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Abstract
Rationale Understanding the behavioral and neurobiological factors that render some individuals more susceptible than 
others to opioid addiction will be critical in combatting the opioid crisis.
Objective The purpose of the current study was to determine if behavioral traits associated with an increased likelihood 
to take and seek cocaine are the same traits that render one more susceptible to opioid-taking and opioid-seeking behavior. 
Individual differences in the acquisition of remifentanil self-administration and subsequent cue-induced reinstatement of 
remifentanil-seeking behavior were investigated using two animal models: the high-responder (HR)/low-responder (LR) 
and sign-tracker (ST)/goal-tracker (GT) models. Relative to LR rats, HR rats show increased novelty-induced locomotion 
or “sensation-seeking” behavior, and are more likely to acquire cocaine-taking behavior and do so at a faster rate. Relative 
to GT rats, ST rats attribute greater incentive motivational value to reward cues and are more likely to exhibit reinstatement 
of cocaine-seeking behavior.
Results In contrast to previous work using cocaine, we did not observe individual differences with respect to the acquisition 
of remifentanil self-administration- or cue-induced reinstatement of remifentanil-seeking behavior within the context of either 
the HR/LR or ST/GT model. Thus, neither the sensation-seeking trait nor the propensity to attribute incentive motivational 
value to reward cues predicts remifentanil-taking or remifentanil-seeking behavior.
Conclusions These findings suggest that different traits may confer the initiation of opioid- vs. cocaine-taking behavior, and 
the propensity to relapse to opioid- vs. cocaine-seeking. Additional studies are needed to identify which neurobehavioral 
constructs confer liability to opioid use and relapse.

Keywords Addiction · Opioids · Relapse · Incentive Motivation

Introduction

According to the Centers for Disease Control and Preven-
tion, in the USA, nearly 50,000 people died in 2019 due 
to overdoses involving opioids (Mattson et  al., 2021). 
Approximately 21–29% of patients prescribed opioids will 

abuse them, and 8–12% of patients will eventually become 
addicted (Vowles et al., 2015). The economic burden asso-
ciated with this crisis due to healthcare costs, lost job pro-
ductivity, and criminal justice costs is estimated to be $78.5 
billion (Florence et al., 2016). Identifying the behavioral 
and neurobiological factors that make some individuals 
more vulnerable to opioid use and abuse, and subsequently 
relapse, will be critical to allow implementation of more 
targeted prevention and intervention strategies and help put 
an end to the opioid epidemic.

In the laboratory setting, animal models have revealed 
behavioral and neurobiological factors that may render an 
individual more susceptible to substance use and abuse. 
These include the high-responder (HR)/low-responder (LR) 
model and the sign-tracker (ST)/goal-tracker (GT) model. 
With the HR/LR model, rats are placed in a novel environ-
ment and their locomotor activity is measured. Rats that 
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display high levels of locomotor activity are designated as 
HRs, while rats that display low levels of activity are des-
ignated as LRs. Prior work with the HR/LR model focused 
on the acquisition of drug-taking behavior has shown that 
HRs acquire cocaine self-administration more readily than 
LRs (Piazza et al., 2000; Mantsch et al., 2001; Ferris et al., 
2013; Marinelli & White, 2000), and these findings extend 
to ethanol (Nadal et al., 2002), nicotine (Suto et al., 2001), 
and morphine (Abrosio et al., 1995) as well. However, out-
bred HRs and LRs do not differ in the reinstatement of drug-
seeking behavior (Sutton et al., 2000). Thus, the “sensation-
seeking” trait captured in outbred rats by individual variation 
in novelty-induced locomotion appears to predict the initial 
propensity to take drugs, but not relapse propensity.

With the ST/GT model, rats receive presentation of a 
lever conditioned stimulus (CS) that is paired (non-con-
tingently) with delivery of a food unconditioned stimulus 
(US). Over time, two different conditioned responses (CRs) 
emerge: sign-tracking and goal-tracking. Sign-tracking con-
sists of approach to the CS and interaction with it, as if it 
were the US itself (Hearst & Jenkins, 1974). In contrast, 
goal-tracking consists of approach to the site of impending 
food delivery during CS presentation (Boakes, 1977). Both 
of these CRs are acquired at similar rates. However, it is 
argued that while GTs primarily assign predictive value to 
the CS, STs assign both predictive and incentive value to 
the CS (Flagel & Robinson, 2017). This incentive value is a 
crucial component of the learning process, as it transforms 
the CS into a “motivational magnet” (Berridge, 2004); and 
it is this process that is believed to make STs more vulner-
able to relapse-like behavior than GTs. Indeed, in contrast 
to the HR/LR model, prior work using the ST/GT model has 
demonstrated that STs show greater levels of cue-induced 
and drug-induced reinstatement of cocaine-seeking behavior 
relative to GTs (Saunders & Robinson, 2010, 2011; Saun-
ders et al., 2013; Kuhn et al., 2021).

The purpose of this study was to investigate individual 
differences in opioid-taking and opioid-seeking behaviors 
using both the HR/LR and ST/GT models. The µ-opioid 
receptor agonist, remifentanil, was used, as its fast-acting 
properties make it ideal for studying the effects of opioid-
associated cues (half-life elimination from blood 0.3–0.7 min 
(Crespo et al. (2005)) on drug-seeking behavior. Remifenta-
nil has been shown to be as potent of a reinforcer as cocaine 
(Wade-Galuska et al., 2007; Freeman & Woolverton, 2011; 
Koffarnus et al., 2012), and is readily self-administered by 
rodents (Panlilio & Schindler, 2000). Furthermore, individ-
ual differences have been observed using behavioral eco-
nomic (Porter-Stransky et al., 2017) and Pavlovian (Yager 
et al., 2015) procedures with this drug as the reward. If the 
pattern of individual differences for remifentanil use and 
relapse propensity is similar to cocaine, we would expect HR 
rats to show a faster rate of self-administration relative to LR 

rats, and ST rats to show greater cue-induced reinstatement 
of opioid-seeking behavior relative to GTs. Contradictory 
results would suggest that distinct factors mediate individual 
differences in response to cocaine and opioids.

Methods

Two experiments were conducted to assess individual dif-
ferences in opioid-taking and cue-induced opioid-seeking 
behavior. In Experiment 1 (Fig. 1a), we used parameters 
similar to those we have used in the past with cocaine (Kuhn 
et al., 2018) to investigate individual differences in the rate 
of remifentanil self-administration and the propensity for 
cue-induced reinstatement of drug-seeking behavior. In 
Experiment 2 (Fig. 1d), we altered various aspects of the 
experimental paradigm that are known to affect drug-taking 
and drug-seeking behaviors (e.g., housing conditions, drug 
dose), to determine if such changes would reveal individual 
differences that were not apparent in Experiment 1.

