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Abstract

Evidence suggests that the addiction process may begin immediately in some vulnerable subjects. 

Specifically, some rats have been shown to exhibit aversive taste reactivity (gapes) following the 

intraoral delivery of a cocaine-predictive taste cue after as few as 1 to 2 taste-drug pairings. After 

only 3 to 4 trials, the number of gapes becomes a reliable predictor of later cocaine self-

administration. Given that escalation of drug-taking behavior over time is recognized as a key 

feature of substance use disorder (SUD) and addiction, the present study examined the relationship 

between early aversion to the cocaine-predictive flavor cue and later escalation of cocaine self-

administration in an extended-access paradigm. The data show that rats who exhibit the greatest 

conditioned aversion early in training to the intraorally delivered cocaine-paired cue exhibit the 

greatest escalation of cocaine self-administration over 15 extended-access trials. This finding 

suggests that early onset of the conditioned opponent process (i.e., the near immediate shift from 

ingestion to rejection of the drug-paired cue) is a reliable predictor of future vulnerability and 

resilience to cocaine addiction-like behavior. Future studies must determine the underlying neural 

mechanisms associated with this early transition and, hence, with early vulnerability to the later 

development of SUD and addiction. In so doing, we shall be in position to discover novel 

diagnostics and novel avenues of prevention and treatment.
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1. Introduction

Addiction is a chronic relapsing disease characterized by maladaptive behaviors such as 

reckless use of a substance, continued use despite adverse consequences, development of 
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withdrawal symptoms during abstinence, and tolerance, i.e., the need for more drug to reach 

the same desired effect. In humans, those who are dependent ingest the drug more frequently 

than both abusers and those who use the drug recreationally (Chen and Anthony, 2004; Dunn 

and Laranjeira, 1999; Foltin and Fischman, 1992; Gossop et al., 1994; Moss et al., 2012; 

Reboussin and Anthony, 2006). This increase in drug-taking over time is modeled in the 

extended access paradigm in rats (Ahmed and Koob, 1998). Specifically, rats with extended 

(6h) access to cocaine, for example, increase cocaine self-administration across trials, 

particularly during the first 10 min to first h of access. During this time, rats self-administer 

infusions at relatively short intervals (referred to as “load-up”; Ahmed and Koob, 1998; Lau 

and Sun, 2002; Sun and Lau, 2001; Tsibulsky and Norman, 1999, 2005; Zimmer et al., 

2011; Zimmer et al., 2012) and then meter their infusions, thereafter, across longer inter 

infusion intervals. Relative to rats with a history of limited access, rats with a history of 

extended access also self-administer more drug following a period of enforced abstinence 

(Ahmed and Koob, 1998) and work harder for cocaine on a progressive ratio schedule of 

reinforcement (Paterson and Markou, 2003). Finally, rats with a history of extended access 

exhibit persistently higher intracranial self-stimulation (ICSS) thresholds, suggesting that 

drug-induced adaptations contribute not only to an increase in responding for cocaine, but 

also to a decrease in the perception of reward (Ahmed et al., 2002).

Substance use disorder (SUD) and addiction, then, are associated with both escalated drug-

intake and chronic relapse. Because relapse often is elicited by exposure to drug-associated 

cues even after prolonged periods of abstinence, understanding the link between cues and 

drugs of abuse is of great interest. In 2002, our lab showed a relationship between rats’ 

response to a cocaine-predictive taste cue and the amount of cocaine they self-administered 

(Grigson and Twining, 2002). Specifically, the greatest avoiders of a cocaine-paired 

saccharin cue were found to be the rats that exhibited the greatest cocaine self-

administration and the greatest cocaine seeking following an extended period of abstinence 

(Grigson and Twining, 2002). The same was true for heroin. Rats that most greatly avoided a 

heroin-paired saccharin cue self-administered the most heroin, worked hard for the drug 

when tested on a progressive ratio schedule of reinforcement, exhibited the greatest heroin 

seeking during extinction testing, and the greatest heroin-induced reinstatement (i.e., 

‘relapse’) of heroin-seeking behavior (Imperio and Grigson, 2015).

The difficulty, however, with using voluntary intake (licks of the saccharin solution) as a 

measure of aversion is that it is somewhat ambiguous. Avoidance of the tastant cue could be 

interpreted as an indication that the rat finds the tastant aversive or that the otherwise 

palatable taste cue is merely devalued because it is followed by a much more rewarding 

stimulus (i.e., the drug). In other words, rather than being aversive, its reward value may be 

merely insufficient to elicit approach and consumption. An alternative approach is to use 

intraoral delivery and taste reactivity (TR) measures instead of intake. Responses of naïve 

rats to palatable tastants that are infused intraorally are marked by appetitive TR behavior, 

such as licks (e.g., Grill and Norgren, 1978a, b), increased extracellular dopamine in the 

nucleus accumbens, and mostly inhibitory activity in the NAc (e.g., sucrose; McCutcheon et 

al., 2012). However, if a tastant is aversive, intraoral delivery is met with aversive TR 

behavior, such as gapes (Grill and Norgren, 1978a, b), which are accompanied by decreased 

extracellular NAc dopamine as determined using voltammetry (Roitman et al., 2008). Via 
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intraoral delivery, the TR method also has the advantage that the rat is forced to experience 

and react to the tastant by either consuming it (appetitive TR) or expelling it (aversive TR) – 

thereby removing the requisite variable of motivation.

