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Cues play a critical role in estrous cycle-dependent
enhancement of cocaine reinforcement
Amy R. Johnson1,2, Kimberly C. Thibeault2,3, Alberto J. Lopez1,2, Emily G. Peck4, L. Paul Sands4, Christina M. Sanders5,
Munir Gunes Kutlu1 and Erin S. Calipari 1,2,3

While preclinical work has aimed to outline the neural mechanisms of drug addiction, it has overwhelmingly focused on male
subjects. There has been a push in recent years to incorporate females into existing addiction models; however, males and females
often have different behavioral strategies, making it important to not only include females, but to develop models that assess the
factors that comprise female drug addiction. Traditional self-administration models often include light or tone cues that serve as
discriminative stimuli and/or consequent stimuli, making it nearly impossible to disentangle the effects of cue learning, the cues
themselves, and acute effects of psychostimulant drugs. To disentangle the interaction between drug-associated cues and the
consummatory and appetitive responding driven by cocaine, we have developed a new behavioral procedure that combines
Pavlovian-instrumental transfer with behavioral economic analysis. This task can be completed within a single session, allowing for
studies looking at estrous cycle stage-dependent effects in intact cycling females, something that has been difficult in the past. In
this study, we found no differences in self-administration across the estrous cycle in the absence of cues; however, when cues were
introduced, the cues that acquired value during estrus—but not during diestrus or in males—increased motivation. Cues paired
during estrus also increased c-fos expression to a greater extent in striatal regions, an effect that may underlie the observed
increases in seeking induced by these cues, even weeks later. Together, these data suggest that fundamental differences in the
motivational properties of psychostimulant drugs between males and females are complex and are driven primarily by the
interaction between drug-associated stimuli and drug effects.
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INTRODUCTION
A major goal of preclinical addiction work is to understand the
biological basis of drug addiction with the goal of improving
treatment outcomes. Epidemiological evidence suggests that
females represent a particularly vulnerable population [1]. Clinical
studies have shown that women transition from first drug use to
addiction faster, have more difficulty remaining abstinent, and
have greater cue-induced cravings than men [2–5]. These factors
have been recapitulated in rodent models [6–13] suggesting that
the differences in humans are likely due to biological factors
[2, 14–16]. Going forward, it will be imperative to use preclinical
models to define the factors that contribute to enhanced
vulnerability to addiction in females.
Research in behavioral pharmacology has outlined the complex

nature of reinforcement, highlighting the critical roles that
schedules, context, and cues play in this process [17–21]. The
interaction between cues and motivation is critical in the case of
sex differences, as women exhibit increased cue responses,
including craving [22–24]. Further, the subjective effects of
cocaine and craving change over the menstrual cycle, highlighting
a role for hormonal cycles in the process [23, 24]. While in
primates the menstrual cycle is approximately 28 days in length, in

rodents a similar hormonal cycle—termed the estrus cycle—
occurs on a shorter time span, approximately 4 days. Similar to
primates, in rodents, cocaine effects are increased during estrus
[9, 12, 25] when circulating ovarian hormones are elevated [2, 6].
In addition to altering the pharmacodynamic properties of
cocaine, recent work [26] showed that the cycle stage when
Pavlovian associations between cocaine and contextual cues were
established played a critical role in the expression of conditioned
behavior. This is important, especially in the context of motivated
behaviors, as Pavlovian stimuli can enhance reinforced responding
through a process called Pavlovian-instrumental transfer [27, 28].
Traditional self-administration procedures often include cues,
making it nearly impossible to disentangle the effects of cue
learning, the cues themselves, and acute effects of drugs.
Understanding these interactions is particularly critical in forming
effective interventions for addicted individuals.
Here we define how estrous cycle stage interacts with cues to

influence motivation in intact, cycling females. We developed a
new behavioral procedure that combines Pavlovian-instrumental
transfer with behavioral economics to isolate the effects of cues
on the consummatory and appetitive responses driven by cocaine.
We find robust cycle-dependent changes in Pavlovian learning.
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Pairing sessions with low-dose cocaine were capable of forming
strong Pavlovian associations in estrus females and subsequently
increasing motivation for cocaine independent of the cycle stage
during self-administration. These cues activated ventral striatal
regions, which correlated with drug-seeking weeks following the
last self-administration exposure. These data show that cycle stage
during self-administration is not the only factor determining
enhanced cocaine motivation in females. Importantly, we show
sex differences in vulnerability can be driven by interactions
between cycle stage, cocaine effects, and cues.