Experiment 1

Subjects

The subjects were 60 male Sprague–Dawley rats from 
Charles River Laboratories (n = 30; 16 from Barrier R04 
and 14 from Barrier C72) and Taconic Biosciences (n = 30; 
Barrier IBU16). Rats were obtained from different vendors 
to increase the likelihood of acquiring an even distribution 
of STs and GTs (Fitzpatrick et al., 2013). Rats weighed 
225–275 g upon arrival and were allowed to acclimate to the 
vivarium for 1 week prior to behavioral testing. Rats were 
initially pair-housed in a climate-controlled vivarium with 
a 12-h light:dark cycle. Rats had ad libitum access to food 
and water throughout the experiment. All procedures con-
formed to the The Guide for the Care and Use of Laboratory 
Animals and were approved by the University of Michigan 
Institutional Animal Care and Use Committee.

Pavlovian conditioned approach

Rats were handled briefly by experimenters for 2 days prior 
to behavioral testing, and given 45-mg banana-flavored pel-
lets in their home cage (approximately 50 pellets per cage; 
Bioserv; Product# F0059). Pavlovian conditioned approach 
(PavCA) training occurred in standard behavioral chambers 
from Med Associates (20.5 cm × 24.1 cm × 29.2 cm; MED 
Associates, St. Albans, VT) that were encased in sound-
attenuating boxes with ventilation fans that provided air cir-
culation and background noise. A recessed food magazine 
was located in the center of one wall of the chamber 6 cm 
above the grid floor. Additionally, a retractable lever was 
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located to the right or left of the food magazine (counterbal-
anced to control for side bias; 6 cm above the grid floor). The 
lever was illuminated with an LED backlight upon presenta-
tion. On the opposite wall, a house light was located 1 cm 
from the top of the chamber, and used to illuminate the test 
chamber throughout each session.

Rats were first given 2 pre-training sessions in which one 
pellet was delivered randomly into the food magazine on 
a variable interval 30-s schedule (range 0 – 60 s; 25 pel-
lets total per session). During these sessions, the lever was 
retracted. Following pre-training, rats underwent 5 sessions 
of PavCA training. Each session consisted of 25 trials during 
which an illuminated lever conditioned stimulus (CS) was 
presented for 8 s and, upon retraction, was immediately fol-
lowed by delivery of a food pellet US. Trials were presented 
on a variable interval 90-s schedule (range 30–150 s).

The following measures were used to calculate the 
PavCA index and classify each rat as a ST or GT (Meyer 
et al., 2012): total number of magazine entries during CS 
presentations, latency to the first magazine entry during CS 
presentations, total number of lever contacts, and latency to 
the first lever contact. These measures were used to calcu-
late the Response Bias [(lever presses – food cup entries)/
(lever presses + food cup entries)], Probability Difference 
(p|lever press – p|food cup entry), and Latency Score [(aver-
age response time to lever press – average response time 
to enter the food cup)/duration of CS presentation]. These 
three measures were then averaged to compute the PavCA 
index for each day. Data from sessions 4 and 5 were averaged 
to calculate the PavCA index, which ranged from − 1.0 to 
1.0. Rats with scores of − 1.0 to − 0.5 were classified as GTs 
(n = 25), while rats with scores of 0.5 to 1.0 were classified 
as STs (n = 15). Rats with scores between − 0.5 and 0.5 were 
classified as intermediate responders (INs; n = 20) and, for 
the purposes of the current study, were excluded from sub-
sequent procedures and data analyses.

Locomotor testing

The day after PavCA training, rats were placed in a 
novel environment for 30 min and their locomotor activ-
ity was measured utilizing similar procedures as those 
previously described by Stead et  al. (2006). Briefly, 
the novel environment consisted of a plastic cage 
(33.02 cm × 68.58 cm × 60.96 cm tall) with a metal grid 
floor and 0.25-in. corn cob bedding underneath. Photocells 
were located along the sides of the shells that the cages were 
located in, and breaks of these photocells generated either 
lateral movements (lower panel) or rearing events (upper 
panel). A computer recorded the number of lateral move-
ments and rearing events during the session. These values 
were summed to create a locomotor activity score. Rats were 
classified as high responders (HRs) if their score was above 

the median and low responders (LRs) if their score was at 
the median or below.

Surgical procedure

The day after locomotor activity testing, rats underwent surgery 
for the insertion of indwelling jugular catheters. Rats were anesthe-
tized with ketamine (90 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.) 
and then administered carprofen (5 mg/kg, s.c.) for its analgesic 
properties. Rats were then catheterized with catheters made in-
house as described by Krueger et al. (2021). After catheterizations 
were complete, rats were given sterile saline (0.9%, 3 ml, s.c.) to 
replenish fluids lost during surgery. In addition, rats were given 
infusions of the anticoagulant, heparin (100 units/ml, 0.05 ml, i.v.), 
and the antibiotic gentamicin sulfate (1 mg/ml, 0.05 ml, i.v.). These 
heparin/gentamicin infusions were administered every day after 
surgery throughout the behavioral training procedures in order to 
prevent infection and maintain catheter patency. Following surgery, 
rats were single-housed for the duration of the experiment and were 
allowed to recover for 10 days before behavioral testing began. 
Three rats (1 ST and 2 GTs) died during surgery and their data 
were removed from prior portions of the experiment.

Food self‑administration

To promote the acquisition of operant responding, rats 
underwent 4 sessions of food self-administration prior to 
opioid self-administration. During these sessions, rats were 
placed in the same Med Associates, Inc. behavioral cham-
bers as described above, and the same food pellets used dur-
ing PavCA were used for operant response training. How-
ever, the lever was removed and two nose ports were inserted 
on either side of the food magazine. To prevent side bias, the 
port designated “active” was placed on the opposite side of 
the chamber from where the lever was previously located. 
Pokes into the “active” port resulted in the delivery of a food 
pellet, illumination of a cue light CS located within the port 
for 20 s, and termination of the house light for 20 s on a 
fixed-ratio 1 (FR 1) schedule. This 20-s period represented a 
timeout period where pokes into the active port had no con-
sequences. Pokes in the “inactive” port were without conse-
quence throughout the session. Sessions lasted for 30 min or 
were terminated once a rat received 25 pellets.

