
ARTICLE

Sex differences in opioid reinforcement under a fentanyl vs.
food choice procedure in rats
E. Andrew Townsend1, S. Stevens Negus1, S. Barak Caine2, Morgane Thomsen3 and Matthew L. Banks 1

Clinical evidence suggest that men are more sensitive than women to the abuse-related effects of mu-opioid agonists. In contrast,
preclinical studies suggest the opposite sex difference. The aim of the present study was to clarify this discrepancy using a fentanyl
vs. diluted Ensure® choice procedure to assess sex differences in opioid reinforcement. Sex differences in intravenous (IV) fentanyl
self-administration were examined under a fixed-ratio (FR5) schedule, a multi-day progressive-ratio (PR) schedule for behavioral
economic analysis, and a concurrent (choice) schedule of fentanyl and diluted Ensure® reinforcement in Sprague–Dawley male and
female rats. The fentanyl dose-effect function under the FR5 schedule was significantly shifted upward in females compared to
males. Similarly, the reinforcing effectiveness of both fentanyl (3.2 and 10 µg/kg per injection, IV) and diluted Ensure® (18 and 56%)
were greater in females than in males as assessed using behavioral economic analysis, irrespective of dose or concentration.
However, under a fentanyl vs. foodchoice procedure, males chose 3.2 µg/kg per injection fentanyl injections over 18%, but not 56%,
diluted Ensure® at a higher percentage compared to females. Overall, these results suggest that the expression of sex differences in
opioid reinforcement depends upon the schedule of reinforcement and that preclinical opioid vs. food choice procedures provide a
translationally relevant measure (i.e., behavioral allocation) consistent with the direction of sex differences reported in the clinical
literature.
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INTRODUCTION
Drug overdose is now the leading cause of accidental death in the
United States, with the majority of these fatalities involving mu-
opioid receptor (MOR) agonists (e.g., fentanyl [1]). In addition,
rates of opioid use disorder diagnosis have increased dramatically,
with a recent report documenting a 493% increase from 2010 to
2016 [2]. Overall, these epidemiological data support the
significance of opioid use disorder as a public health issue and
highlight the need for preclinical research related to the
expression and mechanisms of MOR agonist abuse-related effects.
Sex differences in opioid pharmacology have been observed on

endpoints related to opioid abuse and opioid use disorder. For
example, clinical evidence suggests that women are less likely
than men to misuse opioids, although this gap appears to be
narrowing [3, 4]. Sex differences in MOR agonist subjective effects
have also been observed, with women reporting greater negative
opioid effects than men [5–10]. In contrast to these human results,
MOR agonists typically maintain higher rates of responding in
female rats compared to male rats in preclinical drug self-
administration studies under both fixed-ratio (FR) and progressive-
ratio (PR) procedures [11–15], although see Stewart et al. [16].
However, one interpretive complication of these preclinical
studies examining sex differences in opioid reinforcement is that
the primary dependent measure, rate of operant responding, is an
integration of both reinforcement-dependent and reinforcement-
independent processes (see [17] for a review). For example,
interpretation of a group difference under a rate-dependent drug

self-administration procedure (i.e., FR or PR) cannot distinguish
between differences in the reinforcing effects of the self-
administered drug (reinforcement-dependent) and differences in
the sensory, cognitive, or motor-impairing effects of the self-
administered drug (reinforcement-independent). The distinction
between these two processes may be important because male
rats are more sensitive to MOR agonist-induced locomotor
depression compared to female rats (see [18] for review).
The aim of the present study was to examine potential sex

differences in opioid reinforcement in rats using an intravenous (IV)
fentanyl vs. food choice procedure. A choice procedure was utilized
for two main reasons. First, substance use disorders are increasingly
recognized as mental health disorders of “choice” or behavioral
allocation between the abused drug and competing nondrug
alternative reinforcers [17, 19–22]. Second, the primary dependent
measure of behavioral allocation between a drug and nondrug
reinforcer is less sensitive to reinforcement-independent rate-altering
effects than rate-dependent drug self-administration procedures [23–
26]. Thus, the current study utilized an opioid vs. food choice
procedure to examine sex differences in opioid reinforcement that is
not solely dependent upon rates of responding.

