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ABSTRACT  35 

Cocaine addiction is a devastating public health epidemic that continues to grow. Studies 36 

focused on identifying biological factors influencing cocaine craving and relapse vulnerability are 37 

necessary in order to promote abstinence in recovering drug users. Sex and ovarian hormones 38 

are known to influence cocaine addiction liability and relapse vulnerability in both humans and 39 

rodents. Previous studies have investigated sex differences in the time-dependent 40 

intensification or “incubation” of cue-induced cocaine craving that occurs during withdrawal from 41 

extended-access cocaine self-administration and have identified changes across the rat 42 

reproductive cycle (estrous cycle). Female rats in the estrus stage of the cycle (Estrus 43 

Females), the phase during which ovulation occurs, show an increase in the magnitude of 44 

incubated cue-induced cocaine craving compared to females in all other phases of the estrous 45 

cycle (Non-Estrus Females). Here we extend these findings by assessing incubated craving 46 

across the estrous cycle during earlier (withdrawal day 1 and 15) and later withdrawal periods 47 

(withdrawal day 48). We found that this increase in the magnitude of incubated craving during 48 

estrus (Estrus Females) is present on withdrawal day 15 but not withdrawal day 1 and further 49 

increases by withdrawal day 48. No difference in the magnitude of incubated craving was 50 

observed between Males and Non-Estrus Females. Our data indicate that the effects of 51 

hormonal fluctuations on cue-induced cocaine craving intensify during the first month and a half 52 

of withdrawal, showing an interaction between abstinence length, estrous cycle fluctuations, and 53 

cocaine craving.  54 

 55 

SIGNIFICANCE STATEMENT  56 

Cocaine addiction is a chronic, relapsing condition. Females have been historically understudied 57 

in preclinical research studies but understanding how biological factors like sex and ovarian 58 

hormones influence relapse vulnerability is critical in our understanding of how to reduce craving 59 

and promote abstinence in recovering users of both sexes. Here we characterized changes in 60 

the intensification or “incubation” of cue-induced cocaine craving during earlier and later 61 

withdrawal from extended-access cocaine self-administration between male and female rats 62 

and across the estrous cycle. Our results indicate an interaction between estrous cycle 63 

fluctuations and time-dependent changes in the underlying craving state and lay the foundation 64 

for future studies focused on investigating cellular mechanisms driving sex differences in 65 

relapse vulnerability.  66 

 67 

 68 
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 69 

 70 

INTRODUCTION 71 

Cocaine addiction is a chronic, relapsing disorder that continues to pose a serious public health 72 

problem. Alarmingly, deaths from cocaine overdose in the United States doubled from 2011-73 

2016 (Kampman, 2019) and relapse rates have remained high for decades (Hunt et al., 1971; 74 

Sinha, 2011). Sex is known to influence cocaine addiction liability and relapse vulnerability, with 75 

women becoming addicted to cocaine more rapidly than men and showing more serious drug-76 

related health complications, effects which are influenced by fluctuations in ovarian hormones 77 

across the menstrual cycle (Greenfield et al., 2010; Carroll and Smethells, 2016). In rodents, 78 

motivation to obtain and seek for cocaine is also influenced by fluctuations of ovarian hormones 79 

across the rat reproductive cycle (estrous cycle) (e.g., Carroll and Anker, 2010; Carroll and 80 

Lynch, 2016). However, less is known regarding how abstinence length and estrous cycle 81 

fluctuations interact to influence cocaine craving and relapse vulnerability following extended-82 

access cocaine self-administration. 83 

 84 
Drug-associated cues are known to elicit craving and are one of the most common relapse 85 

triggers. Cue-induced cocaine craving has been shown to increase or “incubate” over time in 86 

both humans (Parvaz et al., 2016) and rats (e.g., Grimm et al., 2001; Lu et al., 2004; Loweth et 87 

al., 2014a,b; Zlebnik & Carroll, 2015; Glynn et al., 2018; Nicolas et al., 2019), a phenomenon 88 

referred to as incubation of cue-induced craving. This time-dependent increase in cue-induced 89 

craving occurring during forced abstinence or withdrawal is thought to lead to increased relapse 90 

vulnerability. Recent preclinical studies in intact, freely cycling rodents following extended-91 

access cocaine self-administration (8 h) have shown changes in incubated craving across the 92 

estrous cycle (Nicolas et al., 2019), which lasts 4-5 days and consists of 4 major phases 93 