METHODS
Animals
Adult male and female Sprague–Dawley rats purchased from
Envigo (Indianapolis, IN) were maintained on a 12:12 h reverse
light/dark cycle (0700 h lights off; 1900 h lights on). Animals were
food restricted to 95% of free-feeding weight; males were
between 325–450 g and females between 250–275 g at the
beginning of studies. All animals were pair-housed for the
duration of the experiments. All experiments were conducted in
accordance with the guidelines of the Institutional Animal Care
and Use Committee at Vanderbilt University School of Medicine,
which approved and supervised all animal protocols.

Surgical procedures
Rats were anesthetized with ketamine (100 mg kg−1) and xylazine
(10 mg kg−1) and implanted with chronic indwelling jugular
catheters as described previously [29, 30]. All sessions took place
during the active/dark cycle (1200–1500 h). All animals were
allowed at least two days of recovery from surgery prior to
behavioral training.

Apparatus
Rats were trained and tested daily in individual Med Associates (St.
Albans, Vermont) operant conditioning chambers fitted with a
horizontal array of two retractable levers with cue lights above
each lever. In each experiment, one of the levers (right or left) was
the active lever and the other the inactive lever for the duration of

the experiment and lever placement was counterbalanced
throughout the experiment. Animals were connected through a
tether to a single-speed syringe pump to allow for intravenous (IV)
infusion of cocaine through the catheter either in response to an
active lever press or non-contingently (see below for different
conditions).

Experimental timeline
The experimental timeline for each experiment is outlined in each
figure (Figs. 1a, 2a, 3c, 4b). Animals were first placed into a
Pavlovian conditioning session where non-contingent cocaine
injections occurred in conjunction with the presentation of a cue
light or unpaired session where the cue light presentations and
cocaine injections occurred in separate sessions (Phase 1).
Subsequently, animals acquired self-administration in the absence
of cues until they reached acquisition criteria (Phase 2). Once the
rats acquired cocaine self-administration, threshold testing began
(Phase 3). Each subject ran on the threshold procedure four times,
twice without cues accompanying the cocaine injections and
twice with the cue light accompanying cocaine injections. Female
subjects ran one cue and one no-cue session once in estrus
(proestrus/estrus) and once in diestrus (diestrus1/diestrus2)
(Fig. 4a). The order of these sessions was counterbalanced
between subjects. Finally, animals went through cue testing
where they were allowed to lever press for the presentation of
Pavlovian cues in isolation at 1 day withdrawal and again at
30 days (Phase 4).

Phase 1a: Pavlovian pairings
After surgery and recovery, rats were placed into an operant box
with levers retracted and given 12 IV injections of cocaine (0.3 mg/
kg) through their jugular catheter and paired with cue light
presentation (Fig. 1a right). Non-contingent cocaine injections
occurred on a variable time 300 schedule to avoid an interval
learning effect. The cue light came on at the start of the cocaine
infusion and remained on for 20 s. This pairing session was
repeated the next day for 2 sessions of cue+ cocaine pairings and
24 total cocaine injections. Cycle stages for female rats were
determined daily by vaginal swabbing and cytology. Proestrus was

Fig. 1 Estrus females form associations between cocaine and predictive cues that enhance motivation later. a Timeline of experiments.
Animals were first given non-contingent cocaine (0.3 mg/kg/inj) on a VT300s schedule paired with a cue light (n= 4–9 per group). Next
animals acquired self-administration in the absence of cues. Finally, the threshold procedure was used to assess consummatory and appetitive
responding in the presence or absence of cues. b Estrus-paired cues increased motivation to obtain cocaine as compared to diestrus-paired or
male rats. **p < 0.01 compared to no cue. c Animals were more motivated to self-administer cocaine in the presence of estrus-paired cues.
There was no effect of cues in diestrus-paired or male animals, showing that the cue value, not just the presence of a cue light, is the critical
determinant of changes in motivational drive. **p < 0.01 compared to male and diestrus females. d Cocaine intake did not differ between
groups with cue or without. e Representative demand curves showing cocaine consumption as a function of price in males and females with
or without cues—data is based off of the cycle state in which the cues were paired. All data are presented as mean ± S.E.M
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defined as a predominance of nucleated epithelial cells, estrus was
defined as a predominance of cornified epithelial cells while
diestrus was defined as the predominance of leukocytes (see ref.
[31] for detailed methods). The subjects were then divided into
groups based on the stage they were in during the pairing sessions.
One group had cues paired during proestrus and estrus (termed
estrus-paired throughout the manuscript for simplicity) and the
other in diestrus 1 and diestrus 2 (termed diestrus-paired) (Fig. 1a).