METHOD
Subjects
Thirty-five Sprague–Dawley rats (18 males, 17 females) were
acquired at 10 weeks of age (Envigo Laboratories, Frederick, MD,

Received: 22 September 2018 Revised: 2 February 2019 Accepted: 21 February 2019
Published online: 28 February 2019

1Department of Pharmacology and Toxicology, Virginia Commonwealth University, Richmond, VA, USA; 2McLean Hospital, Belmont, MA, USA and 3Psychiatric Center
Copenhagen, Copenhagen, Denmark
Correspondence: Matthew L. Banks (matthew.banks@vcuhealth.org)

www.nature.com/npp

© American College of Neuropsychopharmacology 2019

http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-019-0356-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-019-0356-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-019-0356-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-019-0356-1&domain=pdf
http://orcid.org/0000-0003-4949-5246
http://orcid.org/0000-0003-4949-5246
http://orcid.org/0000-0003-4949-5246
http://orcid.org/0000-0003-4949-5246
http://orcid.org/0000-0003-4949-5246
mailto:matthew.banks@vcuhealth.org
www.nature.com/npp


USA) and surgically implanted with custom-made jugular cathe-
ters and vascular access ports (Instech, Plymouth Meeting, PA,
USA) as described previously [27]. Rats were singly housed in a
temperature- and humidity-controlled vivarium that was main-
tained on a 12-h light/dark cycle (lights off at 6:00 p.m.). Water and
food (Teklad Rat Diet, Envigo) were provided ad libitum in the
home cage. Behavioral sessions were conducted 5–7 days per
week from approximately 2:00–4:00 p.m. Estrous cycle was not
monitored, as guidelines have suggested that estrous cycle
monitoring is not essential for initial sex difference studies
because sex differences when present are often sufficiently robust
for detection without reference to estrous cycle phase [28]. Rat
maintenance and research were conducted in accordance with
the 2011 guidelines of the National Institutes of Health Committee
on Laboratory Animal Resources and protocols were approved by
the Virginia Commonwealth University Institutional Animal Care
and Use Committee.

Apparatus and catheter maintenance
Twelve modular operant chambers located in sound-attenuating
cubicles (Med Associates, St. Albans, VT, USA) were equipped with
two retractable levers, a set of three LED lights (red, yellow, green)
mounted above each lever, and a retractable “dipper” cup (0.1 ml)
located between the levers for presenting diluted Ensure® (18 or
56% v/v vanilla flavor Ensure® in tap water; Abbott Laboratories,
Chicago, IL, USA). Intravenous fentanyl was delivered by activation
of a syringe pump (PHM-100, Med Associates) located inside the
sound-attenuating cubicle as described previously [29]. After each
behavioral session, catheters were flushed with gentamicin (0.4
mg), followed by 0.1 ml of heparinized saline (10 U/ml). Catheter
patency was verified at the end of each experiment by
instantaneous muscle tone loss following IV methohexital (0.5
mg) administration.

Experiment 1: Fentanyl self-administration under an FR schedule
Experiment 1 examined sex differences in the potency of fentanyl
to function as a reinforcer under an FR schedule. Twelve male and
eleven female rats were initially trained to respond for IV fentanyl
(3.2 µg/kg per injection) under an FR5/20-s time-out schedule of
reinforcement during daily 2-h sessions. Each session began with a
non-contingent injection of the available fentanyl dose followed
by a 60-s time out. The response period was signaled by the
extension of only the right lever and illumination of the right
green stimulus light. Following each response requirement
completion, the lever was retracted, the green light was
extinguished, and IV fentanyl was administered. This schedule
was in effect until the number of fentanyl injections earned
per session was within 20% of the running mean for three
consecutive sessions with no upward or downward trends.
Subsequently, saline was substituted for fentanyl every other
session (i.e., SDSDS; S, saline; D, drug) until the number of earned
saline injections earned was at least 75% lower than the number
of fentanyl injections earned during the preceding fentanyl
session for two consecutive alternations. The same experimental
program was utilized during the saline substitution sessions, using
the same infusion duration as a 3.2 µg/kg per injection of fentanyl
of 5 s per 300 g of rat weight. Once training criteria were met, test
sessions were inserted into the sequence (i.e., DTSTD or STDTS; T,
test) to evaluate responding maintained by a range of fentanyl
unit doses (i.e., saline, 0.32, 1, 3.2, or 10 µg/kg per injection
fentanyl). Saline and each unit dose of fentanyl was tested once in
each rat using a counterbalanced dosing order.