(metestrus, diestrus, proestrus and estrus) over which estrogen and progesterone levels 94 

fluctuate (Becker et al., 2005; Lebron-Milad and Milad, 2012 & see Methods). Specifically, while 95 

no differences in seeking behavior are observed across the estrous cycle on withdrawal day 2, 96 

an increase in the magnitude of incubated cue-induced craving is observed during estrus 97 

(“Estrus Females”) compared to females in all other stages of the estrous cycle (“Non-Estrus 98 

Females”) following one month of withdrawal (withdrawal day 29; Nicolas et al., 2019). Estrus is 99 

the cycle stage in which ovulation occurs and when estradiol levels have just dropped from peak 100 

levels but the ratio of estradiol to progesterone remains slightly elevated (e.g., Broestl et al., 101 

2018; Carney, 2019).  These findings are in general agreement with others showing that both 102 
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drug seeking under extinction conditions and cocaine-primed reinstatement of previously 103 

extinguished drug seeking behavior is highest in Estrus Females compared to Non-Estrus 104 

Females and males following short-access (2 h) cocaine self-administration (e.g., Kippin et al., 105 

2005; Feltenstein & See, 2007; Kerstetter et al., 2008). Here we both replicate and extend 106 

previously reported findings (Nicolas et al., 2019) by assessing time-dependent changes in the 107 

magnitude of cue-induced cocaine craving in males and females and across the estrous cycle 108 

during withdrawal from extended-access cocaine self-administration.  109 

 110 

MATERIALS & METHODS 111 

Subjects and Surgery 112 

Male (250-275 g upon arrival) and female (225-250 g upon arrival) adult Sprague-Dawley rats 113 

were purchased from Envigo (Dublin, VA and Frederick, MD, respectively). Rats were housed 114 

on a reverse light cycle with food and water freely available (lights off at 9:00AM, on at 9:00PM). 115 

All rats were given an initial acclimation period (5-7 days) during which rats were group housed 116 

by sex (2-3 rats/cage). Rats were then anesthetized with ketamine & xylazine (males: 80 mg/kg 117 

& 10 mg/kg, i.p.; females: 60 mg/kg & 7.5 mg/kg, i.p.) and a silastic catheter (Plastics One, 118 

Roanoke, VA) was inserted into the right jugular vein and passed subcutaneously to the mid-119 

scapular region. Rats were singly housed immediately after surgery and for the remainder of the 120 

study. All procedures were approved by the Institutional Animal Care and Use Committee and 121 

conducted in accordance with the USPHS Guide for Care and Use of Laboratory Animals. 122 

 123 

Cocaine Self-Administration 124 

Following implantation of intravenous jugular catheters and 5-7 days of recovery, all rats 125 

underwent cocaine self-administration for 6 h/day for 10 days under a fixed-ratio-1 (FR1) 126 

reinforcement schedule (0.5 mg/kg/infusion). Self-administration sessions started shortly after 127 

the onset of the dark cycle (~10:00AM) and were conducted in operant chambers (MED 128 

Associates, St. Albans, VT) equipped with active and inactive nose-poke holes. Active hole 129 

responses turned on the infusion pump and led to the delivery of a 20-sec light cue and a 20-130 

sec timeout period, while poking in the inactive hole was without consequence. Pump times for 131 

each rat/chamber were adjusted based on body weight (so as to deliver 0.5 mg/kg/infusion in a 132 