When using the TR method, intraoral delivery of the tastant becomes a cue for the 

experimenter-delivered (Parker, 1991, 1993, 1996; Parker and Carvell, 1986; Parker and 

Gillies, 1995) or self-administered (Wheeler et al., 2011; Wheeler et al., 2008) drug. Drug 

cues that accompany drug delivery or access elicit approach and increased dopamine in the 

nucleus accumbens (Di Chiara, 2002; Hunt and Amit, 1987). It has been shown that this is 

true for taste cues that simultaneously accompany contingent cocaine delivery (Wheeler et 

al., 2011). However, when intraoral tastant delivery precedes injection of the drug of abuse 

by 5 minutes, less ingestive-like TR is observed. Notably, at this interval (5 minutes), little to 

no rejection responses were observed to the tastant that preceded injection of the rewarding 

drugs of abuse (Parker and Carvell, 1986). However, at longer delay intervals (30–45 min), 

intraoral delivery of a drug-predictive tastant elicits gapes from rats who are experienced 

with the association (Wheeler et al., 2011; Wheeler et al., 2008). The gapes were associated 

with the same electrophysiological profile, and the same decrease in accumbens dopamine, 

as the gapes emitted in response to the intraoral infusion of the aversive tastant, quinine 

(Wheeler et al., 2011; Wheeler et al., 2008) or that which accompanies LiCl-induced 

conditioned taste aversion learning (e.g., McCutcheon et al., 2012). Waiting for the drug, 

then, is aversive and greater aversion (i.e., a greater number of gapes emitted) to the 

intraorally-infused drug-paired cue predicts how much cocaine rats will self-administer in 

the same daily trial (Wheeler et al., 2011).

That being said, in all of the studies described above, TR had been measured only in highly 

experienced rats. A central goal of our research, however, has been to elucidate the 

predictive value of early cue reactivity for later cocaine intake and addiction-like behaviors 

in an animal model. Thus, we have developed a sensitive model of the relationship between 

early cue reactivity and cocaine self-administration and have discovered that onset of 

aversive TR behavior (i.e., gapes) can occur following as little as 1 – 3 taste-drug pairings in 

some rats (Colechio and Grigson, 2014; Colechio et al., 2014). Further, in this model, 

greater aversive TR behavior to the drug-paired cue early in training predicts a shorter 

latency to take cocaine, greater load-up early in the session, and greater cocaine self-

administration overall. That said, escalation of drug-taking, which was not tested in the 

Colechio papers cited above is a key feature of addiction (Chen and Anthony, 2004; Dunn 

and Laranjeira, 1999; Foltin and Fischman, 1992; Gossop et al., 1994; Moss et al., 2012; 

Reboussin and Anthony, 2006). The goal of the present study, then, was to test whether early 

aversive TR to the cocaine-paired cue could be used to predict later addition-like behavior, 

including in particular, escalation of cocaine self-administration in the extended access (6h) 

model. The rats’ motivation to self-administer cocaine also was assessed using a progressive 

ratio (PR) challenge.
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2. Methods

2.1. Subjects

The subjects were 23 (replication 1, n=12; replication 2, n=11) adult male Sprague Dawley 

rats obtained from Charles River. Rats weighed between 279 and 345 grams at the beginning 

of the experiment. They were housed individually in standard, metal cages in a temperature-

controlled (21 °C) animal care facility with a 12:12 hour light: dark cycle (lights on around 7 

a.m.). All experimental manipulations were conducted during the light phase of the cycle. 

The rats were maintained with free access to water and dry Purina rodent diet 5001 

(LabDiet), unless otherwise specified.

2.2. Surgery

The rats were anesthetized with intramuscular (IM) ketamine (70 mg/kg) and xylazine (14 

mg/kg). Each rat received 300,000 units of subcutaneous (SC) PenicillinG at the beginning 

of the procedure, and 5 ml SC saline when complete. For each rat, a catheter was implanted 

in the right external jugular vein (Twining et al., 2009) and SC intraoral cannulae were 

implanted bilaterally as described (Colechio and Grigson, 2014; Colechio et al., 2014). 