Experiment 2: Fentanyl- and liquid food-maintained responding
under a multi-day progressive-ratio schedule for behavioral
economic analysis
Experiment 2 examined sex differences in fentanyl reinforcement
using behavioral economic procedures. Six male and six female

rats, different from those in Experiment 1, were initially trained to
respond under a similar FR5/20-s time-out procedure described
above in Experiment 1, except that only the left lever was
extended, diluted Ensure® availability was signaled by the
illumination of the left red stimulus light, and response require-
ment completion resulted in a 5-s presentation of the 56% diluted
Ensure® filled cup (0.1 ml). Once the number of diluted Ensure®

presentations was within 20% of the running mean for three
consecutive sessions with no upward or downward trends, the
response requirement was decreased to FR1 until the same
stability criteria were again met. Subsequently, the response
requirement (i.e., 1, 3, 6, 10, 18, 32, 56, 100, 180, 320, 560, 1000)
increased across consecutive sessions in a multi-day progressive-
ratio (PR) schedule until each rat failed to complete the response
requirement during the behavioral session. Next, the aforemen-
tioned sequence was repeated with 18% diluted Ensure® as the
reinforcer. Rats were then implanted with intravenous catheters
and trained to self-administer 3.2 µg/kg per injection fentanyl
under the same FR5/20-s time-out procedure described in
Experiment 1. Subsequently, the FR was decreased to FR1 until
stable and then the multi-day PR schedule was in effect until each
rat failed to complete the response requirement during the
behavioral session. Finally, this sequence was repeated with 10 µg/
kg per injection fentanyl as the reinforcer. The concentrations of
diluted Ensure® and the unit doses of fentanyl used in these
experiments were selected because they each functioned as
reinforcers in preliminary pilot studies (data not shown) and
spanned a 0.5 log unit of magnitude for either diluted Ensure® or
fentanyl.

Experiment 3: Fentanyl- and liquid food-maintained responding
under a concurrent (choice) schedule
Experiment 3 examined sex differences in fentanyl reinforce-
ment under a concurrent FR5:FR5 schedule of diluted Ensure®

and fentanyl availability. Twenty-eight rats (eight male and
eight female rats from Experiment 1 and six male and six
female rats from Experiment 2) were trained to respond under
a fentanyl vs. diluted Ensure® choice procedure modified from a
cocaine vs. food choice procedure developed for rats [26] and
similar drug vs. food choice procedures in nonhuman primates
[30, 31]. The behavioral session consisted of five 20-min
response components each preceded by a 4-min “sample”
component. Each sample component started with a non-
contingent injection of the unit fentanyl dose available during
the subsequent response component followed by a 2-min time
out. Next, a 5-s presentation of diluted Ensure® was pro-
grammed followed by a 2-min time out. Following this second
time out, the response component would begin. During each
response component, both levers were extended, a red
stimulus light above the left lever was illuminated to signal
diluted Ensure® availability, and a green stimulus light above
the right lever was illuminated to signal IV fentanyl availability.
Response requirement (FR5) completion on the left lever
resulted in a 5-s presentation of diluted Ensure®, whereas
response requirement (FR5) completion on the right lever
resulted in the delivery of the IV fentanyl dose available for that
component. Responding on one lever reset the ratio require-
ment for the other lever. The liquid food concentration was
held constant across components, and rats were initially
trained and tested with 18% diluted Ensure®. A different
fentanyl dose was available during each of the five successive
response components (0, 0.32, 1.0, 3.2, and 10 µg/kg per
injection during components 1–5, respectively). Fentanyl dose
was varied by changing the infusion duration (300 g rat; 0, 0.5,
1.56, 5, and 15.6 s of pump activation during components 1–5,
respectively) and visually signaled by the frequency of the
flashing of the right green light above the drug-associated
lever in 3-s cycles (component 1: off; component 2: on for 0.1 s
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and off for 2.9 s; component 3: on for 0.3 s and off for 2.7 s;
component 4: on for 1 s and off for 2 s; component 5: on).
During each response component, rats could complete up to