Phase 1b: unpaired condition
After surgery and recovery, separate groups of rats were placed
into an operant box with levers retracted and given 12 cue light
presentations (Fig. 2a). The rats were removed from the boxes and
2 h later, placed back into the boxes and given 12 IV injections of
cocaine (0.3 mg/kg) through their jugular catheter with no cues
present. Both cue light presentations and cocaine injections
occurred on a variable time 300 s schedule as in the Pavlovian
pairing group. These sessions were repeated the next day for
2 sessions of cues and 2 session of cocaine injections for a total of
24 total cue presentations and cocaine injections.

Phase 2: self-administration training
Following the Pavlovian pairing sessions, rats were placed back
into the operant boxes for self-administration training. Sessions
were 2 h in length and presses on the active lever were reinforced
by a 0.8 mg/kg infusion of cocaine followed by a 20 s timeout. In
this phase cocaine injections were not paired with any exter-
oceptive cue such as a light or lever retraction. Animals were
trained under these conditions until animals responded > 70% on
the active lever and made > 20 responses. Rats met the criteria in
an average of 6.51 ( ±0.81) days of training with no significant
differences between groups. Following acquisition animals moved
onto the threshold procedure to assess estrous cycle-dependent

changes in consummatory and appetitive responding in the
presence or absence of the previously paired Pavlovian cues.

Phase 3: threshold procedure
The threshold procedure is a behavioral economics approach to
assess drug taking/seeking and reinforcing efficacy [32, 33]. It
consists of giving rats access to reinforcer while increasing the
price, in effort, an animal must pay to obtain the reward. For the
procedure with cocaine a descending series of 11 unit doses of
cocaine (421, 237, 133, 75, 41, 24, 13, 7.5, 4.1, 2.4, and 1.3 μg/
injection for males; the dose was cut in half for females) are
available on an FR1 schedule of reinforcement with no timeout.
Each dose is available for 10 min, with each bin presented
consecutively across the 110-min session. During this time, the
lever is never retracted, and the only time out periods occur
during the infusion of cocaine. By plotting the consumption of
cocaine as a function of price (number of responses need to
obtain 1 mg of cocaine) demand curves are generated and
behavioral economic principles can be applied to assess a variety
of economic measures (described in detail below). During the
initial bins of the procedure, the dose is high, thus minimal effort
is needed to obtain a preferred level of drug, i.e., the cost of
cocaine is low. With decreasing doses the cost progressively
increases and animals are required to exert more effort to obtain
their preferred level of cocaine. The point where the cocaine level
is no longer maintained (i.e., the first derivative point slope of the
function=−1) is termed the Pmax, or the maximal price paid. Pmax

is directly correlated with traditional measures of reinforcing
efficacy like progressive ratio responding [30, 32]. Shifts in
responding across the demand curve can be analyzed using
behavioral economics principles, as described below. Responding
during the first bin of the procedure is considered to reflect a
loading phase and is not included in the analyses.

Fig. 2 Unpaired cues do not affect cocaine motivation. a Timeline of experiments. Animals were exposed to 12 presentations of the cue light
on a VT300s schedule in the mornings and then in the afternoons given 12 cocaine injections on a VT300s schedule (n= 5 per group). Animals
then acquired self-administration in the absence of cues. Finally, the threshold procedure was used to assess consummatory and appetitive
responding in the presence or absence of cues. b Unpaired cues do not affect motivation to self-administer cocaine, showing that the pairing
of the cue+ the cocaine injection during estrus is the key determinant of the increased motivation to take cocaine. c There were no
differences between groups in the change in Pmax caused by unpaired cues. d Cocaine intake did not differ between groups or between cue
conditions. All data are presented as mean ± S.E.M

Cues play a critical role in estrous cycle-dependent enhancement of. . .
AR. Johnson et al.

1191

Neuropsychopharmacology (2019) 44:1189 – 1197



Behavioral economic analysis was used to determine the
parameters of maximal price paid (Pmax) and consumption at a
minimally constraining price (Q0), as described previously [32, 34,
35]. Briefly, Pmax and Q0 values were derived mathematically using
a demand curve. Demand curves were generated by curve-fitting
individual animals’ intake using an equation: log(Q)= log(Q0)+
k × (e−α × Q0 × C−1) [36, 37]. In this equation, Pmax was deter-
mined to be the unit price at which the first derivative point slope
of the function=−1 [38]. The value k was set to two for all
animals [36, 37].