100 µl/kg volume to all rats). During the timeout period, nose-pokes in the active hole were 133 

recorded but did not result in an infusion.  12 rats that did not learn to self-administer cocaine 134 

and/or had faulty catheters were excluded from the study and euthanized.  135 

 136 
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Tests for Cue-Induced Cocaine Seeking  137 

Seeking tests were conducted using a between-subjects design in which all rats received a test 138 

on withdrawal day 1, 15 or 48 (30 min each). For the withdrawal day 15 and 48 time-points, rats 139 

were tested within one day of the specific time-point (e.g., 14-16, 47-49) to ensure enough 140 

animals were in Estrus and Non-Estrus at the time of the test. Males were tested on an identical 141 

schedule in order to have an even distribution across withdrawal days within all groups. As with 142 

self-administration sessions, each seeking test began during the dark cycle (~10:00AM). During 143 

the seeking test, nose-pokes in the active hole resulted in presentation of the light cue 144 

previously paired with cocaine, but no infusion. Responding in the inactive hole had no 145 

consequence and controls for general activity level. The number of times an animal responds in 146 

the active hole under these conditions is the operational measure of cue-induced cocaine 147 

craving (e.g., Grimm et al., 2001; Lu et al., 2004).  148 

 149 

Estrous Cycle Monitoring 150 

Estrous cycle was determined in freely cycling females across self-administration training, 151 

throughout withdrawal, and prior to seeking tests. Vaginal swabs were taken regularly from all 152 

female rats throughout the study (4 to 5 days in a row followed by 2 to 3 days off) in order to 153 

effectively track each animal’s cycle. Females were swabbed at the onset of the dark cycle 154 

(~9am-10am) and approximately 30 minutes before the start of any behavioral test to ensure we 155 

knew the stage the rat was in when each session began. As described previously by other 156 

laboratories (e.g., Bangasser and Shor, 2008), vaginal samples were collected by gently 157 

swabbing the vaginal canal using a saline-dipped cotton-tipped applicator and samples were 158 

“smeared” on glass microscope slides. Males were handled on an identical schedule. Slides 159 

were stained with toluidine blue and examined using light microscopy. Estrous cycle stage was 160 

determined by the presence and morphology of cells based on previously published criteria by 161 

other laboratories (e.g., Hubscher et al., 2005; Cora et al., 2015). Each smear was classified as 162 

one of the following 4 stages: metestrus (also known as diestrus I or D1), diestrus (also known 163 

as diestrus II or D2), proestrus and estrus. The ovarian hormones estradiol and progesterone 164 

fluctuate across these 4 stages of the estrous cycle as follows: estradiol and progesterone 165 

levels are lower during metestrus and diestrus and surge during proestrus (with the estradiol 166 

surge preceding the progesterone surge); both hormone levels decline during estrus, when 167 

ovulation occurs (Becker et al., 2005; Becker and Hu, 2008; Lebron-Milad and Milad, 2012). The 168 

ratio of estradiol to progesterone is lower during metestrus and diestrus and elevated in 169 

proestrus and, to a lesser extent, in estrus (Broestl et al., 2018; Carney, 2019). Metestrus was 170 
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classified based on the presence of approximately equal amounts of nucleated epithelial cells, 171 

nonnucleated cornified epithelial cells, and leukocytes. Diestrus was classified based on the 172 

observation of few cells, including leukocytes and occasional epithelial cells. The proestrus 173 

phase was classified based on the presence of 75% or more of nucleated epithelial cells, and 174 

the estrus phase (vaginal estrus) was classified by the presence of 75% or more of 175 

nonnucleated cornified epithelial cells. Although there have been some reports in the literature 176 

of cocaine exposure disrupting estrous cyclicity in rats in a dose-dependent manner (e.g., King 177 

et al., 1993), all female rats in this study were lavaged regularly (4 to 5 days in a row each 178 