ten total ratio requirements between the food- and fentanyl-
associated levers. Each ratio requirement completion initiated a
20-s time out, the retraction of both levers, and extinction of the
red and green stimulus lights. If all 10 ratio requirements were
completed before 20-min had elapsed, then both levers retracted,
and stimulus lights were extinguished for the remainder of that
response component. After at least five sessions under these
conditions, choice was considered stable when the smallest unit
dose of fentanyl that maintained at least 80% choice (typically 3.2
or 10 µg/kg per injection) was within a 0.5 log unit of the running
mean for three consecutive days with no increasing or decreasing
trends. After determination of fentanyl vs. food choice dose-effect
functions during concurrent availability of 18% diluted Ensure®,
the concentration was increased to 56%, and fentanyl vs. food
choice dose-effect functions were re-determined.

Data analysis
For Experiment 1, the primary dependent measure was the
number of injections earned per session and data were plotted as
a function of fentanyl dose and sex. Results were analyzed
between sexes using a two-way repeated-measures analysis of
variance (ANOVA) with fentanyl dose as the within-subjects factor
and sex as the between-subjects factor. In addition, results were
analyzed within each sex using a one-way repeated-measures
ANOVA. A significant effect of dose was followed by a Dunnett’s
post-hoc test relative to saline. Comparison of the number of days
to meet saline extinction criteria are presented in Supplemental
Figure. 1.
For Experiment 2, the primary dependent measure was the

number of reinforcers earned per session. Data were plotted as a
function of FR value and fit using the Exponential Model of
Demand [32] using a custom-designed GraphPad Prism 5.0
template (available from the Institutes for Behavior Resources,
http://www.ibrinc.org) with the following equation:

log Q ¼ log Q0 þ kðe�αQ0C � 1Þ:
Here, Q is number of earned reinforcers, Q0 is consumption as
price approaches zero, k is a scaling variable defining consump-
tion range in log units (fixed to 2.49), α or “demand elasticity”
defines the rate of decline of consumption, and C is cost (FR
value). Demand elasticity (α) values of aggregate demand curves
were each compared between sexes using the extra sum-of-
squares F test. Next, individual α values were transformed to
“essential value” such that larger values reflect a greater
reinforcing effectiveness using the following equation [33]:

1= α ´ k1:5
� �

´ 100
� �

:

Individually determined Q0 and essential values were compared
between sexes for each reinforcer and reinforcer magnitude using
unpaired t tests. These same analyses following normalizations of
the x- and y-axis can be found in the Supplemental Figures. 2, 3, 4,
and 5.

For Experiment 3, the primary dependent measures for each
component were (1) percent fentanyl choice, defined as [(number
of ratio requirements, or “choices,” completed on the fentanyl-
associated lever/total number of choices completed on both the
fentanyl- and food-associated levers) × 100], and (2) reinforcement
rate defined as the total number of choices completed. Data were
analyzed using two-way ANOVA with fentanyl dose and sex as the
main factors. In addition, data were separated by training history
(i.e., rats used in Experiment 1 vs. Experiment 2) and analyzed
using two-way ANOVA with fentanyl dose and training history as
the main factors. Significant interactions were followed by Sidak
post-hoc tests.

Drugs
Fentanyl HCl was provided by the National Institute on Drug
Abuse Drug Supply Program (Bethesda, MD, USA) and dissolved in
sterile saline. All solutions were passed through a 0.22-μm sterile
filter (Millex GV, Millipore Sigma, Burlington, MA, USA) before IV
administration.

