3a), whereas infusion rate remained steady across training 409 

(F(2,35)=1.24, P=0.30; Fig. 3b). STs and GTs did not differ in the acquisition of cocaine 410 

self-administration behavior, as indicated by a similar number of nose pokes into the 411 

active (F(1,35)=0.02, P=0.63) and inactive ports (F(1,35)=0.20, P=0.66; Fig. 3a), and by 412 

completing self-administration sessions within the same amount of time (F(1,35)=1.39, 413 

P=0.25; Fig. 3b; effects of phenotype x session on all measures: all F<0.52, all P>0.60). 414 

These results confirm previous findings that with this procedure STs and GTs do not 415 

differ in the acquisition of cocaine self-administration behavior (Saunders and Robinson, 416 

2010; Pitchers et al., 2017).  417 

 418 

---------------------------------------------- 419 

Insert Figure 3 about here 420 

---------------------------------------------- 421 

 422 

Intermittent access cocaine self-administration (IntA) 423 

Intermittent access cocaine self-administration training lasted for a total of 14 sessions. 424 

Both STs (n=19) and GTs (n=17) escalated total cocaine intake (number of infusions) 425 

between the 1st to 14th session (F(13,35)=6.07, P<0.001; Fig. 4a), consistent with 426 

previous reports (Kawa et al., 2016; Allain et al., 2017). STs self-administered a 427 

significantly higher number of infusions compared to GTs over these 14 sessions (main 428 

effect of phenotype: F(1,35)=4.85, P=0.035; phenotype x session: F(13,35)=1.49, 429 

P=0.18; Fig. 4a) but the number of responses to active ports increased over sessions in 430 

both STs and GTs, indicating that both phenotypes acquired the discrimination at the 431 
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same rate (main effect of session: F(13,35)=25.78, P<0.001; no effect of phenotype: 432 

F(1,35)=1.33, P=0.25; phenotype x session: F(13,35)=1.61, P=0.10; Fig. 4b). At the 433 

same time, inactive responses did not differ between the presence of the DS+ and the 434 

DS- (open symbols in Fig. 4b; all F<1.72, all P>0.5).  435 

By the final IntA session (# 14), the number of infusions did not differ between STs and 436 

GTs (F(1,35)=1.23, P=0.28) and did not vary by block (one block consisted of a 5-min 437 

period of DS+/drug availability and a 25-min period of DS-/no drug availability; 438 

F(7,35)=1.30, P=0.27; Fig. 4c). Importantly, by the final session (# 14), STs and GTs did 439 

not differ in the number of active responses made throughout the session 440 

(F(1,35)=2.00, P=0.17) and response rates indicated that both STs and GTs 441 

discriminated between Drug Available (DS+) and Drug Not Available (DS-) periods 442 

(main effect of stimulus condition: F(1,35)=51.89, P<0.001; phenotype x stimulus 443 

condition: (F1,35)=0.69, P=0.41; Fig. 4d; for this analysis, the number of responses 444 

during the 25-min DS- periods was divided by 5 to match the 5-min DS+ periods). 445 

During this last IntA session, the number of responses to the inactive port was generally 446 

low and did not differ by phenotype or stimulus condition (main effects and interaction; 447 

all F<1.36, all P>0.25; mean ± SEM: 0.46±0.10 inactive responses/5min).  448 

 449 

---------------------------------------------- 450 

Insert Figure 4 about here 451 

---------------------------------------------- 452 

 453 

Extinction of drug-seeking behavior 454 

The goal of extinction training was to reduce greatly the number of responses to the 455 

active as well as inactive nose ports so that the subsequent test of the effects of DS+ 456 

presentation were not confounded by persistent, phentoype-specific differences in 457 

response rates. Upon completion of all cocaine IntA self-administration training, rats 458 

underwent extinction training (7 sessions) during which an active response no longer 459 

resulted in a cocaine infusion. Extinction sessions were also void of any DS+/DS- 460 

presentations. The initial extinction training was conducted prior to surgery and 461 
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successfully attenuated drug-seeking behavior in both phenotypes (main effect of 462 

session; active responses: F(6,35)=5.23, P<0.001; inactive responses: F(6,35)=3.73, 463 