Opioid self‑administration

Following food self-administration, rats went through 15 
sessions of drug self-administration. The food magazine was 
removed from the test chambers for the rest of the experi-
ment. During drug self-administration, pokes into the active 
port (FR1 schedule) resulted in a 4-s infusion of remifentanil 
(3.2 or 1.6 µg/kg, i.v.). Similar to food self-administration, a 
cue light located within the port illuminated simultaneously 
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along with the infusion for 4 s. The house light turned off 
for 20 s to signal a timeout period during which pokes into 
the active port did not result in remifentanil infusions. Pokes 
into the inactive port were always without consequence. Rats 
were allowed to self-administer remifentanil according to 
specific infusion criteria (IC), which controlled for the total 
amount of drug and drug-cue pairings that each rat was able 
to receive (Saunders & Robinson, 2010, 2011; Kuhn et al., 
2018). The IC represents the maximum number of infusions 
rats could receive in one session. Rats had to complete at 
least two consecutive sessions meeting the IC in order to 
continue participating in the study. Rats that failed to do so 
were excluded from the study. Sessions lasted for a maxi-
mum of 3 h or until they met the IC. Rats were exposed to 
3 sessions at IC5, 4 sessions at IC10, and then 3 sessions at 
IC20, using a dosage of 3.2 µg/kg per infusion. Rats were 
then exposed to 5 sessions at IC45, with a remifentanil dos-
age of 1.6 µg/kg per infusion. The dosage was decreased 
at IC45 to increase motivation for responding and the like-
lihood of reaching the infusion criterion in a timely man-
ner. The behavioral outcome measures that were analyzed 
included the number of nose pokes into both ports, number 
of infusions, and rate of infusion (i.e., number of infusions 
received per minute). Thirteen rats (6 STs and 7 GTs) were 
eliminated from the study due to loss of catheter patency. In 
addition, another rat (a GT) was excluded as its back port 
became externalized during self-administration. Thus, we 
had a total of 15 GTs and 8 STs that completed self-admin-
istration training and were included in the data analyses.

Forced abstinence

Following the completion of self-administration, rats com-
pleted a 14-day period of forced abstinence. During this 
time, rats remained undisturbed in their home cages within 
the vivarium. This time period of forced abstinence was 
chosen as it has been shown to elicit robust cue-induced 
reinstatement (Grimm et al., 2001).

Extinction

Once forced abstinence was complete, rats were exposed to 
extinction training. During these sessions, rats were placed 
back into the behavioral chambers in which pokes into the 
active port did not result in remifentanil infusions or cue 

presentations. In addition, the house light remained on at 
all times. Pokes into the inactive port continued to have no 
consequence. Each session lasted 2 h, and training continued 
until all rats made fewer than 15 pokes into the active port 
for 2 consecutive days. One rat (a GT) failed to meet extinc-
tion criteria and was excluded from subsequent behavioral 
procedures and removed from statistical analyses.

Cue reinstatement

After extinction training, rats were tested for cue-induced 
reinstatement of opioid-seeking behavior. During this test 
session, the cue light was presented at the start of the session 
for 20 s. Subsequent pokes into the active port resulted in a 
4-s presentation of the cue light (as in self-administration). 
However, no remifentanil infusions were delivered. Pokes 
into the inactive port were without consequences. The house 
light remained on during the entire 60-min session.

Data analysis

PavCA data was analyzed using linear mixed models 
(LMMs) with factors of phenotype (ST vs. GT) and ses-
sion (1–5). Locomotor response to novelty was analyzed 
using an unpaired t-test. Self-administration data was ana-
lyzed using LMMs with factors of phenotype (ST vs. GT 
or HR vs. LR), port (active vs. inactive), and IC (5–45), 
and the average nose pokes across sessions for each IC as 
the dependent variable. Extinction data was analyzed using 
LMMs with factors of phenotype, port, and session (1–8), 
and the average nose pokes for each session as the depend-
ent variable. Cue-induced reinstatement data was analyzed 
with a mixed ANOVA with factors of phenotype and port, 
and nose pokes as the dependent variable. In addition, the 
cue-induced reinstatement test data was compared to the last 
hour of the last day of extinction using a repeated-measures 
ANOVA with factors of phenotype and phase (extinction 
vs. reinstatement), and the difference between nose pokes 
into the active vs. inactive port as the dependent variable. 
This measure allowed us to directly compare responding 
during extinction vs reinstatement as it controls for pokes 
into the inactive nose port while also measuring the abil-
ity of the cue to reinstate pokes into the active nose port. 
Significant interactions were followed up with Bonferroni-
corrected pairwise comparisons. Finally, to determine if our 
behavioral results could be reduced to fewer dimensions, 
we performed a principal component analysis using 4 vari-
ables: “sensation seeking” (locomotor response to novelty), 
“sign-tracking propensity” (PavCA index as used to classify 
STs and GTs), “acquisition of drug-taking” (rate of infu-
sion averaged over ICs 5 and 10), and “reinstatement pro-
pensity” (the difference between active and inactive nose 
pokes during the cue-induced reinstatement test). All rats 

Fig. 1  a Experimental timeline for Experiment 1. b Pavlovian con-
ditioned approach (PavCA) index data for rats in Experiment 1 clas-
sified as sign-trackers (STs; n = 8) and goal-trackers (GTs; n = 15). c 
Locomotor activity scores of rats classified as high-responders (HRs; 
n = 11) and low-responders (LRs; n = 12). d Experimental timeline for 
Experiment 2. e PavCA index data for rats in Experiment 2 classified 
as STs (n = 13) and GTs (n = 9). f Locomotor activity scores of rats 
classified as HRs (n = 11) and LRs (n = 11)

◂
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that completed the study were included in the principal com-
ponent analysis. Statistical outliers were determined using 
the boxplot method (Tukey, 1977). The significance level 
was p < 0.05 for all tests.

Experiment 2

Subjects

The subjects were 90 male Sprague–Dawley rats from 
Charles River Laboratories (n = 60; 30 from Barrier R04 
and 30 from Barrier C72) and Taconic Biosciences (n = 30; 
Barrier IBU16). Subjects weighed 225–275 g on arrival. In 
contrast to Experiment 1, rats remained pair-housed for the 
duration of the experiment following surgery. A “buddy bar-
rier” (modified from Boggiano et al., 2008; see also Krueger 
et al., 2021) was used for the first 5 days following surgery 
to keep rats in limited tactile contact with one another dur-
ing recovery. In addition, catheters were constructed using 
stainless steel tubing for the base and surrounding cap of the 
catheter to prevent cagemates from damaging the catheter 
once the barrier was removed.

Pavlovian conditioned approach, locomotor testing, 
and surgical procedures

Rats were exposed to PavCA training, locomotor testing, 
and received indwelling jugular catheters as described above 
for Experiment 1. At the end of PavCA training, there were 
33 STs and 19 GTs. Thirty-eight rats were classified as INs 
and were excluded from subsequent behavioral procedures 
and data analyses. Two rats (both STs) died during surgery, 
while another rat (ST) did not respond to anesthesia prior to 
surgery and was therefore removed from the study.

Food self‑administration

Following 10 days of recovery from surgery, rats were 
exposed to 2 days of food self-administration, as described 
for Experiment 1.