Q0. Q0 is a measure of the animals’ preferred level of cocaine
consumption. This can be measured when the dose is high and
cocaine is available at low effort, or a minimally constraining price.

Pmax. Price is expressed as the responses emitted to obtain 1 mg
of cocaine, thus as the dose is decreased in each consecutive bin
of the threshold procedure, price increases. As the session
progresses, animals must increase responding on the active lever
in order to maintain stable intake. Pmax is the price at which the
animal no longer emits enough responses to maintain intake and
consumptions decreases. Thus, animals with higher Pmax will pay a
higher price for cocaine. Previous work has demonstrated that
Pmax is highly correlated with break points on a progressive ratio
schedule of reinforcement [33, 34].

Pavlovian-instrumental transfer sessions
Because the estrous cycle in a mouse occurs over a four-day
period, traditional motivational tasks are not able to capture the
full extent of motivation in this window as they require multi-day
dose-response curves. Here we are able to capture the entire
curve in a single day over each day of the cycle. This allowed for
within subject assessment of consumption, motivation, and the
effects of cues on these parameters over multiple estrous cycle
stages. During testing, we were able to conduct four counter-
balanced sessions: 2 where the cue was presented and 2 where no
cue was presented. This allowed for the assessment of cues paired
in estrus or diestrus with behavior done in estrus or diestrus. The
design for each individual experiment is pictographically pre-
sented as a diagram at the top of each figure panel. Catheter
patency was checked at the end of the study with Brevital (5 mg/
kg). Animals that did not have patent catheters were not included
in the data analysis.

Phase 4: cue and incubation sessions
After the conclusion of the threshold sessions, rats were placed
into the operant boxes and allowed to respond under a
FR1 schedule of reinforcement for the presentation of the
Pavlovian cue in the absence of cocaine. Lever pressing resulted
in the presentation of the cue for 1 sec and sessions were 30 min
in length. Rats then underwent a 30-day withdrawal period during

Fig. 3 Rats will lever press for cues paired with cocaine during estrus. a Experimental groups: cues paired during estrus, during diestrus, or in
males (n= 4–9 per group). b There was no effect of cue pairing stage on perseverative responding. c Timeline of experiments for incubation
testing. d Animals were placed into the operant chamber and allowed to lever press for the presentation of a cue light one day and 30 days
following self-administration. Estrus-paired cues engendered higher rates of responding at day 30. **p < 0.01 compared to male and diestrus-
paired groups. e Incubation was not different between any of the groups. All data are presented as mean ± S.E.M
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which they were in their home cage, received no cocaine, and did
not run in any behavioral session. Previous studies have shown
increases in responding for cocaine-associated cues after pro-
longed withdrawal, termed incubation [39] and this is seen as a
measure of increased drug seeking due to incubation of craving.
To see if the estrous cycle stage during cue and drug pairings had
an effect on incubation, animals were placed back into the
operant box on day 30 and performed another session where
each lever press presented the Pavlovian cue to assess incubation
of responding for the previously cocaine-paired cue. As animals in

the unpaired condition never associated the cues with cocaine,
these sessions were not performed in the unpaired groups.

c-fos staining as a measure of neuronal activation across the brain
One hour following the last cue session, rats were transcardially
perfused first with ice-cold PBS and then with a fixative solution
containing 4% PFA paraformaldehyde (PFA). Brains were post-
fixed for 24 h in 4% PFA at 4 °C. Coronal sections of 30 µm
thickness were cut with a vibratome (Leica, Nussloch, Germany).
Sections were permeabilized with 0.2% Triton X-100, followed by