week) throughout the entire course of the study and exhibited normal cycling (4 to 5 day cycles) 179 

through all 4 stages of the estrous cycle across the entire study.  180 

 181 

Data Analysis 182 

Behavioral data averaged across all ten self-administration days or across an entire 30 minute 183 

seeking test session were analyzed using a one-way or two-way ANOVA. Behavioral data 184 

analyzed across multiple days or time bins within a session were analyzed using a repeated 185 

measures ANOVA and, in isolated cases where data were missing for a certain time-point due 186 

to a computer malfunction or other technical issues, mean replacements were used. When a 187 

significant effect was observed, Tukey post-hoc analyses were conducted. Data analyses were 188 

performed using Statistica (Tibco; Palo Alto, CA) and GraphPad Prism (La Jolla, CA). Statistical 189 

significance was set at p < 0.05. All data are expressed as mean   standard error of the mean 190 

(SEM).  191 

 192 

RESULTS 193 

No Effects of Sex or Estrous Cycle on Cocaine Intake During Extended-Access Cocaine 194 

Self-Administration 195 

Rats self-administered cocaine under extended-access conditions (6 h/day for 10 days, 0.5 196 

mg/kg/infusion) followed by forced abstinence. Incubation was assessed by administering cue-197 

induced seeking tests during earlier (withdrawal day 1, 15) or later (withdrawal day 48) time-198 

points (see timeline in Fig. 1A). This self-administration regimen is known to produce incubation 199 

of cue-induced cocaine craving in both males (e.g., Lu et al., 2004; Loweth et al., 2014a; Glynn 200 

et al., 2018; Nicolas et al., 2019) and females (Zlebnik and Carroll, 2015; Nicolas et al., 2019). 201 

Consistent with previous reports from other laboratories in which animals self-administered 202 

cocaine under extended-access conditions (Nicolas et al., 2019), no difference in averaged 203 

responding (active or inactive hole nose-pokes) or cocaine intake (infusions) was observed 204 
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between males (n=36) and females (n=60) over the ten days of self-administration (Fig. 1B). 205 

One-way ANOVAs conducted on these data averaged across all ten self-administration days 206 

revealed no significant effect of sex (male, female) on the average number of active hole 207 

responses (F1,94=1.46, p=0.23), infusions obtained (F1,94=1.38, p=0.24), and inactive hole 208 

responses (F1,94=1.61, p=0.21) (Fig. 1B). Additional analyses of daily responding and cocaine 209 

intake across the ten day self-administration period with sex as the between-subjects factor 210 

(male, female) and self-administration day as the within-subjects factor (days 1 through 10) 211 

similarly revealed no sex differences in cocaine self-administration (Fig. 1C). No significant 212 

effect of sex or interaction between sex and self-administration day on the number of active hole 213 

responses (F1,94=1.46, p=0.23; F9,846=0.20, p=0.99), infusions obtained (F1,94=1.38, p=0.24; 214 

F9,846=0.58, p=0.82) or inactive hole responses (F1,94=1.61, p=0.21; F9,846=1.60, p=0.11) was 215 

observed, although a significant effect of self-administration day was observed for all 3 216 

measures (F9,846=9.05, p<0.0001; F9,846=5.04, p<0.0001; F9,846=14.46, p<0.0001) due to slight 217 

variations in responding across all groups over the ten day self-administration period (Fig. 1C).  218 

 219 

To assess whether there was an effect of estrous cycle on responding or cocaine intake during 220 

self-administration, rats were lavaged daily to determine cycle stage on each of the ten days of 221 

cocaine self-administration. Self-administration data were then analyzed across all four stages 222 

of the estrous cycle for each rat: metestrus, diestrus, proestrus and estrus. Importantly, no 223 

effects of cocaine exposure on estrous cycling were observed and rats followed a regular 4 to 5 224 

day cycle throughout the study during which they moved through each of the four cycle stages 225 