P=0.006; main effect of phenotype; active responses: F(1,35)=1.10, P=0.300; inactive 464 

responses: F(1,35)=1.14, P=0.29; session x phenotype: both F<0.82, both P>0.56; Fig. 465 

5a).  466 

---------------------------------------------- 467 

Insert Figure 5 about here 468 

---------------------------------------------- 469 

 470 

Following surgery, additional extinction training (re-extinction) was conducted to counter 471 

any spontaneous recovery of drug-seeking during the 3-week post-surgery recovery 472 

period. Re-extinction training occurred over 5 days and was found again to decrease 473 

drug-seeking behavior (main effect of session on responses to active port: 474 

F(4,35)=8.15, P<0.001). This effect was neither modulated phenotype or lesion (both 475 

F<2.95, both P>0.1) nor did the effects of session, phenotype and lesion interact 476 

significantly (F(4,35)=1.20, P=0.32). The number of inactive responses likewise 477 

decreased over sessions (F(4,35)=11.10, P<0.001) but there were no other main effects 478 

or interactions (all F<0.66, all P>0.62).   479 

Reinstatement of drug-seeking behavior by presentation of the DS+ 480 

Following extinction, rats were tested for the ability of the DS+ to reinstate drug-seeking 481 

behavior, above that during the last extinction session. During a 1-hr test session, the 482 

DS+ was presented for 2 s and successive presentations were separated by an ITI of 483 

15-45 s. Fig. 6a shows that presentation of the DS+ produced a greater reinstatement of 484 

drug-seeking behavior (more active responses) in sham-operated GTs than sham-485 

operated STs and that the loss of cholinergic neurons reduced drug seeking behavior in 486 

GTs but not STs (phenotype x lesion: (F(1,35)=4.75, P=0.037; main effect of phenotype: 487 

F(1,35)=3.46, P=0.07; lesion: F(1,35)=2.68, P=0.11; for results of multiple comparisons 488 

on the interaction see Fig. 6a). The difference between active responses by sham-489 

operated GTs versus sham-operated STs, as well as the reduction of active responses 490 

as a result of cholinergic losses in GTs, were relatively large as indicated by Cohen’s 491 
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d=1.35 and d=1.18, respectively.  492 

 493 

--------------------------------------------- 494 

Insert Figure 6 about here 495 

---------------------------------------------- 496 

 497 

Additional post hoc analyses of the active response rates in the presence of the DS+ 498 

focused on the question of whether response rates were bound to the DS+ or whether 499 

the DS+ perhaps generated a more persistent motivational state thus increasing active 500 

responses throughout the session. We therefore analyzed active response rates 501 

separately for a 4-s period that began with the onset of the DS+ and for the 15-45 s 502 

(average: 26 s) periods thereafter (non-DS+; based on a subset of video-taped rats; see 503 

Methods). There was a trend for active response rates during the 4-s post DS+ periods 504 

to reproduce the analyses of response rates for the entire session, but effects of 505 

phenotype and lesion did not reach significance (all F<2.27, all P>0.15; Fig. 6b). In 506 

contrast, response rates during non-DS+ periods again were significantly higher in 507 

sham-operated GTs when compared with sham-operated STs (phenotype x lesion: 508 

F(1,18)=5.13, P=0.039; main effects: both F<1.93, both P>0.19; Fig. 6c). Thus, higher 509 

active response rates evoked by the DS+ in sham-operated GTs extended to the entire 510 

session.  511 

Conditioned orientating behavior  512 

The evidence that the DS+ acquired motivational properties during IntA self-513 

administration is that its non-contingent presentation renewed drug-seeking behavior 514 

following extinction (Fig. 6a). One reason the basal forebrain cholinergic losses may 515 

have decreased the ability of the DS+ to evoke drug-seeking behavior is because it 516 

degraded the motivational value of the DS+. However, other possibilities are that the 517 

lesion impaired the memory of the association between the DS+ and drug availability (or 518 

retrieval of this memory), or the ability to perceive the stimulus. It is difficult to dissociate 519 

these alternative explanations but we attempted to do so by looking at another 520 

conditioned response often seen in response to a localizable conditioned stimulus – 521 
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conditioned orienting behavior (Saunders and Robinson, 2012; Yager and Robinson, 522 