When righting reflexes resumed, rats were returned to their home cages with water, mash 

and solid chow (dry Purina rodent diet 5001) available ad lib. Rats recovered for 2 weeks 

before the habituation phase began. During this time, solid chow and water were available ad 
lib, and soft chow (mash) and SC fluids were provided as needed.

2.2.1. Self-administration catheter—Intra-jugular catheters were custom-made and 

implanted in our laboratory as described by Twining et al. (2009). General maintenance of 

catheter patency involved daily examination and flushing of catheters with heparinized 

saline (0.3 ml of 30 IU/ml heparin). Beginning 3 days post-implant, catheters were flushed 

once (recovery and habituation phases) or twice (TR and Escalation phases) daily. Beginning 

1 week post-implant, the flushing solution contained cefazolin (1 gram/10 ml heparinized 

saline). Catheters were implanted about 2 weeks before behavioral training was initiated. 

Catheter patency was verified as needed using 0.2 ml of Propofol (Diprivan 1%) 

administered intravenously.

2.2.2. Intraoral (IO) cannulae—As described previously (Colechio and Grigson, 2014; 

Colechio et al., 2014), PE 100 tubing was cut into 8-cm segments, flared at 1 end, and fitted 

with a nylon washer. Cannulae were implanted during the same surgery as IV catheters. The 

tubing was inserted lateral to the first maxillary molar, and advanced subcutaneously along 

the cheek and exited at the side of the head. The cannula was then secured with a nylon 

washer (Product Components Corp.) at the molar and also at the exit point on the top of the 

head with a PTFE washer, VetBond, and cyanoacrylate (Loctite). Beginning 3 days post-

implant, cannulae were flushed twice (Phase I) or once (recovery, habituation, and Phase II) 

with purified water.

2.2.3. Exclusion of subjects—One rat died in the self-administration chamber during 

Phase II testing.
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2.3. Apparatus

2.3.1. Video/Self-administration Chambers (Phase I)—Each rat was trained in one 

of four identical operant chambers (MED Associates, St. Albans, VT), as previously 

described (Colechio and Grigson, 2014; Colechio et al., 2014). Each chamber measured 29.3 

cm in length × 24.0 cm in width × 27.0 cm in height, and was individually housed in a light- 

and sound-attenuated cubicle. The front and back walls and the floor were clear Plexiglas. 

The side walls were made of aluminum. Each chamber was equipped with three retractable 

sipper spouts that entered through 1.3-cm diameter holes, spaced 16.4 cm apart (center to 

center). A cue light was located 6.0 cm above each spout. Each chamber also was equipped 

with a house light (25 W), a tone generator (Sonalert Time Generator, 2900 Hz, Mallory, 

Indianapolis, IN), and a speaker for white noise (75 dB). Cocaine (or saline) reinforcement 

was controlled by an infrared motion detector circuit that monitored nose pokes to operate a 

syringe pump (Model PHM-100VS, Razel Scientific Instruments, St. Albans, VT). A 

coupling assembly attached the syringe pump to the catheter assembly on the back of each 

rat and entered through a 5.0-cm diameter hole in the top of the chamber. This assembly 

consisted of a metal spring attached to a metal spacer with Tygon tubing inserted down the 

center, protecting passage of the tubing from rat interference. The tubing was attached to a 

5-channel counterbalanced swivel assembly (Instech, Plymouth Meeting, PA) that, in turn, 

was attached to the syringe pump. A similar metal spring protected the Tygon tubing that 

connected the intraoral cannula to the swivel. An angled mirror was located below the floor, 

allowing for a view of the ventral surface of the rat. Video (100 frames/s) was collected via a 

camera (Basler) aimed at the mirror to record the orofacial responses that followed the 

intraoral infusion of the gustatory stimuli. Lighting for video was provided by 2 fluorescent 

lights (each 8W) located below the chamber, and a green light panel (CleverSys, Inc.) that 

served as the chamber’s ceiling. Events in the chamber and collection of data were 

controlled on-line with a Pentium computer that used programs written in the Medstate 

notation language (MED Associates).

2.3.2. Self-administration Chambers (Phase II)—For Phase II testing, each rat was 

trained in one of twelve identical operant chambers (MED Associates, St. Albans, VT) 

described by Grigson and Twining (2002) and Twining et al. (2009). Each chamber 

measured 30 cm in length × 23.5 cm in width × 28.6 cm in height, and was individually 

housed in a light- and sound-attenuated cubicle. The chambers consisted of a clear 

polycarbonate top, front, and back wall, with aluminum side walls. Each chamber had a grid 

floor, which consisted of nineteen 4.8-mm stainless steel rods, spaced 8.5 cm apart (center-

to-center). Each chamber was equipped with three retractable spouts that entered through 

1.3-cm diameter holes, spaced 16.4 cm apart (center-to-center). A stimulus light was located 