Opioid self‑administration

As in Experiment 1, pokes into the active port resulted in 
a 4-s infusion of remifentanil (i.v.) along with simultane-
ous presentation of the cue light for 4 s. In addition, the 
house light turned off for 20 s to signal a timeout period 
during which remifentanil was not available and pokes into 
the active port were without consequence. Pokes into the 
inactive port were always without consequence. Self-admin-
istration procedures were conducted with infusion criteria, 
similar to Experiment 1. However, rather than reducing the 
dosage administered during IC45 (from 3.2 to 1.6 µg/kg), 

3.2 µg/kg was used throughout the entire self-administration 
schedule (IC 5–45). Fifteen STs and nine GTs were elimi-
nated from the study due to lost catheter patency. In addition, 
3 rats (2 STs and 1 GT) had to be excluded due to externali-
zation of the back port of the catheter. Thus, a total of 13 STs 
and 9 GTs completed self-administration training, and only 
these rats are included in the data analyses.

Extinction

In contrast to Experiment 1, rats were not placed under a 
period of forced abstinence. Following self-administration, 
rats were immediately run through extinction training dur-
ing which pokes into the active port no longer resulted in 
remifentanil infusions or cue presentations. The house light 
remained on throughout the entire 2-h session. Extinction 
training lasted until all rats made fewer than 15 pokes into 
the active port for 2 consecutive days. Two rats (one ST and 
one GT) failed to meet extinction criteria and were excluded 
from subsequent data analyses.

Cue reinstatement

Following extinction training, rats were tested for cue-
induced reinstatement of opioid-seeking behavior using the 
same procedures as those in Experiment 1.

Data analysis

Data were analyzed in the same way as Experiment 1. The 
significance level was p < 0.05 for all tests.

Results

Experiment 1

PavCA

By the end of PavCA training, there were 8 STs and 15 
GTs (Fig. 1b). As expected, STs and GTs showed signifi-
cant differences in the PavCA index (effect of Phenotype 
(F1,38 = 359.48, p < 0.001)). In addition, there was a signifi-
cant effect of Session (F4,53 = 9.94, p < 0.001) and a Phe-
notype × Session interaction (F4,53 = 67.38, p < 0.001) for 
PavCA index. A detailed analysis of each measure used to 
calculate the PavCA index is included in the Supplemental 
material (Figure S1). The distribution of the PavCA index 
between vendors and experiments is illustrated in Figure S2.
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Locomotor response to novelty

Based on the median split, there were 11 HRs and 12 LRs 
(Fig.  1c). As expected, HRs showed greater locomotor 
activity than LRs in response to the novel environment 
(t(21) = 5.158, p < 0.001). The distribution of locomotor 
scores between vendors and experiments is illustrated in 
Figure S2.

Self‑administration: HRs/LRs

Both HRs (n = 11) and LRs (n = 12) acquired self-admin-
istration behavior, as evidenced by their discrimination 
between the active and inactive nose ports, an increase 
in the number of infusions, and an increase in the rate of 
drug-taking across sessions (Fig. 2a–c). In support, there 
was a significant effect of Port (F1,21 = 562.57, p < 0.001) 

and IC (F3,21 = 125.83, p < 0.001), as well as a significant 
IC × Port interaction (F3,21 = 162.00, p < 0.001) for the 
number of nose pokes. Responding in the active port was 
greater than responding in the inactive port at each IC 
(p’s < 0.001). However, there was not a significant effect 
of Phenotype (F1,21 = 0.43, p = 0.519), nor any significant 
interactions with Phenotype (p’s ≥ 0.277). As a func-
tion of the imposed IC, both HRs and LRs received the 
exact same number of infusions across training (Fig. 2b). 
Therefore, no statistical analyses were performed for the 
number of infusions. Both HRs and LRs showed a simi-
lar tendency in increasing infusion rates as training pro-
gressed (Fig. 2c). That is, there was a significant effect of 
IC (F3,23 = 41.65, p < 0.001), but not a significant effect 
of Phenotype (F1,22 = 0.02, p = 0.904), nor a significant 
Phenotype × IC interaction (F3,23 = 1.77, p = 0.181) for the 
interinfusion interval (Fig. 2c).

Fig. 2  Self-administration of remifentanil and cue-induced reinstate-
ment in HRs (n = 11) and LRs (n = 12) in Experiment 1. Mean ± SEM 
for a number of nose pokes, b number of infusions, and c interin-
fusion interval (in minutes) during the acquisition of drug-taking 
behavior. The dosage of remifentanil was 3.2 µg/kg for ICs 5–20 and 
1.6 µg/kg for IC 45. Mean ± SEM for the number of nose pokes into 
the active or inactive ports during d extinction sessions or e the cue-

induced reinstatement test. Mean ± SEM for f the difference between 
active and inactive nose pokes during the cue-induced reinstatement 
test compared to the last day of extinction. During the reinstatement 
test, there was a significant effect of Port (*p < 0.001). When compar-
ing responding between the last day of extinction and reinstatement, 
there was a significant effect of Phase (*p = 0.002). There were no 
significant differences between phenotypes
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Extinction: HRs/LRs

Both HRs and LRs extinguished drug-seeking behavior 
at a comparable rate (effect of Phenotype (F1,20 = 1.15, 
p = 0.296), decreasing their nose pokes into the active port 
over the course of training (effects of Session (F7,20 = 28.59, 
p < 0.001); Port (F1,20 = 59.34, p < 0.001); Session × Port 
interaction (F7,20 = 10.18, p < 0.001); Fig. 2d). There were 
no significant interactions with Phenotype (p’s ≥ 0.367). A 
rat that failed to meet the extinction criteria (an HR) was 
removed from this and subsequent statistical analyses.

Cue reinstatement: HRs/LRs

Both HRs and LRs showed greater responding in the 
active nose port relative to the inactive nose port dur-
ing the cue-induced reinstatement test (effect of Port 
(F1,40 = 19.43, p < 0.001); Fig. 2e). However, there were no 
significant differences between phenotypes (effect of Phe-
notype (F1,40 = 3.26, p = 0.079); Phenotype × Port interac-
tion (F1,40 = 2.82, p = 0.101)). Compared to the last session 
of extinction (analyzing the number of active – inactive 
nose pokes), both HRs and LRs showed greater levels of 
responding during the reinstatement test (effect of Phase 
(F1,20 = 21.47, p = 0.002); Fig. 2f), with no significant differ-
ences between phenotypes (effect of Phenotype (F1,20 = 2.82, 
p = 0.098)), nor a significant Phase × Phenotype interaction 
(F1,20 = 3.51, p = 0.076). The vendor from which the rats 
were obtained did not have an effect on cue-induced rein-
statement behavior (see Supplemental materials for support-
ing statistical analyses). Notably, there was one statistical 
outlier (an LR) that made more nose pokes into the active 
port during the cue reinstatement test. Excluding this outlier 
did not change the pattern of results described above (see 
Supplemental materials); thus, for transparency, this rat is 
included in the primary analyses and graphical illustrations.