2013; Yager et al., 2015).  523 

During the reinstatement test, all groups oriented similarly to the DS+ and there were no 524 

group differences in conditioned orienting behavior (no effect of phenotype, cholinergic 525 

losses, or interaction between these two and all three factors (all F<0.747, all P>0.40; 526 

Fig. 6d). Although not definitive, these data support the interpretation that after the basal 527 

forebrain lesion all groups could still perceive the DS+, and that the DS+ maintained 528 

‘informational value’ in all rats.  529 

The results described above also indicate incomplete relationships between orienting 530 

and generating a response to the active nose port. Therefore, we also determined the 531 

probability that an active response was made given that rats exhibited an orienting 532 

response to the DS+. Compared to sham-operated GTs, GTs with cholinergic losses 533 

were approximately over 3 times less likely to generate an active response even if they 534 

oriented to the DS+ (GT sham: P(active response I orienting response)= 0.10±0.01; GT 535 

SAP: 0.03±0.01; t(6)=3.35, P=0.015).  536 

Contacts with the DS+ or its location  537 

During our video analysis of the rats’ behavior during the DS+ reinstatement test, we 538 

also recorded the number of cue contacts (nose within ~1 cm) during both DS+ ON (2 s) 539 

and DS+ OFF (average of 28 s). There were no effects of phenotype or lesion and no 540 

interaction between the two factors on the number of cue contacts in the presence or 541 

absence of the DS+ ((all F<2.19; all P>0.16; DS+ ON: 14.26±0.94 contacts (M, SEM); 542 

DS+ OFF: 16.55±1.63 contacts). These findings do not support the possibility that STs 543 

reinstated less because they made more frequent contacts with the DS+ or, in its 544 

absence, the location of the DS+. 545 

Estimates and distribution of cholinergic losses 546 

Semi-quantitative estimates of ChAT-IR neurons in the two subregions of the basal 547 

forebrain (nbM, vbf) of sham-operated rats did not differ between phenotypes (both 548 

F(1,18)<0.90, both P>0.35; Fig. 7, 8). The number of ChAT-IR neurons varied by AP 549 

level for counts taken from the nbM and vbf (both F (3,18)>16.87, both P<0.001; Fig. 550 

8a,b) but phenotype and level did not interact for estimates of either subregion (both 551 
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F(3,18)<0.40, both  P>0.75; Fig. 8).   552 

 553 

--------------------------------------------- 554 

Insert Figures 7 and 8 about here 555 

---------------------------------------------- 556 

 557 

Estimates of residual neurons in the nbM varied by AP level (F(3,16)=44.90, P<0.001) 558 

but not by phenotype (F(1,16)=0.24, P=0.63; Fig. 8c). Furthermore, residual neuronal 559 

number estimates in STs were lower at level 3 but not at other levels as indicated by a 560 

significant interaction between the effects of phenotype and level (F(3,16)=8.88, 561 

P=0.001) and multiple comparisons. Estimates of residual neuronal numbers in the 562 

ventral basal forebrain were not significantly affected by phenotype AP level, or an 563 

interaction between these factors (all F<3.13, all P>0.053; Fig. 8d). Estimates of 564 

residual neuron numbers in the nbM of lesioned GTs did not correlate with their number 565 

of active responses in the presence of the DS+ during the reinstatement test (all 566 

r2<0.08; all P>0.50). Finally, estimates of cholinergic neurons in the vertical limb of the 567 

diagonal band were not affected by phenotype or lesion (main effects and interactions: 568 

all F<0.31, all P>0.58), indicating that the cholinergic losses did not include projections 569 

to the hippocampus.  570 

 571 

DISCUSSION 572 

Rats identified as STs or GTs were trained to self-administer cocaine using an 573 

Intermittent Access (IntA) self-administration procedure (e.g., Zimmer et al., 2012; Kawa 574 

et al., 2016) that alternated periods of drug availability and unavailability, signaled by a 575 