Fig. 4 Mesolimbic and mesocortical activation patterns that underlie enhanced cue effects on motivation. a Brain diagram depicting specific
regions of interest. Assessment of activity, as measured by c-fos expression, was done in the prefrontal cortex (prelimbic and infralimbic
regions), the dorsal striatum (dorsolateral and dorsomedial subregions), ventral striatum (nucleus accumbens core and shell) and the ventral
tegmental area. (right) Representative image showing staining for TH+ and c-fos+ cells. b Timeline of experiments. c Number of c-fos+ and
TH+ double-labeled cells in the VTA across groups. d c-fos+ and NeuN+ double-labeled cells in the infralimbic and prelimbic regions of the
prefrontal cortex, *p < 0.05 compared to diestrus group (e) dorsolateral striatum, *p < 0.05 compared to male group (f) dorsomedial striatum,
(g) NAc core, *p < 0.05 compared to male group and (i) NAc shell, *p < 0.05 compared to diestrus-paired group. h Correlation between number
of lever presses and number of double-labeled c-fos+ and NeuN+ cells in the NAc core or (j) NAc shell. All data are presented as mean ± S.E.M
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blocking with bovine serum albumin. Primary antibodies against
tyrosine hydroxylase (TH, Aves Labs, #TYH, AB_10013440, 1:2000
dilution), c-fos (Millipore Sigma, #ABE457, 1:1000 dilution) and
NeuN (Millipore, #MAB377, AB_2298772, 1:500) were diluted in
blocking solution and sections incubated overnight at 4 °C with
gentle shaking. Sections were then incubated with secondary
antibodies [c-fos: donkey anti-rabbit AlexaFluor 594 AB_2340621
(#711-585-152) and TH: donkey anti-chicken AlexaFluor 488
AB_2340375 (#703-545-155); Jackson ImmunoResearch, 1:500
dilution] for 2 h at room temperature. After washing, sections
were incubated for 5 min with DAPI (NucBlue, Invitrogen) to
achieve counterstaining of nuclei before mounting in Prolong
Gold (Invitrogen). Protein expression was assessed across the
brain using a Keyence Digital Microscope (Keyence Corporation)
imaged using a × 20 or × 40 objective with a 1.0 digital zoom. c-fos
positive puncta were counted manually within each region.
The number of puncta per region was counted in: prefrontal

cortex: infralimbic and prelimbic; nucleus accumbens (NAc): core
and shell; dorsal striatum: dorsomedial and dorsolateral; and
ventral tegmental area (VTA). In the VTA, only cells that were
positive for both TH and c-fos were counted. In all other regions,
only cells that we co-labeled with NeuN and c-fos were counted.
NeuN protein is localized in neuronal nuclei and this method
ensured that the positive puncta being counted were neurons and
not astrocytes or glial cells. In VTA, one slice per animal was
counted, while in the other regions 3–5 slices per animal were
counted. The number of cells for each region is plotted on each
graph. For correlations, the number of positive neurons within
each animal was correlated with the number of lever presses
during the reinstatement session to determine the relationship.

Statistics
For the initial behavioral experiments, the number of lever presses
were analyzed using a 2-way mixed model ANOVA (Cost x Cue
pairing stage) both with the cues and without the cues. The other
behavioral parameters, standardized Pmax and Q0, were analyzed
using 2-way mixed model ANOVA (Cue x Cue pairing stage).
Perseverative responding, reinstatement responding, and c-fos
expression were all analyzed by one-way between subjects ANOVA.
Pmax values were further tested within estrus-paired, diestrus-paired
and male groups between the cue and no cue sessions. We had an
a priori hypothesis based on preexisting literature that the cues
would increase Pmax values, therefore we ran a one-tailed t-test.
Type I error rate (alpha) was set to 0.05 for all statistical tests. Data is
represented as the mean ± S.E.M in figures.

RESULTS
Cues paired during estrus increase motivation for cocaine
We first aimed to determine how cues that acquired value during
different stages of the estrous cycle could influence the
motivational properties of cocaine. Pavlovian cues that acquired
value during estrus increased motivation to self-administer
cocaine as indicated by an increase in Pmax (Fig. 1b; 2-way mixed
model ANOVA cue pairing stage x cues interaction, F(2, 17)= 6.15,
p= 0.0098). A similar pattern emerges with a difference score,
calculated as the Pmax during cue sessions minus the Pmax during
no cue sessions, with only the estrus group showing an increase in
Pmax (Fig. 1c; 1-way ANOVA F(2, 17)= 6.11, p= 0.01). Previous work
has shown that males can form associations that can potentiate
self-administration [40], suggesting that these differences are not
due to an inability of males and diestrus females to form
associations.
Interestingly, the effects on motivation were dissociable from

consumption. Q0 was unchanged (Fig. 1d; 2-way ANOVA interac-
tion, F(2, 17)= 1.59, p= 0.23), indicating that the cues influence
motivation independent of other factors. Representative demand
curves are shown in Fig. 1e.

Unpaired cues do not affect appetitive or consummatory
responding for cocaine
Similarly to previous studies, in the unpaired groups, there were
no differences in motivation (Fig. 2b; 2-way ANOVA, not
significant) or consumption (Fig. 2d; 2-way ANOVA, not significant)
between groups in the absence of cues. Further, unpaired cues did
not have any effect on measures of motivation (Pmax, Fig. 2c;
2-way ANOVA, not significant) or consumption (Fig. 2d; 2-way
ANOVA, not significant). These findings suggest that discrete
paired cues are critical in the enhancement of cocaine motivation
in this procedure.