Given that the extinction sessions were 2 h long, the 1-h 
cue-induced reinstatement test was also compared to the first 
hour of the last extinction session. There was not a signifi-
cant difference in responding between the first and second 
hours of the last extinction session (p = 0.107); and results 
were the same whether behavior during reinstatement was 
compared to the first or second hour of the extinction ses-
sion (Figure S3; see additional analyses in Supplemental 
materials).

Self‑administration: STs/GTs

Both STs (n = 8) and GTs (n = 15) acquired self-admin-
istration of remifentanil (Fig. 3). In support, there was a 
significant effect of Port (F1,21 = 489.13, p < 0.001) and 
IC (F3,21 = 111.84, p < 0.001), but no effect of Phenotype 
(F1,21 = 0.06, p = 0.807), nor a significant Phenotype × Port 

interaction (F1,21 = 0.21, p = 0.651). There was a significant 
IC × Port interaction (F3,21 = 133.69, p < 0.001), and this is 
reflective of the increase in responding in the active port 
across IC, while responding in the inactive port remained 
low. There was also a significant Phenotype × IC × Port inter-
action (F3,21 = 3.55, p = 0.032). Rats differentiated between 
the active and inactive nose ports at each IC (p’s < 0.001). 
However, post hoc comparisons between STs and GTs were 
not significant at any IC (p’s ≥ 0.085). As a function of the 
IC paradigm, both STs and GTs received the exact same 
number of infusions across training (Fig. 3b); and thus, no 
statistical analyses were performed for this measure. Both 
STs and GTs showed a similar tendency in increasing infu-
sion rates as training progressed (Fig. 3c). That is, there was 
a significant effect of IC (F3,23 = 34.71, p < 0.001) but not a 
significant effect of Phenotype (F1,22 = 0.58, p = 0.453) nor 
a Phenotype × IC interaction  (F3,23 = 1.79, p = 0.178) for the 
interinfusion interval (Fig. 3c).

Extinction: STs/GTs

Consistent with prior reports (Ahrens et al., 2016; Kuhn 
et  al., 2018), both STs and GTs extinguished respond-
ing into the active nose port at similar rates (effects of 
Session (F7,20 = 25.28, p < 0.001); Port (F1,20 = 56.05, 
p < 0.001); Session × Port (F7,20 = 9.67, p < 0.001); Pheno-
type (F1,20 = 0.02, p = 0.897); Fig. 3d), and there were no 
significant interactions with Phenotype (p’s ≥ 0.118). The 
same rat that failed to meet extinction criteria mentioned 
above (a GT) was removed from this and subsequent statisti-
cal analyses.

Cue reinstatement: STs/GTs

Both STs and GTs showed greater levels of responding in 
the active port relative to the inactive port during the cue-
induced reinstatement test (effect of Port (F1,40 = 19.09, 
p < 0.001); Fig. 3e). However, there was not a significant 
effect of Phenotype (F1,40 = 1.32, p = 0.257) nor a Pheno-
type × Port interaction (F1,40 = 0.42, p = 0.521). Relative 
to responding during the last extinction session (using the 
number of active – inactive nose pokes), both STs and GTs 
showed elevated levels of responding during the reinstate-
ment test (Phase (F1,20 = 20.25, p = 0.002; Fig. 3f). Again, 
however, there was not a significant effect of Phenotype 
(F1,20 = 0.50, p = 0.486), nor a significant Phase × Pheno-
type interaction (F1,20 = 0.41, p = 0.528). The vendor from 
which the rats were obtained did not have a significant effect 
on cue-induced reinstatement behavior (see Supplemental 
materials for supporting statistical analyses). One ST was 
identified as a statistical outlier with significantly more 
nose pokes into the active port relative to other STs during 
the reinstatement test. Excluding this outlier from the data 
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analysis did not change the results (see Supplemental materi-
als); thus, for transparency, this rat is included in the primary 
analyses and graphical illustrations.

Principal component analysis

When rats were combined into a single population, the 
behavioral variables of “sensation seeking” (locomotor 
response to novelty), “propensity to sign-track” (PavCA 
index), “acquisition of drug-taking” (rate of infusion aver-
aged across IC5 and IC10), and “reinstatement propensity” 
(the difference between active and inactive nose pokes dur-
ing the cue-induced reinstatement test) were reduced to two 
factors that accounted for 63% of the variance (Table 1). 
Factor 1 (which accounts for 32% of the variance) has 
strong loadings (> 0.7) from sensation-seeking and acqui-
sition. Factor 2 (which accounts for 31% of the variance) 

Fig. 3  Self-administration of remifentanil and cue-induced reinstate-
ment in STs (n = 8) and GTs (n = 15) in Experiment 1. Mean ± SEM 
for a number of nose pokes, b number of infusions, and c interin-
fusion interval (in minutes) during the acquisition of drug-taking 
behavior. The dosage of remifentanil was 3.2 µg/kg for ICs 5–20 and 
1.6 µg/kg for IC 45. Mean ± SEM for the number of nose pokes into 
the active or inactive ports during d extinction sessions or e the cue-

induced reinstatement test. Mean ± SEM for f the difference between 
active and inactive nose pokes during the cue-induced reinstatement 
test compared to the last day of extinction. During the reinstatement 
test, there was a significant effect of Port (*p < 0.001). When compar-
ing responding between the last day of extinction and reinstatement, 
there was a significant effect of Phase (*p = 0.002). There were no 
significant differences between phenotypes

Table 1  Principal component analysis, behavioral variables

Factor loadings from the rotated component matrix for the combined 
population of rats. Loadings >  ± .70 are in bold. Sixty-three percent 
of the variance was accounted for by two factors in Experiment 1. 
Seventy percent of the variance was accounted for by two factors in 
Experiment 2

Behavioral variables Experiment 1 Experiment 2

Factor 1 Factor 2 Factor 1 Factor 2

Sensation seeking  − 0.782  − 0.390 0.710 0.184
Propensity to sign-track 0.031 0.455 0.760  − 0.341
Acquisition of drug-taking 0.822  − 0.329  − 0.782  − 0.270
Reinstatement propensity  − 0.061 0.880 0.105 0.931
Eigenvalue 1.292 1.242 1.753 1.041
Percent of variance (%) 32.298 31.039 43.831 26.026
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is composed of a single variable, reinstatement propensity 
(loading 0.88). Thus, reinstatement propensity appears to be 
independent from other addiction-related behaviors.

Experiment 2

PavCA

By the end of PavCA training, there were 13 STs and 9 
GTs (Fig. 1e). STs and GTs showed significant differences 
in the PavCA index (effect of Phenotype (F1,52 = 270.85, 
p < 0.001)). There was not a significant effect of Session 
(F4,75 = 1.97, p = 0.107), but there was a significant Phe-
notype × Session interaction (F4,75 = 30.99, p < 0.001) that 
reflects the different learning trajectories between STs and 
GTs. A detailed analysis of each measure used to calculate 
the PavCA index is included in the Supplemental material 

(Figure S4). The distribution of the PavCA index between 
vendors and experiments is illustrated in Figure S2.