DS+ and DS-, respectively. After 14 days of IntA experience, STs and GTs self-576 

administered similar amounts of cocaine and effectively and similarly discriminated 577 

between Drug Available and Drug Not Available periods. Following extinction training 578 

half of the STs and GTs received an immunotoxic lesion that eliminated 40-50% of 579 

basal forebrain cholinergic neurons. After recovery, they received more extinction 580 

training, and then were tested to determine the ability of non-contingent presentations of 581 
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the DS+ to reinstate drug-seeking behavior. It was found that: (1) The DS+ was more 582 

effective in reinstating cocaine-seeking in control GTs than STs, the former making over 583 

twice as many active responses than the latter; (2) Cholinergic cell loss reduced 584 

cocaine-seeking in GTs to the level of sham-operated STs, but had no effect on active 585 

responses in STs; (3) STs and GTs, regardless of lesion condition (sham or SAP), 586 

similarly oriented to the DS+ during reinstatement tests; (4) The probability of an active 587 

response, even in trials in which rats oriented to the DS+, was significantly higher in 588 

sham-operated GTs when compared GTs with cholinergic losses or sham-operated 589 

STs. 590 

The DS+ generated high levels of motivation for cocaine in GTs 591 

A substantial number of studies have demonstrated that localizable food and drug CSs 592 

acquire greater control over motivated behavior in STs than GTs, presumably because 593 

STs attribute more incentive salience to such cues than GTs (Flagel et al., 2007; Flagel 594 

et al., 2009; Saunders and Robinson, 2011; Yager and Robinson, 2013; Meyer et al., 595 

2014; Yager et al., 2015; Singer et al., 2016; Flagel and Robinson, 2017), and because 596 

STs are more prone to bottom-up, stimulus-driven attention, relative to GTs (Paolone et 597 

al., 2013; Koshy Cherian et al., 2017). However, the extent to which cues acquire 598 

motivational properties, and in which individuals, varies greatly as a function of the form 599 

of the cue (see Introduction). Given that DSs share many properties of contextual 600 

stimuli (Introduction), we hypothesized that a DS+ would reinstate cocaine-seeking to a 601 

greater extent in GTs than STs, which it did.  602 

DS+-evoked cocaine seeking was not tightly coupled to those periods of time when the 603 

DS+ was present, but active responses were distributed throughout the test session, 604 

consistent with previous studies (e.g., Weiss et al., 2000). This finding is also similar to 605 

what was found in a prior experiment in which non-contingent presentation of a cocaine-606 

paired cue (CS) evoked cocaine-seeking behavior in the presence of an adverse 607 

consequence (Saunders et al., 2013). In that latter experiment the cocaine cue was a 608 

CS paired temporally with each cocaine injection during self-administration (not a DS), 609 

and this cue-evoked greater reinstatement in STs than GTs, the opposite of here. There 610 

are multiple psychological/behavioral processes by which pavlovian cues may promote 611 

relapse (Milton and Everitt, 2010), and Saunders et al., (2013) suggested that in their 612 
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study cue presentation may have generated a conditioned motivational “craving” state 613 

that lasted longer than the cue, and this spurred drug-seeking actions (Bindra, 1968; 614 

Robinson and Berridge, 1993; Toates, 1998). Future research on the psychological 615 

processes mediating cocaine reinstatement in GTs will need to determine the DS+ 616 

specificity of the present reinstatement procedure. 617 

Here, the DS+ may have also generated a conditioned motivational state, but the fact 618 

that the DS+ produced greater drug-seeking behavior in GTs than STs suggests that 619 

the proximate cause of such a state is presumably generated by different psychological 620 

processes in STs and GTs. Although speculative, discrete CSs more directly engage 621 

the bottom-up pavlovian incentive motivational processes dominant in STs (Flagel et al., 622 