16.5 cm above each hole. Each chamber also was equipped with an LED house light (25 W), 

a tone generator (Sonalert Time Generator, 2900 Hz, Mallory, Indianapolis, IN), and a 

speaker for white noise (75 dB). Cocaine reinforcement was controlled by a lickometer 

circuit that monitored empty spout licking to operate a syringe pump (Model PHM-100VS, 

Med Associates, St. Albans, VT). A coupling assembly attached the syringe pump to the 

catheter assembly on the back of each rat and entered through a 5.0-cm diameter hole in the 

top of the chamber. As with the chambers used for Phase I testing, this assembly consisted 

of a metal spring attached to a metal spacer with Tygon tubing inserted down the center, 
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protecting passage of the tubing from rat interference. The tubing was attached to a 

counterbalanced swivel assembly (Instech, Plymouth Meeting, PA) that, in turn, was 

attached to the syringe pump. Events in the chamber and collection of data were controlled 

on-line with a Pentium computer that used programs written in the Medstate notation 

language (MED Associates, St. Albans, VT).

2.4. Solutions

Cocaine was provided by the National Institute on Drug Abuse (Research Triangle Institute, 

Research Triangle Park, NC). Individual 20-ml syringes were prepared for each self-

administration chamber prior to each daily session by diluting 4.0 ml of cocaine HCl stock 

solution (1.24 g cocaine HCl + 150 ml saline) with 16.0 ml of heparinized saline (0.1 ml 

1000 IU heparin/60.0 ml saline) for a dose of 0.33 mg/infusion (Grigson and Twining, 2002; 

Puhl et al., 2009; Twining et al., 2009; Wheeler et al., 2008). Sugar-free Grape-flavored 

Kool-Aid® was dissolved in 0.15% sodium saccharin (Sigma Chemical, St. Louis, MO) for 

a 0.187% Kool-Aid solution. The saccharin solution was prepared in dH2O and was 

presented at room temperature.

2.5. Procedure

2.5.1. Habituation—Once all rats had returned to regular chow and achieved a stable body 

weight, Ad lib water was removed 9 hours into the light phase on the day before habituation 

began. Beginning the next day, all rats were habituated to the lit Phase I video/self-

administration chambers for 4 days. Habituation sessions began 2 h into the light phase. For 

the first 3 days the rats were given 5 min access to water in the chambers. Each day water 

bottle placement changed (spout1, spout2, spout3). On the fourth day, rats received 10 min 

of purified water intraorally (IO) delivered (0.2 ml/3.5 sec, 1 infusion per min). To maintain 

hydration, each day rats were given overnight access to 20 ml water at the front of the home 

cage beginning about 75 min after being returned to the home cage.

2.5.2. Phase I—During Phase I, experimental testing began at the start of the light phase. 

Daily taste reactivity (TR)/Self-administration (SA) sessions consisted of a 30 min IO 

infusion period during which infusions of the tastant (CS, 0.187% grape-flavored Kool-

Aid® prepared in 0.15% saccharin) were delivered at a rate of 1/min (0.2 ml/3.5 sec). 

During this time, no spouts were extended, but responses (breaking of the infrared beam at 

the spout windows) were recorded. Immediately following the IO infusion period, the 2 h 

self-administration period began. The right (“active”) and center (“inactive”) spouts were 

extended to be flush with the inside of the chamber wall and the house light and right cue 

light were illuminated. The operant schedule was a fixed ratio (FR) 1 for all 6 TR days. Each 

self-administered infusion delivered either 0.33 mg of cocaine (n=17), or 0.2 ml of saline 

(n=5) iv. Immediately after all rats completed the 6th TR session, ad lib water was returned 

to the home cage.

2.5.3 Phase II—The escalation phase was initiated 24 h following completion of the sixth 

TR session. During the escalation phase, the experiment began about half an hour into the 

light phase. Each trial consisted of 6 h access to cocaine on an FR5 (Phase II trial 1) or FR10 

(Phase II trials 2–15) schedule of reinforcement. The right (“active”) and center (“inactive”) 
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spouts were extended to be flush with the inside of the chamber wall, and the house light and 

right cue light were illuminated. Five (Phase II trial 1) or ten (Phase II trials 2–15) licks on 

the “active” empty spout earned an infusion. Each self-administered infusion delivered either 

0.66 mg of cocaine or 0.4 ml of saline, depending upon group assignment. Thus, cocaine 

dose was increased from 0.33 mg/infusion in Phase I to 0.66 mg/infusion during Phase II. 

Our calculated unit doses were 0.86 ± 0.11 mg/kg/infusion on the last trial of Phase I, and 

1.73± 0.01 mg/kg/infusion during Phase II. As such, these doses are consistent with those 

reported to support “robust escalation” during short (1h) and long (6h) access, respectively 

(Liu et al., 2005). Each infusion was followed by a 20-sec timeout during which the cue 

light shut off and a tone played. Responses on the “inactive” spout were recorded but had no 

programmed consequences. “Escalation” was calculated for cocaine intake (mg/kg) in the 

first 10 min and first h of each session. “Escalation” also was calculated for total intake 

during the 6 h trial by using a ratio of terminal (mean infusions of trials 14 and 15): trial 1 

infusions for each rat.