Locomotor response to novelty

Based on the median split, there were 11 HRs and 11 
LRs (Fig. 1f). As expected, HRs showed greater locomo-
tor activity than LRs in response to a novel environment 
(t(20) = 5.349, p < 0.001). The distribution of locomotor 
scores between vendors and experiments is illustrated in 
Figure S2.

Self‑administration: HRs/LRs

As in Experiment 1, rats classified as either HRs (n = 10) or 
LRs (n = 10) acquired self-administration behavior (Fig. 4). 
There was a significant effect of Port (F1,22 = 310.02, 

Fig. 4  Self-administration of remifentanil and cue-induced reinstate-
ment in HRs (n = 11) and LRs (n = 11) in Experiment 2. Mean ± SEM 
for a number of nose pokes, b number of infusions, and c inter-
infusion interval (in minutes) during the acquisition of drug-tak-
ing behavior. The dosage of remifentanil was 3.2  µg/kg for all ICs. 
Mean ± SEM for the number of nose pokes into the active or inac-
tive ports during d extinction sessions or e the cue-induced reinstate-

ment test. Mean ± SEM for f the difference between active and inac-
tive nose pokes during the cue-induced reinstatement test compared 
to the last day of extinction. During the reinstatement test, there was 
a significant effect of Port (*p < 0.001). When comparing responding 
between the last day of extinction and reinstatement, there was a sig-
nificant effect of Phase (*p < 0.001). There were no significant differ-
ences between phenotypes
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p < 0.001) and IC (F3,29 = 108.95, p < 0.001), and a signifi-
cant IC × Port interaction (F3,29 = 129.78, p < 0.001) for the 
number of nose pokes. There was not a significant effect 
of Phenotype (F1,21 = 1.67, p = 0.210) nor any significant 
interactions with this variable (p’s ≥ 0.121). Rats made 
more nose pokes into the active port than the inactive port 
at each IC (p’s < 0.001). As a function of the imposed IC, 
both HRs and LRs received a similar number of infusions, 
but with some variability (i.e., not the exact same number 
of infusions during each session) that permitted statisti-
cal analyses. The number of infusions increased across IC 
(F3,72 = 5218.58, p < 0.001), with no effect of Phenotype 
(F1,72 = 0.267, p = 0.607) nor a significant Phenotype × IC 
interaction (F3,72 = 0.267, p = 0.849). As in Experiment 
1, both HRs and LRs self-administered remifentanil at a 
comparable rate, with a significant decrease in the interin-
fusion interval with each successive IC (significant effect 
of IC: F3,32 = 7.97, p < 0.001), and no significant effect of 
Phenotype (F1,21 = 1.08, p = 0.311) nor a Phenotype × IC 
interaction (F3,32 = 1.61, p = 0.206; Fig. 4c).

Extinction: HRs/LRs

Both HRs and LRs extinguished drug-seeking behavior 
at a comparable rate (effect of Phenotype (F1,19 = 1.66, 
p = 0.213)), decreasing their nose pokes into the active port 
over training (effect of Session (F9,58 = 8.78, p < 0.001); 
Port (F1,72 = 114.21, p < 0.001); Session × Port interaction 
(F9,53 = 5.66, p < 0.001); Fig. 4d). There were no signifi-
cant interactions with Phenotype (p’s ≥ 0.550).

Cue reinstatement: HRs/LRs

Both HRs and LRs showed higher levels of responding 
into the active nose port relative to the inactive nose 
port during the cue reinstatement test (effect of Port 
(F1,36 = 21.51, p < 0.001); Fig. 4e). There were no sig-
nificant differences between phenotypes (effect of Phe-
notype  (F1,36 = 0.08, p = 0.778)), nor a significant Pheno-
type × Port interaction  (F1,36 = 0.12, p = 0.731). In addition, 
both HRs and LRs had higher levels of responding (using 
the number of active – inactive nose pokes) during the 
reinstatement test compared to the last extinction session 
(effect of Phase (F1,18 = 26.80, p < 0.001); Fig. 4f), with 
no significant differences between phenotypes (effect of 
Phenotype (F1,18 = 0.20, p = 0.658)), nor a significant Phe-
notype × Phase interaction (F1,18 = 0.12, p = 0.738). The 
same pattern of results was observed when comparing the 
cue reinstatement test to the first hour of the last extinc-
tion session (Figure S5; see Supplemental materials for 
statistical analyses).

Self‑administration: STs/GTs

Both STs (n = 12) and GTs (n = 8) acquired self-admin-
istration of remifentanil (Fig.  5a–c). There was a sig-
nificant effect of Port (F1,22 = 279.77, p < 0.001) and IC 
(F3,29 = 109.00, p < 0.001), and no significant effect of Phe-
notype (F1,21 = 0.06, p = 0.81), nor any significant interac-
tions with Phenotype (p’s ≥ 0.489). There was a significant 
IC × Port interaction (F3,29 = 130.13, p < 0.001), which 
reflects the increase in responding in the active port across 
IC. Rats responded more in the active port than the inac-
tive port at each IC (p’s < 0.001). As a function of the IC 
paradigm, both STs and GTs received a similar number of 
infusions, but with some variability that permitted statistical 
analyses (i.e., not the exact same number of infusions dur-
ing each session). The number of infusions increased across 
IC (F3,72 = 5314.83, p < 0.001), with no effect of Phenotype 
(F1,72 = 1.27, p = 0.264) nor a significant Phenotype × IC 
interaction (F3,72 = 1.27, p = 0.292). Both STs and GTs sim-
ilarly decreased their interinfusion interval with each suc-
cessive IC (Fig. 5c). That is, there was a significant effect 
of IC (F3,33 = 8.80, p < 0.001), but not a significant effect 
of Phenotype (F1,21 = 3.23, p = 0.087), nor a Phenotype × IC 
interaction (F3,33 = 1.94, p = 0.142).

Extinction: STs/GTs

Over the course of extinction training, both STs and GTs 
decreased their levels of responding into the active nose port 
at similar rates (effects of Session (F9,58 = 8.09, p < 0.001); 
Port (F1,63 = 98.94, p < 0.001); Session × Port (F9,51 = 5.89, 
p < 0.001); Fig. 5d). There was not a significant effect of 
Phenotype (F1,19 = 0.31, p = 0.583) nor any significant inter-
actions with Phenotype (p’s ≥ 0.057) for nose port respond-
ing during extinction.