Cues do not affect perseverative responding
Perseverative responding is defined by continued responding
despite the absence of the reinforcing stimulus. The last two doses
in the threshold task are non-reinforcing as animals will not self-
administer them in isolation. Previous studies have assessed
perseverative responding during these epochs [33]. Perseverative
responding did not differ between groups (Fig. 3b; 2-way ANOVA
interaction, F(2, 17)= 1.99, p= 0.17).

Estrus-paired cues elicit more responding
We next aimed to determine how Pavlovian cues influenced
responding in the absence of drug. These sessions occurred one
day after termination of cocaine self-administration and again
30 days later. There was no difference in responding for the
cue on day one (Fig. 3d). All animals increased responding
during the day 30 test session (Fig. 3d; 2-way ANOVA main
effect test day F(1,19)= 21.25 p= 0.0002) and the estrus-paired
group responded more than either the male or diestrus paired
group on day 30 (2-way ANOVA main effect pairing stage
F(2,19) = 8.89 p= 0.0019). Incubation did not differ between
groups when compared as a difference score (Fig. 3e; 1-way
ANOVA F(2,20)= 2.08 p= 0.15).

Neural activation in the NAc core predicts responding for cues
Next, we defined which brain areas are activated by the Pavlovian
cues and whether this activation predicted behavior. One hour
following the final cue session, animals were sacrificed and brains
collected. Expression of c-fos, an immediate early gene, is used as
a marker of activation. As the encoding of Pavlovian cues has been
linked to mesolimbic and mesocortical dopamine systems, we
focused on the ventral tegmental area (VTA), nucleus accumbens
(NAc) core and shell, the dorsomedial and dorsolateral striatum.
We also looked at c-fos expression in prefrontal cortical regions
(infralimbic and prelimbic) that are involved in relapse and cue
responding [41–43].
We found that c-fos expression 1 h after cue presentation in

dopamine neurons in the VTA was affected by stage during cue
pairing (Fig. 4c; 1-way ANOVA, F(2,21)= 3.615 p= 0.0447); however
post-hoc tests did not reveal differences between groups. It is
possible that greater dopamine release and activity resulted in
feedback on the VTA cell bodies, causing extra variability within
groups. This feedback has been seen previously in estrus females
when dopamine agonists are administered [26]. Additionally,
there was increased c-fos expression in areas downstream of the
VTA, including the NAc core (Fig. 4g; 1-way ANOVA, F(2,89)= 4.365
p= 0.0155), the NAc shell (Fig. 4i; 1-way ANOVA, F(2,85)= 3.589
p= 0.0319), and the dorsolateral striatum (Fig. 4e; 1-way ANOVA,
F(2,86)= 3.164 p= 0.0472); however, c-fos expression in the
dorsomedial striatum was not significant although there was a
trend towards significance (Fig. 4f; 1-way ANOVA, F(2,86)= 3.067
p= 0.0517). There was no effect of cycle stage at pairing on c-fos
expression in the infralimbic cortex (Fig. 4d; 1-way ANOVA, F(2,85)
= 0.7516 p= 0.4747). However, there was a difference in c-fos
expression in the prelimbic cortex (Fig. 4d; 1-way ANOVA, F(2,85)=
4.184 p= 0.0185); although males had higher c-fos expression
than diestrus females. It is important to note this finding as
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it suggests that not only are there estrous-cycle effects on
cue-induced neuronal activation, but that there are also sex-
specific differences that may not be controlled by ovarian
hormones.
Together, these data suggest that in females, the estrous-cycle

effects of cues driving motivated responding were predominantly
localized to striatal regions. In order to determine if specific
regional areas were more predictive of behavioral responses, we
correlated the number of c-fos positive cells in each animal with
their behavioral responding. We found a correlation between the
number of c-fos positive puncta in the NAc core and lever pressing
(Fig. 4h; R2= 0.19 p= 0.04), suggesting that this area may play a
role in cue effects on behavior. The correlation for the NAc shell
showed a trend, but failed to reach significance (Fig. 4j; R2= 0.10;
p= 0.09). Correlations in all other regions were not significant
(data not shown).