(metestrus, diestrus, proestrus & estrus). Out of the 60 females included in this study, two were 226 

excluded from this analysis because a clear proestrus smear (>75% nucleated epithelial cells, 227 

see Methods) was not obtained at the time vaginal smears were taken. No differences in 228 

averaged responding (active or inactive hole nose-pokes) or cocaine intake across the ten days 229 

of self-administration were observed across the four stages of the estrous cycle (Fig. 1D). The 230 

one-way repeated measures ANOVA conducted on these data (n=58 females) with cycle as the 231 

within-subjects factor revealed no significant effect of estrous cycle (metestrus, diestrus, 232 

proestrus, estrus) on the average number of active hole responses (F3,171=0.44, p=0.73), 233 

infusions obtained (F3,171=0.54, p=0.66), and inactive hole responses (F3,171=1.34, p=0.26) (Fig. 234 

1D). Together, these findings show that there were no sex differences or estrous cycle effects 235 

on active and inactive hole responding or cocaine intake during extended-access cocaine self-236 

administration (Fig. 1).  237 

 238 
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Time-Dependent Effects of Estrous Cycle Fluctuations on Incubation of Cocaine Craving 239 

In order to determine the time-course of known sex differences in incubation of cue-induced 240 

craving across the estrous cycle, separate groups of rats received cue-induced seeking tests 241 

during earlier (withdrawal day 1, 15) and later (withdrawal day 48) withdrawal time-points (see 242 

timeline in Fig. 1A) and no group differences in cocaine self-administration behavior were 243 

observed across groups assigned to different withdrawal time-points (Fig. 2 and see description 244 

of analyses below). On withdrawal day 15 and 48, all rats were tested within one day of the 245 

seeking test time-point in order to ensure an adequate n per group across the estrous cycle 246 

(see Methods). These withdrawal periods were chosen based on previously published reports in 247 

male rats showing that craving is elevated but not maximal during the first few weeks of 248 

withdrawal (e.g., withdrawal day 15) and incubates further over the next month during 249 

withdrawal from extended-access cocaine self-administration (e.g., Lu et al., 2004; Loweth et 250 

al., 2014b; Glynn et al., 2018). During the cue-induced seeking test, responding in the 251 

previously active hole delivered only the cue (no cocaine) while responding in the inactive hole 252 

was without consequence; active hole nose-pokes under this condition provide an operational 253 

measure of cue-induced drug seeking. During withdrawal, rats were lavaged daily for at least 4 254 

to 5 consecutive days to determine estrous cycle stage. To control for this, males were handled 255 

on an identical schedule. As expected based on previous reports (e.g., Kerstetter et al., 2008; 256 

Nicolas et al., 2019), analyses revealed no difference in cue-induced seeking behavior between 257 

females in metestrus, diestrus and proestrus (commonly referred to as Non-Estrus Females) on 258 

each withdrawal day. One-way ANOVAs conducted on active hole nose-pokes across each of 259 

these 3 cycle stages at each withdrawal time revealed no significant group differences: 260 

withdrawal day 1 (n=14), F2,11= 0.84, p=0.46; withdrawal day 15 (n=14), F2,11=1.13, p=0.36; 261 

withdrawal day 48 (n=7), F2,4=0.26, p=0.78. Thus, all rats in these three stages on each 262 

withdrawal day (1, 15, 48) were combined into a “Non-Estrus Females” group and compared to 263 

rats in estrus (“Estrus Females”) and “Males” (Fig. 3) as others have done previously (e.g., 264 