RESULTS
Figure 1 shows fentanyl self-administration under an FR5 schedule
of reinforcement. Under these conditions, fentanyl functioned as a
reinforcer and displayed the prototypic inverted U-shaped dose-
effect function in both male (F(1.16, 12.74)= 13.92, p= 0.002) and
female (F(2.12, 21.21)= 25.5, p < 0.0001) rats. In addition, the dose-
effect function was significantly shifted upward in females
compared to males (sex: F(1,21)= 9.3, p= 0.006; dose: F(4, 84)=
14.49, p < 0.0001; sex × dose: F(4, 84)= 3.7, p= 0.008), with female
rats earning a significantly greater number of reinforcers when
0.32 and 1 µg/kg per injection fentanyl were available as the unit
dose.
Figure 2 shows responding for 18% (top panels) or 56% (bottom

panels) diluted Ensure® under the multi-day PR schedule in male
and female rats. The exponential model provided a good fit for the
aggregate functions of both 18% (R2 values of 0.98 for males and
0.97 for females) and 56% (R2 values of 0.91 for males and 0.98 for
females) diluted Ensure®. Comparison of aggregate α values
indicated that demand for 18 and 56% diluted Ensure® were each
less elastic in female rats (18% diluted Ensure®: F(1,13)= 20, p=
0.0006; 56% diluted Ensure®: F(1,13)= 6.5, p= 0.024). Sex differ-
ences in individually determined essential values or Q0 values
were not detected for diluted Ensure®.
Figure 3 shows responding for 3.2 (top panels) or 10 (bottom

panels) µg/kg per injection fentanyl under the multi-day PR
schedule in male and female rats. The exponential model provided
a good fit for the aggregate functions of both 3.2 µg/kg per
injection (R2 values of 0.99 for males and 0.96 for females) and 10
µg/kg per injection (R2 values of 0.95 for males and 0.92 for
females). Comparison of aggregate α values indicated that
demand for fentanyl was less elastic in female rats at both doses
(3.2 µg/kg per injection: F(1,17)= 15, p= 0.0012; 10 µg/kg per
injection: F(1,19)= 17, p= 0.0005). Although individually

Fig. 1 Fentanyl self-administration in male (circles; n= 12) and
female (squares; n= 11) rats under a fixed-ratio 5 (FR5) schedule of
reinforcement. Ordinate: number of fentanyl injections earned per
120-min behavioral session. Abscissa: unit dose of fentanyl in µg/kg
per injection. All points depict mean ± SEM. Filled symbols denote
significantly (p < 0.05) different from saline. * denotes a significant
difference between sexes at a particular unit dose of fentanyl
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determined essential values of 3.2 µg/kg per injection fentanyl did
not differ between sexes, the essential value of 10 µg/kg per
injection fentanyl was significantly greater in female rats (t(10)=
2.8, p= 0.018). Individually determined Q0 values were not
significantly different between sexes for either unit dose of
fentanyl.
Figure 4 shows fentanyl- and diluted Ensure®-maintained

behavior under a choice procedure in male and female rats.
Choice data from rats used in Experiments 1 and 2 were
combined due to a lack of a significant interaction between
training history and unit dose of fentanyl for (1) percent fentanyl
choice or (2) number of choices completed per component at
either Ensure® concentration. Left panels show 18% diluted
Ensure® availability and right panels show 56% diluted Ensure®

availability. Both males and females primarily responded on the
food-associated lever when either no fentanyl (0 µg/kg per
injection) or small unit fentanyl doses (0.32–1 µg/kg per injection)
were concurrently available (top panels). As the unit dose of
fentanyl increased, behavior was allocated towards the fentanyl-
associated lever such that 10 µg/kg per injection fentanyl