2.5.4. Progressive Ratio (PR)—The day after the last FR10 trial (Phase II trial 15), a PR 

test was conducted. During this test the rats had 6 h access to cocaine on a PR schedule 

adapted from Puhl et al. (2011), starting with a 10-lick requirement for the first infusion 

followed by an increasing number of empty spout licks for every infusion thereafter (10, 12, 

16, 22, 30, 40, 52, 60, 72, 90, 110, 130, 150, 170, 190, 210, 230, 250, 270, 290, 310, 330, 

350, 390, 410, 430, 450, 470, 490). The session ended when the rats had been in the 

chambers for 6 h.

2.6 Data analysis

Dependent measures included the number of gapes emitted to the gustatory cue, the latency 

to the first response on the “active” and the “inactive” spout, the number of responses 

emitted on the “active” and “inactive” spout, the latency to the first infusion, the number of 

infusions in the first ten minutes and during each h across trials, and the total number of 

infusions/session. A log10 transformation was used for the latency data. Goal-directed 

behavior was defined as the difference between the number of responses at the “active” and 

“inactive” spouts (calculated for each rat on individual trials). One rat’s data was removed 

from the “inactive” analyses because he exhibited abnormally high levels of responding 

characteristic of stereotypy. Cocaine intake (mg/kg infused) was calculated each day for the 

intervals described above (first ten min, first h, etc.). Rats were divided into 2 groups, High 

and Low Gapers, based upon the number of gapes emitted during Phase I trials 5 and 6, as 

described below. Thereafter, the data for each trial were analyzed using 3 × 6 or 3 × 15 

mixed factorial analysis of variance (ANOVAs) varying group (Saline vs. High vs. Low 

Gapers) and Phase I (1–6) or Phase II (1–15) trials. Significant interactions were followed by 

post-hoc Student Newman-Keuls tests with p < .05. Planned ANOVAs (factor: Group) were 

conducted on a trial-by-trial basis for each measure between the High Gapers, Low Gapers, 

and Saline rats. Performance on PR was analyzed with 1-way ANOVAs (factor: Group). 

Statistical procedures were performed in Statistica7 (StatSoft) and SPSS 20 (IBM). Graphs 

have been prepared in Origin7.0 Pro.
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3. Results

Data from a total of 22 rats (17 with cocaine access and 5 with saline access) contributed to 

the final analyses. All rats completed Phase I (TR-self-administration) and Phase II 

(extended access/escalation) testing, including the PR challenge (Fig. 1).

3.1. Phase I

3.1.1. Taste reactivity (TR)—Rats were divided into two groups, High Gapers (n=4) and 

Low Gapers (n=13), based upon the number of gapes emitted/30 min during terminal trials 5 

and 6. High Gapers emitted significantly more aversive TR behavior during the last 2 taste-

drug pairings than did Low Gapers, t15 = 12.65; p < 0.001. A 3 × 6 mixed factorial ANOVA 

on the number of gapes emitted per 30-min trial revealed significant main effects of group 

(F2,19= 135.89; p < 0.001) and trial (F5,95 = 13.39; p < 0 .001), and a significant group x trial 

interaction (F10,95= 15.45; p < 0.001). Post hoc tests on this 2-way interaction revealed that 

High Gapers (n=4) emitted significantly more gapes than Saline Controls (n=5; p < 0.001) 

and Low Gapers (n=13; p < 0.001) on Phase I trials 2 through 6 (Fig. 2A).

3.1.2. Self-administration—In order to assess possible effects of differential drug 

exposure during Phase I on subsequent performance during Phase II, the rats’ self-

administration behavior (number of infusions per 2 h trial) during Phase I was assessed 

using a 3 × 6 mixed factorial ANOVA. A significant main effect of group indicated that the 

groups differed in the number of infusions administered (F2,19= 12.41, p < 0.001). Thus, 

High Gapers self-administered more infusions per session during Phase I testing than both 

Saline Controls (p < 0.001) and Low Gapers (p < 0.001), overall. The main effect of Trial 

also was significant (F5,95 = 8.83, p < 0.001). Overall, rats self-administered more infusions 

of cocaine or saline during trial 1 than during trials 3, 4, 5, and 6 (ps < 0.01); additionally, 

rats self-administered fewer infusions during trials 3 and 5 than during trial 2 (ps< 0.05). 