2009; Meyer et al., 2012; Yager et al., 2015; Koshy Cherian et al., 2017). In contrast, 623 

presentation of a DS+ signals drug availability, and given that GTs are more responsive 624 

to such shifts in context than STs, may have generated a more explicit cognitive 625 

expectation of drug in GTs. Such an expectation may then have secondarily heightened 626 

motivation or craving for drug via top-down control over dopaminergic motivational 627 

circuitry (Koshy Cherian et al., 2017). Indeed, in humans, craving is highest when there 628 

is an expectation that drug will soon be available (e.g., Dar et al., 2010). It may be that 629 

in both cases the neural systems responsible for the final conditioned motivational state 630 

that leads to drug-seeking behavior is the same, but the psychological and 631 

neurobiological processes by which that system is engaged could vary greatly 632 

depending on the individual and the form of the drug-associated cue. More research will 633 

be required to determine is this is true, but it is supported by the observation that 634 

renewed reward-seeking produced by both discrete CSs (ST>GT) and by a change in 635 

context (GT>ST) are DA-dependent (Flagel et al., 2011; Saunders and Robinson, 2012; 636 

Saunders et al., 2014). 637 

Cue processing in STs and GTs and effects of cholinergic loss 638 

In GTs, but not STs, a neural system that appears to be necessary for a DS+ to 639 

generate motivation for cocaine involves cholinergic signaling, because loss of basal 640 

forebrain cholinergic neurons markedly reduced DS+-evoked cocaine seeking in GTs, 641 

but had no effect in STs. The finding that both GTs and STs continued to show 642 

conditioned orienting behavior to the DS+ to the same extent suggests that the DS+ 643 
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retained informational value in both phenotypes. Thus, these data suggest that 644 

cholinergic losses did not interfere with the ability of GTs to perceive the stimulus nor 645 

their ability to remember its association with drug availability.  646 

It has been shown that STs exhibit relatively low levels of attentional control, as 647 

indicated, for example, by fluctuating and relatively low levels of attentional performance 648 

(Paolone et al., 2013), and the propensity for impulsive action (Lovic et al., 2011). 649 

Associated with such relatively poor attentional control is a bias toward stimulus-driven 650 

(or bottom-up attention) that favors selection of CSs for guiding behavior (Koshy 651 

Cherian et al., 2017). Such a bias for bottom-up processes also disfavors utilizing cues 652 

that require a more elaborative cognitive analysis, such as a DS+ that is embedded in 653 

the context in which cocaine was initially available (Di Ciano and Everitt, 2003; Trask et 654 

al., 2017). Such a bias in STs may be mediated in part via a relatively unresponsive 655 

cholinergic system (Paolone et al., 2013), due to frontal cortical choline transporters that 656 

fail to accommodate increases in cholinergic neurotransmission with increasing demand 657 

(Koshy Cherian et al., 2017).  658 

On the other hand, GTs appear to be better able to process more complex higher-order 659 

contextual information, such as that afforded by a DS, because their more responsive 660 

cortical cholinergic system facilitates executive/attentional control over behavior 661 

(Paolone et al., 2013). Indeed, levels of cortical cholinergic neuromodulation (Sarter and 662 

Kim, 2015) scale with the capacity for attentional control (St Peters et al., 2011; Sarter 663 

et al., 2016). Partial removal of cholinergic neurons reduces levels of cortical cholinergic 664 

neuromodulation and disrupts attentional control capabilities (Ljubojevic et al., 2014), 665 

including binding the features of complex stimuli (Turchi and Sarter, 1997; Botly and De 666 

Rosa, 2009) and the integration of such stimuli with affective-motivational states (Wilson 667 

and Rolls, 1990; Paolone et al., 2012; Leong et al., 2017). Consistent with this idea, the 668 

cholinergic lesion decreased to ability of the DS+ to evoke drug-seeking behavior in 669 

GTs to the level seen in STs. Thus, we speculate that cholinergic loss may have largely 670 

attenuated the processing of the multiple features of the context necessary to generate 671 

a cognitive expectation of reward in GTs, and the integration or binding of this context 672 

with the (enhanced) motivational state triggered by the DS+ in control GTs. However, 673 

the precise ways by which the disruption of cholinergic neurotransmission interfered 674 
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with the many very complex cognitive-motivational interrelations that ‘set the occasion’ 675 

for drug-seeking remain to be determined.   676 

Diverse roads to relapse and major research questions 677 

In the ‘real world’, addicts frequently encounter a multitude of stimuli that can promote 678 

relapse, including CSs and the more complex contextual cues and occasion-setters that 679 

signal drug availability emphasized here – not to mention stressors and other stimuli 680 

that influence mood states. Preclinical studies on STs and GTs highlight the fact that 681 

different individuals process these different classes of cues in quite different ways, both 682 

psychologically and neurobiologically, and although research on this factor in humans is 683 

nascent, similar variation has been reported (e.g., Field and Cox, 2008; Mahler and de 684 