maintained almost exclusive choice over either 18% (left) or
56% (right) diluted Ensure® (top panels). Under conditions of
concurrent IV fentanyl and 18% diluted Ensure® availability, males
chose 3.2 µg/kg per injection fentanyl over food (mean±SEM: 86.5
±4.0% fentanyl choice) to a greater extent than females (56.7
±10.5% fentanyl choice) (dose: F(4,104)= 169.1, p < 0.0001; sex ×
dose: F(4,104)= 4.6, p= 0.0118). Sex differences were not
observed in percent fentanyl choice under conditions of
concurrent IV fentanyl and 56% diluted Ensure® availability.
Figure 4 bottom panels show the number of ratio requirements
(i.e., choices) completed per component. Rats completed
approximately ten choices when 0, 0.32, or 1 µg/kg per injection
fentanyl was available, and the number of choices decreased
during 3.2 or 10 µg/kg per injection fentanyl availability,
irrespective of the alternative reinforcer concentration (18%
diluted Ensure®: F(4,104= 579, p < 0.001; 56% diluted Ensure®: F
(4,104)= 536, p < 0.001). Females completed significantly more
choices per component than males during the component where
3.2 µg/kg per injection fentanyl and 18% diluted Ensure® were
concurrently available (sex × dose: F(4,104)= 3.1, p= 0.019).

Fig. 2 Diluted Ensure®-maintained responding under a multi-day progressive-ratio schedule for 18% (top panel) or 56% (bottom panel)
diluted Ensure® in male (circles; n= 6) and female (squares; n= 6) rats. a, d depict aggregate demand functions and nonlinear regression
using the exponential model of demand for 18 and 56% diluted Ensure®, respectively. Ordinate: number of reinforcers earned per 120-min
behavioral session. Abscissa: response requirement. Individually determined essential values for 18 and 56% diluted Ensure® are depicted in b
and e, respectively. Individually determined Q0 values for 18 and 56% diluted Ensure® are depicted in c and f, respectively. *denotes significant
(p < 0.05) difference between male and female rats
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DISCUSSION
In the present study, sex differences in opioid reinforcement were
detected at all three levels of behavioral analysis (i.e., FR, multi-day
PR, and concurrent schedules of reinforcement). However, the
direction of the sex difference depended upon the schedule of
reinforcement. Specifically, female rats self-administered more
fentanyl than males under the FR5 schedule and fentanyl was
determined to be a more effective reinforcer in female rats when
examined under the multi-day PR and analyzed using a behavioral
economic framework. Similar sex differences were also observed
with diluted Ensure®-maintained responding suggesting the sex
difference was not specific to opioid reinforcement processes.
However, when both fentanyl and diluted Ensure® were made
concurrently available, choice of 3.2 μg/kg per injection fentanyl
over 18% diluted Ensure® was greater in males compared to
females, although no differences in fentanyl vs. food choice were
observed when 56% diluted Ensure® was the alternative reinforcer.
Overall, the present results demonstrate the utility of an opioid vs.
food choice procedure in rats to dissociate processes that are

reinforcement-dependent (i.e., allocation of behavior) and those
that integrate reinforcement-independent factors (i.e., rate of
behavior) and the influence of biological variables, such as sex.

Fentanyl and Ensure® responding under rate-based schedules
Under both FR and PR schedules of reinforcement, fentanyl
functioned as a more effective reinforcer in females compared to
males; results consistent with previous MOR agonist self-
administration studies examining sex differences in MOR agonist
reinforcement [11–15]. The present study extends these previous
findings to the MOR agonist fentanyl and to the examination of
sex differences in opioid reinforcement using a behavioral
economic framework. Comparison of α values derived from
aggregate demand functions found demand for both fentanyl
doses to be less elastic in female than in male rats, suggesting that
fentanyl was a more effective reinforcer in females. However,
demand for both concentrations of diluted Ensure® were also
found to be similarly less elastic in females compared to males
under the same experimental conditions. Notably, although sex

Fig. 3 Fentanyl-maintained responding under a multi-day progressive-ratio schedule for 3.2 (top panel) or 10 (bottom panel) µg/kg per
injection fentanyl in male (circles; n= 6) and female (squares; n= 6) rats. a, d depict aggregate demand functions and nonlinear regression
using the exponential model of demand for 3.2 or 10 µg/kg per injection fentanyl, respectively. Ordinate: number of reinforcers earned per
120-min behavioral session. Abscissa: response requirement. Individually determined essential values for 3.2 or 10 µg/kg per injection fentanyl
are depicted in b and e, respectively. Individually determined Q0 values for 3.2 or 10 µg/kg per injection fentanyl are depicted in c and f,
respectively. *denotes significant (p < 0.05) difference between male and female rats
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differences in aggregate α demand functions were detected for
both fentanyl doses and both diluted Ensure® concentrations,
essential values determined from individual functions were only
significantly greater in female compared to male rats for 10 μg/kg
per injection fentanyl. We interpret the totality of these results as a
modest sex difference in rates of behavior for both fentanyl and
diluted Ensure® under the multi-day PR procedure. Nevertheless,
one implication of the present results is that sex differences in
drug self-administration under rate-based schedules of reinforce-
ment (i.e., FR or PR) may reflect sex differences in general operant
behavior rather than selective sex differences in sensitivity to
opioid reinforcement.