Cue reinstatement: STs/GTs

Both STs and GTs made more nose pokes into the active 
port relative to the inactive port during the cue reinstate-
ment test (effect of Port (F1,36 = 21.63, p < 0.001); Fig. 5e). 
However, there was not a significant effect of Phenotype 
(F1,36 = 0.96, p = 0.335) nor a Phenotype × Port interaction 
(F1,36 = 0.08, p = 0.786). In agreement, both STs and GTs 
showed similar levels of reinstatement (using the number 
of active – inactive nose pokes) relative to the last extinc-
tion session (effect of Phase (F1,18 = 26.32, p < 0.001); 
Fig. 5f), with no significant effect of Phenotype (F1,18 = 0.10, 
p = 0.762) nor a Phase × Phenotype interaction (F1,18 = 0.09, 
p = 0.762). Notably, responding was significantly lower dur-
ing the second hour of extinction relative to the first hour 
(t(19) = 3.404, p = 0.003). However, the same pattern of sig-
nificant results remains even when responding during the 
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cue reinstatement test is compared to the first hour of extinc-
tion (Figure S4; see Supplemental Materials for statistical 
analyses). The vendor from which the rats were obtained 
did not have a significant effect on cue-induced reinstate-
ment behavior (see Supplemental materials for supporting 
statistical analyses).

Principal component analysis

When rats were combined into a single population, the behav-
ioral variables of “sensation seeking” (locomotor response to 
novelty), “propensity to sign-track” (PavCA index), “acquisi-
tion of drug-taking” (rate of infusion averaged across IC5 and 
IC10), and “reinstatement propensity” (the difference between 
active and inactive nose pokes during the cue-induced rein-
statement test) were reduced to two factors that accounted for 
70% of the variance (Table 1). Factor 1 (which accounts for 

44% of the variance) has strong loadings (> 0.7) from sensa-
tion seeking, propensity to sign-track, and acquisition. Factor 2 
(which comprises 26% of the variance) is composed of a single 
variable, reinstatement propensity (loading 0.87). Although the 
variables that comprise Factor 1 differ between Experiment 1 
and Experiment 2, for both experiments Factor 2 largely repre-
sented reinstatement propensity. Together, these results suggest 
that the factors that contribute to cue-induced reinstatement of 
opioid-seeking are independent from sensation seeking, pro-
pensity to sign-track, and acquisition of drug-taking.

Discussion

The present study investigated individual differences in 
the acquisition of opioid-taking behavior and reinstate-
ment of opioid-seeking behavior using two animal models: 

Fig. 5  Self-administration of remifentanil and cue-induced reinstate-
ment in STs (n = 13) and GTs (n = 9) in Experiment 2. Mean ± SEM 
for a number of nose pokes, b number of infusions, and c inter-
infusion interval (in minutes) during the acquisition of drug-tak-
ing behavior. The dosage of remifentanil was 3.2  µg/kg for all ICs. 
Mean ± SEM for the number of nose pokes into the active or inac-
tive ports during d extinction sessions or e the cue-induced reinstate-

ment test. Mean ± SEM for f the difference between active and inac-
tive nose pokes during the cue-induced reinstatement test compared 
to the last day of extinction. During the reinstatement test, there was 
a significant effect of Port (*p < 0.001). When comparing responding 
between the last day of extinction and reinstatement, there was a sig-
nificant effect of Phase (*p < 0.001). There were no significant differ-
ences between phenotypes
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the HR/LR and ST/GT models. We found no differences 
between these behavioral phenotypes in either the pro-
pensity to acquire self-administration of remifentanil, a 
fast-acting µ-opioid receptor agonist, or in cue-induced 
drug-seeking behavior following the self-administration 
experience. Principal component analyses provided further 
support that the propensity for cue-induced reinstatement 
of opioid-seeking behavior is independent of the sensa-
tion-seeking trait (i.e., locomotor response to novelty), 
the propensity to attribute incentive motivational value to 
reward cues (i.e., PavCA phenotype), and the acquisition 
of drug self-administration.

The HR/LR model was introduced by Piazza et  al. 
(1989), who showed that, relative to LR rats, HR rats 
exhibit a greater locomotor response to systemic ampheta-
mine injections and are faster to acquire self-administra-
tion of amphetamine. HR rats have also been shown to 
more readily acquire self-administration of cocaine faster 
than LR rats (Piazza et al., 2000; Mantsch et al., 2001; 
Ferris et al., 2013); and similar results have been reported 
with nicotine (Suto et al., 2001) and ethanol (Nadal et al., 
2002). Perhaps most relevant to the current study, Ambro-
sio et al. (1995) observed a positive correlation between 
locomotor response to a novel environment and acquisi-
tion of morphine self-administration. Thus, there is ample 
evidence across drug classes to suggest that the “sensa-
tion seeking” trait exhibited by HRs is associated with an 
increased propensity to acquire drug self-administration. 
In the current study, however, we did not observe such 
differences between HR and LR rats. These seemingly dis-
crepant findings could be due to the self-administration 
paradigm that was implemented and/or the unique proper-
ties of the drug remifentanil. A recent study by O’Connor 
et al. (2021) demonstrated that the sensation-seeking trait 
is associated with addiction-related behaviors only under 
certain conditions of drug self-administration. The para-
digm used in the current study was designed to minimize 
differences in the acquisition of drug-taking behavior 
and to control for the number of drug-cue pairings prior 
to the cue-induced reinstatement test (Saunders & Rob-
inson, 2010). However, as we have previously reported 
(e.g., Flagel et al., 2016), this paradigm does not pre-
clude the detection of individual differences in the rate of 
cocaine intake. Such differences were not apparent here, 
perhaps because the fast-acting properties of remifentanil 
reduced variability in the rate of drug-taking behavior. It 
is also possible that we would have detected differences 
in remifentanil-taking behavior between HR and LR rats, 
had we used more “extreme” phenotypes—either charac-
terizing them based on a trio split rather than a median 
split (Kabbaj et al., 2000), or utilizing rats selectively 
bred based on locomotor response to a novel environment 

(Davis et al., 2008; Cummings et al., 2011; Flagel et al., 
2016).

Prior research has demonstrated the utility of the ST/GT 
model for investigating individual differences in relapse pro-
pensity (Saunders & Robinson, 2010, 2011; Saunders et al., 
2013; Kuhn et al., 2018). Specifically, Saunders and Robin-
son (2011) showed that, following relatively limited drug-
taking experience, STs exhibit greater cue-induced reinstate-
ment for a cocaine-paired cue than GTs; and this effect was 
recently corroborated by Kuhn et al. (2021). Here, in Experi-
ment 1, we used a similar self-administration paradigm and 
reinstatement test to investigate individual differences in 
relapse propensity, but did not observe differences between 
STs and GTs with respect to cue-induced reinstatement of 
remifentanil-seeking behavior. In Experiment 2, we changed 
a number of parameters known to affect drug-taking and 
drug-seeking behaviors, including the housing conditions, 
the dose of remifentanil, and the period of forced abstinence. 
Yet, we still did not observe differences in remifentanil-tak-
ing or remifentanil-seeking behavior between phenotypes. 
These data suggest that the vulnerability factors that contrib-
ute to drug use and relapse propensity likely vary between 
drug classes.