Kippin et al., 2005; Kerstetter et al., 2008; Nicolas et al., 2019). To ensure that group differences 265 

in incubation of cue-induced seeking behavior (Fig. 3) could not be attributed to group 266 

differences in cocaine intake or responding during self-administration, self-administration 267 

behavior was analyzed across all 9 groups (Fig. 2). One-way ANOVAs conducted on these data 268 

revealed no significant differences in average active hole responding (F8,87=1.16, p=0.36), 269 

inactive hole responding (F8,87=0.69, p=0.69), or infusions obtained (F8,87=1.23, p=0.34) across 270 

the ten days of self-administration (Fig. 2A). Additional analyses of daily responding and 271 

cocaine intake across the ten day self-administration period with treatment group as the 272 
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between-subjects factor (9 groups) and self-administration day as the within-subjects factor 273 

(days 1 through 10) similarly revealed no group differences in cocaine self-administration (Fig. 274 

2B). No significant group effect or interaction between treatment group and self-administration 275 

day on the number of active hole responses (F8,87=1.16, p=0.34; F72,783=0.57, p=0.99) or 276 

infusions obtained (F8,87=1.29, p=0.26; F72,783=0.82, p=0.86) was observed. No significant group 277 

effect was observed for number of inactive hole responses (F8,87=0.69, p=0.69), although a small 278 

interaction between treatment group and self-administration day was observed (F72,783=1.41, 279 

p=0.02) (Fig. 2B). As in Fig. 1, a significant effect of self-administration day was observed for all 280 

3 measures (active hole, infusions, inactive hole: F9,783=9.11, p<0.0001; F9,783=3.58, p=0.0002; 281 

F9,783=11.86, p<0.0001, respectively) due to slight variations in responding across all groups 282 

over the ten day self-administration period (Fig. 2B). 283 

 284 

Analyses of seeking test data (Fig. 3A) revealed that although all 3 groups (Males, Non-Estrus, 285 

Estrus) exhibited similar active hole nose-pokes during the seeking test on withdrawal day 1 and 286 

a progressive increase in seeking behavior on withdrawal day 15 and 48 (i.e., incubation), the 287 

magnitude of the seeking responses on withdrawal day 15 and 48 was significantly greater in 288 

Estrus Females compared to both Non-Estrus Females and Males. Thus, the two-way ANOVA 289 

conducted on these data with sex/cycle (Males, Non-Estrus, Estrus) and withdrawal day (1, 15, 290 

48) as the between-subjects factors revealed a significant effect of sex/cycle (F2,87=11.98, 291 

p<0.0001), withdrawal (F2,87=63.85, p<0.0001) and a significant interaction between sex/cycle 292 

and withdrawal (F4,87=2.99, p=0.023). Tukey post-hoc tests revealed a significant increase in 293 

cue-induced seeking on withdrawal day 15 and 48 compared to seeking on withdrawal day 1 294 

(*p<0.05) in each group and a significant increase in cue-induced seeking in Estrus Females 295 

compared to both Males and Non-Estrus Females on withdrawal day 15 and 48 (#p<0.05, Fig. 296 

3A). Notably, the magnitude of incubated craving in Estrus Females was higher on withdrawal 297 

day 48 than withdrawal day 15 ($p<0.05, Fig. 3A), indicating that they did not simply reach a 298 

maximal level of responding more quickly than Non-Estrus Females and Males. Similar to total 299 

responding (Fig. 3A), analyses of active hole nose-pokes across the 30 minute session on each 300 

withdrawal time-point revealed enhanced drug seeking in Estrus Females compared to both 301 

Males and Non-Estrus Females on withdrawal day 15 and 48 (Fig. 3B). The between-within 302 

ANOVA conducted at each time-point with sex/cycle (Males, Non-Estrus, Estrus) as the 303 

between-subjects factor and time (10, 20, 30 minutes) as the within-subjects factor revealed a 304 

significant effect of time on each withdrawal test day since, as expected, drug seeking was 305 

highest during the first ten minutes and gradually decreased across each session (withdrawal 306 
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day 1: F2,52=22.8, p<0.0001; withdrawal day 15: F2,72=14.59, p<0.0001; withdrawal day 48: 307 