Fentanyl and Ensure® responding under a concurrent schedule
One method to minimize the influence of reinforcement-
independent processes in drug self-administration procedures
would be to measure behavioral allocation between two
concurrently available reinforcers in addition to rates of behavior.
The present study utilized an IV fentanyl vs. food choice procedure
to examine potential sex differences in opioid reinforcement,
based on IV drug vs. food choice procedures that we have
previously validated in nonhuman primates and rats [26, 30, 31,
34]. Fentanyl maintained a dose-dependent increases in choice
over diluted Ensure® in both female and male rats. This finding is
consistent with previous rodent studies using similar procedures
with cocaine as the drug reinforcer [26], nonhuman primate MOR
agonist vs. food choice studies [31, 35–37], and human laboratory
MOR agonist vs. money choice studies [38, 39]. However, the
present results appear to be largely inconsistent with previous rat
MOR agonist vs. food choice studies [40–44], but see [45].
Reconciliation of these perceived inconsistencies can be accom-
plished by comparing two experimental parameters. First, the

magnitude of the drug and nondrug reinforcer are established
independent variables known to alter behavioral allocation as
demonstrated in the present study and these previous studies (for
a review, see [17]). Second, manipulating the intertrial interval
between reinforcer deliveries may also shift behavioral allocation
between drug and nondrug reinforcers depending upon how the
economic constraints are programmed [43, 46, 47]. Overall,
the present results and the previously published literature are
consistent in highlighting that drug dose, magnitude of the
alternative reinforcer, and intertrial interval are important
independent experimental parameters that influence behavioral
allocation between drug and nondrug reinforcers.

Implications
Although sex differences in drug vs. food choice have been
reported for other classes of abused drugs such as the
monoamine transporter ligand cocaine [48, 49], to the best of
our knowledge, sex differences in MOR agonist vs. food choice
have not been previously reported. Expression of sex differences
in fentanyl vs. food choice was only observed at a single fentanyl
dose (3.2 µg/kg per injection) as the alternative to 18% diluted
Ensure®, such that males chose fentanyl over diluted Ensure® to a
greater extent than females. These choice results are not in
agreement with data collected under FR or PR schedules of opioid
reinforcement (including our own) wherein female rats self-
administer MOR agonists to a greater extent than males. Thus,
assessing behavioral allocation between IV fentanyl and diluted
Ensure® “unmasked” a sex difference in the opposite direction of
what would have been predicted when IV fentanyl or diluted
Ensure® were examined in absence of a concurrently available
reinforcer. Although the expression of sex differences in fentanyl
vs. food choice was under a limited range of experimental

Fig. 4 Fentanyl self-administration under a fentanyl vs. food choice procedure in male (circles; n= 14) and female (squares; n= 14) rats. Left
panels show results for intravenous fentanyl and 18% diluted Ensure®. Right panels show results for intravenous fentanyl and 56% diluted
Ensure®. Abscissa: unit dose of fentanyl in µg/kg per injection. Top ordinate: percentage of completed ratio requirements on the fentanyl-
associated lever. Bottom ordinate: number of choices completed per component. All points represent mean ± SEM obtained during three
consecutive sessions. * denotes significant (p < 0.05) difference in the percent fentanyl choice at a given unit dose between sexes
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conditions, the direction of the sex difference reported in the
present study was consistent with the direction reported in the
clinical literature [3, 4]. Taken together, our results provide further
evidence for the usefulness of IV opioid vs. food choice
procedures to interrogate both the biological and pharmacologi-
cal mechanisms of opioid abuse and opioid use disorder.
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