Finally, there was a significant Group x Trial interaction (F10,95 = 4.10, p< 0.001). As shown 

in Fig. 2B, post hoc Newman-Keuls tests showed that High Gapers self-administered more 

infusions than Saline Controls and Low Gapers during Phase I trials 1, 2, 4, and 6 (ps < 

0.05).

Also compared was the amount of cocaine self-administered on a mg/kg basis by High and 

Low Gapers during each trial (Fig. 2C). A significant main effect of group (F1,15= 22.39, p< 

0.001) indicated that High Gapers self-administered more cocaine on a mg/kg basis than 

Low Gapers. A significant main effect of Trial (F5,75= 11.65, p< 0.001), and a significant 

Group x Trial interaction (F5,75= 6.77, p < 0.001), also were found. Specifically, High 

Gapers self-administered more cocaine on a mg/kg basis than Low Gapers during Phase I 

trials 1, 2, 4, and 6 (ps < 0.05).

3.2. Phase II

3.2.1. Fixed-ratio (FR) SA

Latencies: High Gapers, Low Gapers, and Saline rats did not differ in their latency to begin 

working for drug or to obtain the first infusion (data not shown). Repeated-measures 

ANOVAs on log10 latency to first “active” spout response and log10 latency to first infusion 
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revealed no significant main effect of Group (F2,19 = 1.05, p > 0.05 and F2,19 = 1.05, p > 

0.05, respectively), and no significant Group x Trial interactions (F < 1.0 and F28,266 = 1.42, 

p > 0.05, respectively). There also was no significant main effect of Trial on log10 latency to 

make the first “active” spout response (F < 1.0); however, for log10 latency to first infusion, 

a significant main effect of Trial was found (F14, 266 = 2.27, p < 0.01), but post-hoc tests 

revealed no meaningful pattern in the data.

“Active” Reponses/6h: Rats with access to cocaine responded more on the “active” spout 

than those with access to saline (Fig. 3A). In support, the main effect of group was 

significant (F2, 19 = 8.08, p < 0.01). Post-hoc analysis revealed that both High and Low 

Gapers (both ps < 0.01) emitted more responses per trial than Saline rats overall. The main 

effect of trial (F14,266 = 1.12, p > 0.10) and the group x trial interaction (F28,266 = 1.07, p > 

0.10) were not significant. Planned one-way ANOVAs were conducted to determine the 

effect of Group on “active” responses emitted during each Phase II trial. The results showed 

that Low Gapers (blue symbols in Fig. 3A) responded more than Saline Controls on trials 2, 

6, 14, and 15 (ps < 0.05), and that High Gapers (red symbols in Fig. 3A) responded more 

than Saline rats on trials 4, 5, 6, 7, 8, 9, 12, 13, 14, and 15 (ps < 0.05). Finally, on trial 4, 

High Gapers emitted more responses on the “active” spout than did Low Gapers (p < 0.05; 

black asterisk in Fig. 3A).

Infusions/6h: As shown in Figure 3B, a similar pattern was obtained when analyzing the 

total number of infusions self-administered per 6h Phase II trial. Thus, a significant main 

effect of group was found for the number of infusions self-administered per 6h trial (F2,19= 

8.32, p < 0.01), and post-hoc tests revealed that both Low Gapers (p < 0.01) and High 

Gapers (p < 0.01) self-administered more infusions than Saline Controls, overall. Neither the 

main effect of trial (F14, 266= 0.69, p > 0.50) nor the group x trial interaction (F28, 266= 1.12, 

p > 0.10) were significant. Planned one-way ANOVAs, however, revealed that Low Gapers 

took more infusions than Saline rats on Trials 2, 4, 6, 9, 14, and 15 (ps< 0.05) (blue symbols 

on Fig. 3B) and, with the exception of Trial 10, High Gapers took more infusions than Saline 

rats on Trials 4 – 15 (ps < 0.05) (red symbols on Fig 3B). Additionally, High Gapers took 

more infusions than Low Gapers on trial 4 (p < 0.05; black symbol on Fig. 3B). Finally, as 

shown in Fig. 3C, High Gapers self-administered more cocaine/6h on a mg/kg basis than 

Low Gapers during Trials 4, 8, 14, and 15 (ps < 0.05).

To compare cocaine self-administration behavior during time bins commonly used in the 

analysis of extended-access data by other laboratories, we calculated the number of 

infusions and cocaine intake of High and Low Gapers during the first 10 min and during the 

first h of the self-administration opportunity, as well as during the entire 6 h access period. 