Wit, 2010; Marhe et al., 2013; Kilts et al., 2014; Garofalo and di Pellegrino, 2015). The 685 

different cognitive-motivational biases leading to different vulnerabilities for relapse 686 

emphasized here suggest that different interventions may be required in different 687 

individuals, and in different situations, including potential cholinergic therapies (e.g., Xie 688 

et al., 2012). But much remains to be learned concerning the cognitive-motivational 689 

nature of differential vulnerabilities for relapse, and also how mesolimbic dopaminergic 690 

and basal forebrain cholinergic circuitry interact to mediate the many roads to relapse. 691 

  692 
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Figure legends 693 

Figure 1 694 

Individual PCA index values across the five PCA training sessions for STs and GTs 695 

(data from rats eventually classified as intermediates are not shown). The final 696 

classification of the ST or GT phenotype (n=19 and 17, respectively) was based on 697 

averaging PCA index values from PCA sessions 4 and 5. The pre-determined PCA 698 

index score cutoffs for STs and GTs were 0.5 and -0.5 respectively. 699 

 700 

Figure 2 701 

Measures of behavior towards a lever (CS; left column) versus the location of food 702 

delivery (food magazine, or cup; right column) over the five PCA training sessions of 703 

rats that were eventually classified as STs (n=19) or GTs (n=17). The plots depict the 704 

mean ± SEM for a: the probability of approaching the lever-CS during the 8 s CS period, 705 

b: the probability of approaching the food cup during the 8 s CS period, c: the number of 706 

lever contacts, d: the number of food cup entries during the 8 s CS period, e: latency to 707 

first lever contact after CS presentation, and f: the latency to the first food cup entry 708 

after CS presentation. STs increasingly and more rapidly contacted the CS (a,c,e) while 709 

GTs increasingly contacted the site of reward delivery (mgz., magazine; b,d,f). 710 

 711 

Figure 3 712 

Acquisition of cocaine self-administration by STs (red; n=19) and GTs (blue; n=17) 713 

using an infusion criterion-based approach. Acquisition of self-administration did not 714 

differ between the phenotypes with respect to the (a) number of responses to the active 715 

(circles) or inactive (squares) ports and (b) number of cocaine infusion/min for infusion 716 

criteria 10, 20 or 40 (0.4 mg/kg/infusion; for results from LMM analyses see Results).  717 

 718 

Figure 4 719 

After animals learned to self-administer cocaine, they learned to self-administer cocaine 720 

in accordance with an Intermittent Access (IntA) schedule. Both STs (n=19) and GTs 721 

(n=17) escalated cocaine intake over 14 IntA sessions, with STs having consumed a 722 
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greater amount of cocaine across IntA training (a). Over 14 sessions, the difference 723 

between responses to the active port in the presence of the DS+ and the DS- (filled 724 

symbols in b) increased at the same rate in STs and GTs. The difference between 725 

inactive responses in the presence of the DS+ and the DS- remained near zero over 726 

sessions (open symbols in b; note that for calculating these differences the number of 727 

responses during the 25-min DS- periods was divided by 5 to match the 5-min DS+ 728 

periods). By the end of IntA training (session # 14), STs and GTs’ cocaine consumption 729 

did not differ (c). d shows, for each block of session #14, the percent active and inactive 730 

responses for the DS+ periods relative to the DS- periods (resp, responses; act, active, 731 

inact, inactive; M± SEM). During DS+ periods, responses to the active, but not inactive, 732 

port were 500-2000% over DS- periods, indicating that both STs and GTS effectively 733 

discriminated between the DS+ (drug available) and DS- (no-drug available) periods 734 

(note that for the calculation of the data in d, DS- responses of zero were replaced by 735 

one). 736 

 737 

Figure 5 738 

a: Initial extinction of drug-seeking behavior (no DS+, no cocaine) caused a decrease in 739 

the number of responses to the active and inactive nose port in both STs (n=19) and 740 