Of particular relevance to this study, Yager et al. (2015) 
observed individual differences in approach to a light cue 
that was paired in a Pavlovian manner with remifentanil. 
STs approached the remifentanil-paired cue more than GTs, 
and the same cue attained greater conditioned reinforc-
ing properties for STs than GTs. Furthermore, relative to 
GTs, STs showed greater c-Fos expression upon presenta-
tion of the remifentanil-paired cue in areas associated with 
the “motive” circuit including the nucleus accumbens core 
and shell, the basolateral amygdala, and the paraventricular 
nucleus of the thalamus. In light of these results, it is espe-
cially surprising that we did not observe greater cue-induced 
reinstatement of drug-seeking behavior in STs compared to 
GTs following remifentanil self-administration. There are 
several factors that may have contributed to these negative 
results, as discussed below.

As noted above, infusion criteria (IC) were imposed dur-
ing self-administration sessions in order to control for the 
amount of drug and drug-cue pairings received by rats; and 
utilizing an IC with remifentanil may have prevented us 
from observing individual differences in both the rate of 
acquisition and cue-induced reinstatement. Using a behav-
ioral-economics procedure, Porter-Stransky et al. (2017) 
observed individual differences in the self-administration 
of remifentanil. They identified two populations of rats: high 
takers and low takers. High takers are rats that continue to 
respond for remifentanil infusions despite increasing costs 
to receive infusions, while low takers are rats that decrease 
their responding for infusions as the price increases. Rela-
tive to low takers, high takers showed a greater motivation 
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for remifentanil as the dosage of remifentanil decreased and 
when infusions were accompanied by footshocks. Impor-
tantly, these individual differences were observed with 
unlimited access to remifentanil during training. Thus, we 
might have observed individual differences in drug-taking 
and drug-seeking had we not imposed an IC and allowed 
rats unlimited access to remifentanil. It is also possible that 
a different schedule of reinforcement, like progressive ratio, 
might have revealed individual differences in drug-taking 
and drug-seeking behavior (e.g., Piazza et al., 2000).

Although we observed cue-induced reinstatement of 
opioid-seeking behavior, the levels of reinstatement were 
considerably lower than what has been observed in previ-
ous studies using remifentanil (e.g., Porter-Stransky et al., 
2017), and this was true for both experiments. Therefore, 
individual differences in opioid-seeking behavior may 
have been masked by the generally low levels of respond-
ing. Factors that might have precluded the observation of 
robust cue-induced reinstatement include context, sex, and 
the amount of drug administered. Prior work from Badiani 
and colleagues has shown that context plays a large role 
in drug preference when rats are given a choice between 
opioids or psychostimulants (Caprioli et al., 2009; De Luca 
et al., 2019). Rats that remain in their home cage for drug 
self-administration prefer heroin over cocaine, whereas those 
who self-administer in an environment distinct from their 
home cage prefer cocaine over heroin (Caprioli et al., 2009). 
Although heroin was used in these prior reports, it is possi-
ble that we did not observe robust cue-induced reinstatement 
(and therefore diminished our chances of observing indi-
vidual differences) in the current study because we trained 
and tested our rats outside of their home cages, where they 
tend to prefer psychostimulants over opioids (De Luca et al., 
2019). In relation, it should be noted that contextual cues 
reinstate cocaine-seeking behavior to a greater degree in GTs 
than STs (Saunders et al., 2014). Thus, utilizing contextual 
rather than discrete cues may reveal individual differences 
in opioid-seeking behaviors that were not apparent with the 
current experimental design.

Another important factor that may have decreased the 
likelihood of observing individual differences is the sex of 
our rodents. A recent study by Thorpe et al. (2020) showed 
that female rats acquire self-administration of remifentanil 
faster than male rats. In addition, Bertz et al. (2016) reported 
that a remifentanil-associated cue acquires conditioned 
reinforcing properties in a dose- and sex-dependent man-
ner, with only female rats showing conditioned responding 
at high doses. Female rats have also been shown to exhibit 
greater reinstatement of heroin-seeking behavior follow-
ing drug priming or drug-cue exposure (Smethells et al., 
2020; Vazquez et al., 2020). Thus, similar to cocaine (Kip-
pin et al., 2005; Kerstetter et al., 2008; Kawa & Robinson, 
2019; Algallal et al., 2020), there are a number of studies 

to suggest that female rats may be more prone to opioid use 
and reinstatement of opioid-seeking behavior. It is possible, 
therefore, had we used female rats, we may have seen indi-
vidual differences in cue-induced opioid-seeking behavior. 
Sex is a factor that will be explored in future studies.

As described above, in these experiments, we used two 
animal models that capture distinct traits of relevance to 
addiction. High-responder and low-responder rats differ in 
the “sensation-seeking” trait, with high-responders more 
likely to initiate drug-taking behavior and to take drugs at 
a faster rate than low-responder rats. Sign-tracker and goal-
tracker rats differ in their propensity to attribute incentive 
motivational value to discrete reward cues and, as a function 
of this, are more likely to reinstate drug-seeking behavior 
following the presentation of a drug-paired cue. Importantly, 
however, neither the HR/LR nor ST/GT model appears to 
predict the transition to compulsive cocaine-seeking behav-
ior or other behaviors reminiscent of the psychiatric criteria 
for addiction following cocaine self-administration (Belin 
et al., 2008; Deroche-Gamonet et al., 2004; Pohorala et al., 
2021). Nonetheless, as recently discussed (Flagel et al., 
2021), we believe there is great utility in identifying the 
traits that predict the likelihood of addiction at each point of 
entry, which was the aim of the current study with respect to 
the initiation of opioid use and subsequent opioid-seeking 
behavior.

In summary, the current results highlight the contrast 
between opioids (specifically remifentanil) and cocaine 
with respect to individual differences in drug-taking and 
drug-seeking behaviors. As most prior studies with the HR/
LR and ST/GT animal models have focused on cocaine-
taking and cocaine-seeking behavior, here we investigated 
individual differences with respect to opioid-taking and 
opioid-seeking behavior. Contrary to our hypotheses, we 
found that all rats self-administered remifentanil and exhib-
ited cue-induced reinstatement of opioid-seeking behavior 
to the same degree. While these negative results may be 
a function of the experimental paradigm that was utilized 
and/or the unique properties of the drug, remifentanil, they 
also suggest distinct factors mediate individual differences 
in response to cocaine and opioids. Namely, those traits that 
confer the initiation of cocaine use and the propensity to 
reinstate cocaine-seeking behavior following abstinence 
appear to be distinct from those that confer the initiation 
of opioid use and the propensity to reinstate opioid-seeking 
behavior. Future studies should investigate the factors men-
tioned above—context, drug, sex—to determine if individual 
differences in opioid-taking and opioid-seeking behavior 
might otherwise be revealed.
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