As illustrated in Fig. 4A, paired t-tests of cocaine intake by High and Low Gapers on Phase 

II trials 1 and 14–15 (“Terminal”) demonstrated that, although Low Gapers’ intake of drug 

during the 10-min time period did not change over the course of the study, High Gapers 

increased drug infusions from the 1st to the terminal trials (t3 = 11, p < 0.01). Figure 4B 

shows that, during the terminal trials (mean of trials 14 and 15), High Gapers infused more 

cocaine in the first h than Low Gapers (t15=2.12, p < 0.05), and more than their own trial 1, 

h 1 intake (t3=2.98, p < 0.05). High Gapers, then, exhibited evidence of escalated responding 
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for cocaine as assessed during either the first 10 min or 1 h of daily access. Finally, as shown 

in Fig. 4C, although neither High nor Low Gapers significantly increased their total cocaine 

intake (mg/kg/6h) over the course of Phase II testing (i.e., from the 1st to the terminal trials), 

High Gapers self-administered more cocaine than Low Gapers during the terminal trials (t15 

= 1.83, p < 0.05). High Gapers self-administered roughly the same amount of cocaine as 

Low Gapers during these three time bins (first 10 min, first hour, and total) at the beginning 

of Phase II.

In an effort to better assess escalation, a ratio (Terminal intake divided by Trial 1 intake + 

Terminal intake) was calculated for each rat for each time interval (i.e., amount of cocaine 

infused during the first 10 minutes, first h, and across h 1 – 6). Comparison of these data for 

High and Low Gapers showed that the Terminal/Trial 1 ratio was higher for the High Gapers 

vs. the Low Gapers at all three intervals, as shown in Fig. 5 (first 10 min: t15=2.29, p < 0.05; 

first h: t15=2.99, p < 0.01; and h 1–6: t15=2.73, p< 0.01).

3.2.2. PR—A one-way ANOVA on the last completed ratio (breakpoint) during PR testing 

revealed a significant main effect of Group (F2,20 = 6.06, p < 0.01). Thus, as shown in Fig. 6, 

both High (p < 0.01) and Low (p < 0.05) Gapers had a higher breakpoint than Saline 

Controls. Although High Gapers tended to work harder for cocaine than Low Gapers during 

PR testing, this difference did not attain statistical significance, p = 0.15.

4. Discussion

Over six trials, rats received an intraoral infusion of a Kool-Aid flavored saccharin cue 

once/min for 30 min. Immediately thereafter they were given 2 h to self-administer either 

saline or cocaine. Consistent with our previous findings (Colechio and Grigson, 2014; 

Colechio et al., 2014; Wheeler et al. 2008), individual differences were evident whereby 

some outbred male Sprague-Dawley rats (the High Gapers) exhibited marked aversive TR 

behavior following intraoral infusion of the drug-paired cue, while others (the Low Gapers) 

did not. Importantly, for the High Gapers, the conditioned aversive TR behavior was 

apparent immediately following a single pairing with self-administered cocaine. This, too, is 

consistent with earlier findings showing conditioned aversive TR behavior following one 

(Colechio and Grigson, 2014) to three (Colechio et al., 2014) cue-drug pairings. In the 

present study, the High Gapers self-administered more cocaine than the Low Gapers on the 

first trial. The difference in conditioned aversive TR behavior between the Low and High 

Gapers, however, is not likely due to mere differences in early drug exposure because similar 

differences in conditioned aversive TR behavior have been obtained between Low and High 

Gapers even when initial drug self-administration was equal between the two (e.g. Colechio 

et al., 2014). Some rats, then, are more likely than others to avoid an otherwise palatable 

gustatory cue that predicts the opportunity to self-administer drug and this shift from 

ingestion to rejection can occur following even a single taste-drug pairing.

The purpose of the present study was to test whether early performance in the taste-drug 

model could be used to predict later escalation of drug-taking, a key symptom of addiction 

(Koob and Kreek, 2007). Consequently, after six taste-drug pairings in Phase I, the taste cue 

was omitted and rats were given daily trials with 6 h extended access to cocaine. The results 
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were affirmative. Specifically, with several weeks of extended-access, the High Gapers 

escalated their cocaine self-administration, i.e., they increased the amount of cocaine self-

administered in the first 10 min (Ahmed and Koob, 1998, 1999) and in the first h 

(Knackstedt and Kalivas, 2007) of access to cocaine across trials. The Low Gapers did not. 

In addition, although total intake per session (mg/kg/6h) did not increase from the beginning 

to the end of testing, High Gapers administered more cocaine than Low Gapers on multiple 

trials, especially toward the end of training. This finding is consistent with published data 

showing that greater conditioned aversive TR to the drug-predictive cue is associated with a 

shorter latency to take drug, greater load up, greater seeking and greater drug-taking 

(Colechio and Grigson 2014; Colechio et al., 2014; Wheeler et al., 2008; Wheeler et al., 

2011). Likewise, as described, greater early avoidance of a drug-paired taste cue (i.e., 

reduced intake) also is highly correlated with greater drug-seeking, drug-taking, and drug-

induced reinstatement following an extended period of abstinence (Grigson and Twining, 

2002; Twining et al., 2009; Imperio and Grigson, 2015). Differences in responding on the 

PR schedule, however, were not significant here, possibly because of the small number of 

High Gapers, the use of the extended access model (Liu et al., 2005; Paterson and Markou, 

2003), or a ceiling effect related to the use of a unit dose that has been shown to maximize 

PR responding (Arnold and Roberts, 1997).