F2,50=6.37, p=0.0034). While no significant effect of sex/cycle (F2,26=0.26, p=0.77) was observed 308 

on withdrawal day 1, a significant main effect of sex/cycle was observed on withdrawal day 15 309 

(F2,36=8.90, p=0.0007) and 48 (F2,25=5.74, p=0.0089) while no significant interaction was 310 

observed at any time-point (withdrawal day 1: F4,52=0.15, p=0.96; withdrawal day 15: F4,72=1.39, 311 

p=0.25; withdrawal day 48: F4,50=0.3015, p=0.88). Tukey post-hoc tests conducted on the main 312 

effect of sex/cycle revealed an overall significant increase in active hole responding in Estrus 313 

Females compared to both Males and Non-Estrus Females on withdrawal day 15 (p=0.002, 314 

p=0.001, respectively) and 48 (p=0.01, p=0.04, respectively) (Fig. 3B). Importantly, no effect of 315 

sex or estrous cycle on inactive hole responding was observed (Fig. 3C), indicating estrous 316 

cycle fluctuations selectively influence drug seeking behavior. The two-way ANOVA conducted 317 

on inactive hole responding with sex/cycle (Males, Non-Estrus, Estrus) and withdrawal day (1, 318 

15, 48) as the between-subjects factors revealed no significant effect of sex/cycle (F2,87=0.73, 319 

p=0.48) or interaction between sex/cycle and withdrawal (F4,87=0.14, p=0.96). A small but 320 

significant effect of withdrawal (F2,87=3.84, p=0.03) was observed in all groups due to a very 321 

small increase in inactive hole responding on withdrawal day 48 compared to withdrawal day 1 322 

(p=0.03). The between-within ANOVA conducted on inactive hole responses at each time-point 323 

with sex/cycle (Males, Non-Estrus, Estrus) as the between-subjects factor and time (10, 20, 30 324 

minutes) as the within-subjects factor similarly revealed no significant effect of sex/cycle 325 

(withdrawal day 1: F2,26=0.28, p=0.75; withdrawal day 15: F2,36=0.69, p=0.51; withdrawal day 48: 326 

F2,25=0.34, p=0.71) and no significant interaction between sex/cycle and time (withdrawal day 1: 327 

F4,52=0.51, p=0.73; withdrawal day 15: F4,72=0.79, p=0.53; withdrawal day 48: F4,50=1.91, 328 

p=0.12), although slight variations in inactive hole responding were observed across each 329 

session (withdrawal day 1: F2,52=2.93, p=0.06; withdrawal day 15: F2,72=5.13, p=0.01; withdrawal 330 

day 48: F2,50=1.84, p=0.17) (Fig. 3D). These studies are the first to investigate the time-course 331 

of incubated cue-induced craving across the estrous cycle in females following extended-access 332 

self-administration and show an increase in the magnitude of craving in Estrus Females 333 

compared to Non-Estrus Females and Males as withdrawal progresses (i.e., more robust 334 

incubation of craving; Fig. 3A). 335 

 336 

DISCUSSION 337 

This study investigated the effects of sex and estrous cycle on the time-course of incubation of 338 

cue-induced cocaine craving in adult male and female rats during withdrawal from extended-339 

access cocaine self-administration. While no sex differences in cocaine self-administration were 340 
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observed, we found an increase in the magnitude of incubated cue-induced craving in Estrus 341 

Females compared to both Non-Estrus Females and Males that was present on withdrawal day 342 

15 and was further elevated on withdrawal day 48 (Fig. 3). Our data indicate that the effects of 343 

hormonal fluctuations on cue-induced cocaine craving and relapse-like behavior are influenced 344 

by abstinence length, findings which have important implications for treatment strategies 345 

focused on promoting abstinence in recovering users of both sexes.  346 

  347 

Effects of Sex and Ovarian Hormones on Cocaine Addiction & Relapse Vulnerability  348 