Cues are critical for the expression of sex-differences in motivation
Previous work has shown that hormonal factors can influence
cocaine self-administration on a variety of behavioral tasks.
However, many of these tasks contain cues that are paired with
the delivery of the drug, thus, there are additional factors that
could be contributing to these sex differences. Therefore, we
aimed to determine whether cycle stage on test day or the cycle
stage during the pairing was the critical factor contributing to
motivational differences across the sexes. First, we wanted to
determine if cycle stage - independent of cue presentation -
influenced self-administration (Fig. 5a). We found no effect of
current cycle stage on the dose-effect curve (Fig. 5b; 2-way
ANOVA interaction, F(20, 590)= 0.81, p= 0.71; cycle stage main
effect F(2,59)= 0.01, p= 0.99). We also analyzed the data using
economic principles and found no effect of current cycle stage on
motivation (Fig. 5c left; Pmax) or consumption (Fig. 5c right; Q0).

Fig. 5 Cues are critical in the expression of sex differences in motivation. a Timeline of experiments. Cues were paired during different cycle
stages (estrus, diestrus, and in males) and then self-administration was conducted at different cycle stages (estrus, diestrus, males) to define
the interaction between cue pairing stage and the cycle stage during self-administration (n= 4–9 per group). b Self-administration responses
based on cycle stage on test day. There were no differences in responses across the dose-response curve. c No effect of cycle stage on the day
of testing for motivation as measured by Pmax (left) or Q0 (right). d There was no change in responding over the dose-response curve or in
Pmax (inset) in the presence of the diestrus paired cue when animals were in diestrus. e Similarly, there was no change in responding or in Pmax
(inset) when cue was paired during diestrus and animal was tested in estrus. f No change in responding or in Pmax (inset) in the presence or
absence of the cue in males. Cues that were paired in estrus increase motivation regardless of the cycle stage that the animal is in during
testing. g Animals increased responding and Pmax (inset) in the presence of the estrus-paired cue during diestrus. h Similarly, estrus-paired
cues increased responding and Pmax (inset) when animals were tested in estrus. For all panels **p < 0.01, ****p < 0.0001 compared to no cue
condition. All data are presented as mean ± S.E.M
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Next, we conducted experiments to determine whether cue
pairing stage interacted with current cycle stage (Fig. 5a). There
were 5 groups: male, diestrus paired cue currently in diestrus,
diestrus paired cue currently in estrus, estrus paired cue currently in
diestrus, and estrus paired cue currently in estrus. Each group was
tested either in the presence or absence of the Pavlovian cues.
When the cue was paired during diestrus and the animal was tested
during diestrus there was not an effect on performance between
the cue and no-cue conditions (Fig. 5d; 2-way ANOVA interaction,
F(10, 190)= 0.66, p= 0.76; cue main effect F(1,19)= 1.02, p= 0.32) or
Pmax (one-tailed t-test, t(13)= 1.11, p= 0.14). Similarly, when the cue
was paired during diestrus, but the testing was done in estrus there
was no effect of the cue on responding (Fig. 5e; 2-way ANOVA
interaction, F(10, 100)= 0.84, p= 0.59; cue main effect F(1,10)= 0.31,
p= 0.59) or Pmax (one-tailed t-test, t(6)= 1.88, p= 0.054). Males did
not show any differences between the cue and no-cue paring
(Fig. 5f; 2-way ANOVA interaction, F(10, 150)= 0.20, p= 0.99; cue main
effect F(1,15)= 0.0006, p= 0.98) or Pmax (one-tailed t-test, t(12)= 0.16,
p= 0.44). However, we found that the estrus-paired cues were
capable of increasing motivation to self-administer cocaine in
diestrus (one-tailed t-test Pmax, t(6)= 2.92, p= 0.013) and in estrus
(one-tailed t-test Pmax, t(2)= 11.4, p= 0.004). Estrus-paired cues
increased responding when the animal ran the threshold task
in diestrus (Fig. 5g; 2-way ANOVA cues x cocaine dose interaction,
F(10, 60)= 5.44, p < 0.001), and in estrus (Fig. 5h; 2-way ANOVA
interaction, F(10, 20)= 1.81, p= 0.12; cue main effect F(1,4)= 2.48,
p= 0.0022), showing that predictive cues play a critical role in the
sex differences in cocaine self-administration.