Some evidence suggests that addiction develops over a relatively long period of time, i.e., 

the recognized need for extended access (Ahmed et al., 2002) or multiple trials (Deroche-

Gamonet et al., 2004). In accordance, substance use disorder (SUD) and addiction do 

develop gradually for some humans (Meyer et al., 2015) and our High Gapers exhibited 

escalation of cocaine self-administration following multiple trials with extended 6h daily 

access. That said, the present data also suggest that the most vulnerable individuals may 

require very little experience with drug to initiate the process that underlies the development 

of the disease of addiction. At its inception, at least as observed in the present model, this 

involves the onset of an opponent process not unlike that described by Solomon and Corbet 

(1973, 1974). Specifically, it involves a rapid switch from ingestion to rejection of the drug-

paired cue and associated low, rather than high, levels of dopamine in the nucleus 

accumbens (Grigson and Hajnal, 2007; Wheeler et al., 2011). In addition to this evidence for 

conditioned anhedonia (low intake/low dopamine), published data also show a conditioned 

elevation in circulating corticosterone (Gomez et al., 2000) and a conditioned loss of body 

weight (Nyland and Grigson, 2015). All of the above have been linked to conditioned 

withdrawal (McDonald et al., 1997; Nunez et al., 2007; Shaham and Stewart, 1995). Thus, 

we conclude from the data presented herein that, for some of the most vulnerable 

individuals, the opponent process begins immediately upon exposure to drug. Immediately, 

the most vulnerable rats learn that the taste cue predicts the imminent availability of drug; 

the drug-paired taste cue elicits onset of the opponent process in an effort to prepare for 

impending drug; the opponent process is experienced as an aversive withdrawal state 

involving anhedonia, low dopamine, and high stress hormone levels; and the drug is the best, 

if not the only, correction. With experience, then, these vulnerable rats go on to exhibit the 

greatest addiction-like behavior for drug - i.e., the greatest escalation of drug-taking over 

time. Future studies will identify underlying neural correlates of this opponent process in an 

effort to develop novel diagnostics and novel avenues for treatment. Additionally, these 
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findings should be translated to humans to identify individuals whom are most vulnerable to 

the development of SUD and addiction in the hopes that we might be better able to prevent 

the initial onset of disease.
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Highlights

• Some rats exhibit greater aversive taste reactivity to a cocaine-paired cue

• Greater conditioned aversive taste reactivity can occur immediately

• Greater conditioned aversive taste reactivity predicts escalation of drug taking

• Early onset of this opponent process predicts later vulnerability to drug
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Figure 1. 
Sequence of trials during the experiment for rats who had access to cocaine (top) or saline 

(bottom).
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Figure 2. 
A: Gapes (mean ± SEM) emitted during each 30-min IO infusion period by Saline Controls 

(gray), Low Gapers (blue), and High Gapers (red). B: Number (mean ± SEM) of self-

administered infusions during each 2-hour Phase I trial. C: Amount (mean ± SEM) of 

cocaine self-administered during each 2-hour Phase I trial by Low and High Gapers. *, 

p<0.05; †, p <0.001.
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Figure 3. 
A: Number (mean ± SEM) of responses emitted on the “active” spout during each Phase II 

trial. Blue significance symbols indicate a difference between Low Gapers and Saline 

Controls; red symbols indicate a difference between High Gapers and Saline controls. Black 

symbols indicate that there is a significant difference between High and Low Gapers. B: 

Total number (mean ± SEM) of infusions self-administered per 6-hour Phase II trial by 

Saline Controls (gray), and Low (blue) and High (red) Gapers. C: Total amount (mg/kg; 

mean ± SEM) of cocaine self-administered by Low (blue) and High (red) Gapers during 

each 6-hour trial. *, p < 0.05; #, p < 0.01.
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Figure 4. 
A: Amount (mg/kg; mean ± SEM) of cocaine self-administered by Low Gapers (blue) and 

High Gapers (red) during the first 10 min of the initial (left) and terminal (right) Phase II 

trials. B: Amount (mg/kg; mean ± SEM) of cocaine self-administered during the first hour of 

each Phase II trial. C: The total amount (mg/kg; mean ± SEM) of cocaine self-administered 

during the 6-hour Phase II trials. *, p < 0.05; #, p <0.01.
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Figure 5. 
Escalation of cocaine self-administration over the course of Phase II by Low Gapers (blue) 

and High Gapers (red).*, p < 0.05; #, p <0.01.
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Figure 6. 
PR breakpoint (mean ± SEM). *, p < 0.05; #, p <0.01.
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