GTs (n=17). b: Three weeks following surgery (STs sham, n=9; STs SAP, n=10; GTs 741 

sham, n=9; GTs SAP, n=8) re-extinction again decreased the number of active 742 

responses in all groups (LMM analyses in Results).  743 

 744 

Figure 6 745 

Number of responses to the active response port in the presence of the DS+ by sham-746 

operated GTs (n=9) and STs (n=10), and rats with SAP-induced losses of the BF 747 

cholinergic system (STs, n=9; GTs, n=8). a: number of active responses for sessions 748 

during which the DS+ was presented (right cluster of bars). In the presence of the DS+, 749 

sham-operated GTs generated more responses to the active response port than STs 750 

and deafferented GTs (see results for ANOVA; multiple comparisons: *, P<0.05; **, 751 

P<0.01). Video-based analyses of a subset of rats for which videos were available (see 752 
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Methods; STs sham, n=5; STs SAP, n=5; GTs sham, n=3; GTs SAP, n=6) further 753 

indicated that the relatively high levels of DS+-evoked active responses in sham-754 

operated GTs observed throughout the session (a) occurred, although insignificantly, 755 

during the 4-s period following the onset of the DS+ (b) and, significantly, during the 26-756 

s periods outside the presence of the DS+ (c). There were no significant effects of 757 

phenotype, SAP lesion, or of the interaction between the two factors on responses to 758 

the inactive port in either stimulus condition (ANOVA in Results; not shown). d: Number 759 

of orientation responses toward the DS+, relative to the total number of stimulus 760 

presentations, during reinstatement sessions. Rats of both phenotypes and lesion 761 

status exhibited statistically similar orientation rates to the DS+. Compared with GTs 762 

with cholinergic losses and sham-operated STs, sham-operated GTs were >3 times 763 

more likely to exhibit a response to the active nose port if they exhibited an orientation 764 

response in that trial (see Results).  765 

 766 

Figure 7 767 

ChAT-IR neurons on coronal sections from sham-operated (a-d) and SAP-lesioned (i-l) 768 

rats at AP levels -0.4, -0.9, -1.1 and -1.4 relative to bregma. Red arrows in b,j,c indicate 769 

tracts produced by insertion of the infusion needle. The number of ChAT-IR neurons 770 

was estimated in two subregions of the basal forebrain: nucleus basalis of Meynert 771 

(nbM) and the ventral basal forebrain (vbf; consisting of substantia innominata, 772 

magnocellular preoptic area and horizontal diagonal band). Schematic drawings from 773 

each corresponding AP (middle column; e-h) illustrate the representative distribution of 774 

ChAT-IR neurons (blue dots) for sham-operated and the pattern of remaining neurons 775 

following SAP-lesions (red dots; scale for all photomicrographs, in the bottom right 776 

corner in l: 200 μm).  777 

 778 

Figure 8 779 

Semi-quantitative estimates of ChAT-IR neurons in the two subregions of the basal 780 

forebrain (nbM, vbf; see also Fig. 7) of sham-operated STs (filled red circles; a) and 781 

GTs (filled blue circles; b) and following infusions of the cholinotoxin SAP (empty red 782 
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and blue circles in c (nbM) and d (vbf); STs sham: n=10; GTs sham: n=9; STs SAP: 783 

n=9; GTs SAP: n=8; AP levels: 1: -0.2 to -0.5 mm relative to bregma; 2: -0.6 to -0.9 mm; 784 

3: -1.0 to -1.2 mm; 4: -1.3 to -1.5 mm). Post hoc comparisons of main effects of AP level 785 

reflected in a that estimates at levels 1, 2 and 3 all differed from each other, and in b 786 

that estimates at all levels differed from each other. For c, the results of post hoc 787 

comparisons of effects of AP levels are indicted (**, P<0.01, ***, P<0.001). A significant 788 

interaction between the effects of phenotype and AP levels on residual nbM neuron 789 

number estimates (c) reflected a lower number of residual cells at AP level 3 (P=0.036) 790 

in STs when compared with GTs.   791 

 792 

 793 

 794 

 795 

  796 
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