DISCUSSION
In this study, we define the powerful role that conditioned cues
play in sex-differences in stimulant self-administration. Estrus
females exhibit enhanced vulnerability to form associations
between cocaine and Pavlovian cues that later influence volitional
drug intake. During estrus, the associations formed between drugs
and associated stimuli act to potentiate motivation, even months
following initial pairing. Further, these cues alone can increase the
activity of striatal regions, an effect that likely contributes to their
enhanced motivational value. Together, these factors may
combine to produce a unique state for females in which drugs
and conditioned cues interact, thus enhancing addiction vulner-
ability and relapse. Understanding these interactions is critical, as
it suggests that special attention needs to be given to effects of
cues in female drug addicts.
The role that cues play in the expression of motivated behaviors

between males and females is a critical gap in the current
knowledge, as most addiction procedures are not designed to
dissociate appetitive, motivational, and exteroceptive factors.
Traditional self-administration models make it difficult to disen-
tangle the effects of cue learning, cue effects, and drug effects;
thus, we have developed a new procedure to specifically
dissociate cue effects on discrete aspects of motivated behavior.
Both cue pairing and motivational testing occur over 1–2 days,
making this ideal for testing over the estrous cycle. In the absence
of cues, estrous cycle stage had no effect on lever pressing, drug
consumption, or motivation. However, when cues were present,
the estrous cycle stage at which these cues acquired value was
central to their ability to enhance motivation. Cues paired during
estrus enhanced dopaminergic circuit activity, increased Pmax, and
increased responding for these cues in the absence of drug.
Together, these data suggest that fundamental differences in the
motivational properties of drugs of abuse between males and
females are complex and include interactions between drug-
associated stimuli and drug effects.
While the lack of influence of cycle stage on motivation is

inconsistent with the increases in progressive ratio responding
that have been seen by previous groups [12, 25, 44], these data

suggest that cues may play a critical role in this process. However,
it is also possible that differences in hormonal or estrous cycle
effects on these self-administration tasks may represent a
fundamental difference in what the task is measuring. Even
though both progressive ratio and behavioral economic tasks are
thought to measure motivation [45, 46], there are differences
between these procedures that warrant discussion. In the case of
progressive ratio, a defined dose is administered and animals
must press a lever with increasing ratio requirements to continue
self-administering. As the task progresses, fewer and fewer of the
lever presses are reinforced, making it more difficult to maintain
cocaine blood levels. Conversely, in threshold tasks, doses are
decreased in successive bins; however, every lever press is
reinforced, allowing for constant cocaine consumption, and
maintenance of the animal’s preferred blood level of drug. Thus,
it is possible that estrous cycle effects on neural circuitry may act
to maintain high levels of unreinforced responding, while not
having any effect on the motivation to maintain cocaine levels/
consumption once consumption has begun. While there is some
evidence that hormones influence progressive ratio responding,
our findings align with other work using a behavioral economics
procedure for cocaine self-administration in rats that found no
effect of estrous cycle [47]. It is, however, important to note that in
most cases Pmax and progressive ratio break-points are correlated
[32], suggesting other factors, such as cues, may be involved in the
expression of these motivational differences.
We also aimed to pinpoint the neural circuits that underlie these

effects. The ability to form associations between cues and rewards
is dependent on activity of VTA dopamine cells as well activation
in other reward-related brain regions such as the NAc [27, 48]. This
system is also critically involved in cocaine reinforcement [49–52].
Here we find that the activation of the nucleus accumbens and
dorsolateral striatum, but not VTA or cortical areas, by Pavlovian
cues was enhanced when those cues were paired during estrus
and predicted cue-induced seeking. Together, these data show
that cues paired during estrus result in greater activation of striatal
brain regions and provides a mechanism by which cues could
motivate self-administration behavior.
Overall, these studies show that sex differences in cocaine

reinforcement are complex. Both clinical and preclinical literature
have highlighted female subjects as a particularly vulnerable
population, necessitating a complete understanding of the factors
that contribute to this vulnerability. Here we outline an important
role of cues in the enhancement of self-administration in females,
demonstrating fundamental differences in the sex-specific regula-
tion of reinforcement. Males and females often have different
behavioral strategies, making it important not only to include
females in current drug addiction models, but also to develop
models that assess the factors that comprise female addiction. To
this end, we have developed a new behavioral procedure that
combines Pavlovian-instrumental transfer with behavioral eco-
nomic analysis to disentangle the interaction between drug-
associated cues and cocaine self-administration. The strength of
this task is its short timeline, allowing for studies looking at estrous
cycle stage-dependent effects in intact cycling females, something
that has been difficult in the past. Together, this work provides a
precise behavioral mechanism for the enhancement of motivation
for cocaine in females and highlights the need for more complete
behavioral studies dissociating discrete aspects of motivated
behaviors between the sexes.
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