While our findings are the first to investigate the time-course of incubated craving across the 349 

estrous cycle during withdrawal from extended-access cocaine self-administration, ovarian 350 

hormones are known to significantly influence cocaine addiction liability and relapse 351 

vulnerability. During the follicular phase of the menstrual cycle when estrogen levels rise and 352 

progesterone levels are low, females report a greater high from cocaine administration (Evans 353 

and Foltin, 2010; Evans et al., 2002). During the luteal phase, when estrogen levels are 354 

declining and progesterone levels are increasing, women have reported reduced cardiovascular 355 

and subjective effects to cocaine (Evans and Foltin, 2010). Similarly, progesterone levels are 356 

inversely related to cocaine craving as women with higher progesterone levels show lower cue-357 

induced cocaine craving compared to women with lower progesterone levels (Sinha et al., 358 

2007).  359 

Preclinical studies in freely cycling rodents have also shown that regulation of cocaine intake, 360 

motivation to obtain cocaine and cue- and cocaine-primed reinstatement of drug seeking 361 

behavior change across the rat reproductive (estrous) cycle. These behaviors are enhanced 362 

during estrus (Estrus Females), when estrogen levels are declining but the ratio of estradiol to 363 

progesterone remains slightly elevated (Carney, 2019), compared to females in all other cycle 364 

stages (e.g., Roberts et al., 1989; Lynch et al., 2000; Kippin et al., 2005;  Feltenstein and See, 365 

2007). In addition, time-course studies conducted following short-access (2 h) cocaine self-366 

administration found enhanced drug seeking under both extinction conditions and following 367 

cocaine-primed reinstatement in Estrus Females compared to Non-Estrus Females and Males 368 

up to 6 months after the last self-administration session (Kerstetter et al., 2008). Our data and 369 

recent findings from Nicolas and colleagues conducted following extended-access cocaine self-370 

administration regimens are generally consistent with these previous findings and indicate an 371 

increase in the magnitude of incubated cue-induced cocaine craving in Estrus Females 372 

compared to Non-Estrus Females and males on both withdrawal day 15 and 48 (Fig. 3; 373 
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withdrawal day 29, Nicolas et al., 2019). In both studies conducted during withdrawal from 374 

extended-access cocaine self-administration, no effect of estrous cycle was observed on cue-375 

induced cocaine seeking during the first day or two of withdrawal (withdrawal day 1, Fig. 3; 376 

withdrawal day 2, Nicolas et al., 2019). Although seeking is low at this time-point, studies have 377 

shown that group differences in cue-induced cocaine seeking behavior can be detected on 378 

withdrawal day 1 from extended-access cocaine self-administration following attenuation of 379 

BDNF-TrkB signaling in the nucleus accumbens (NAc; Li et al., 2013). Significant increases in 380 

responding under extinction conditions following short-access cocaine self-administration have 381 

also been observed in females compared to males (Kippin et al., 2005; Fuchs et al., 2005) and 382 

across the estrous cycle on withdrawal day 1, with Estrus Females showing enhanced 383 

responding on the active lever (previously paired with cocaine and a discrete cue) compared to 384 

Non-Estrus Females and Males (Feltenstein & See, 2007; Kerstetter et al., 2008; see below). 385 

Such findings argue against a floor effect and instead suggest that the effects of estrous cycle 386 

fluctuations on incubation of craving during withdrawal from extended-access cocaine self-387 

administration may be influenced by the underlying craving state, which progressively increases 388 

or incubates during the first month of withdrawal.  Future studies are needed to determine when 389 

estrous cycle-dependent changes in incubated craving develop between withdrawal day 1 and 390 

15 and to better understand sex differences in drug seeking on withdrawal 1 across short-391 

access (e.g., Kippen et al., 2005; Fuchs et al., 2005; Feltenstein & See, 2007) and extended-392 

access models (Nicolas et al., 2019; Fig. 3), as lower extinction responding has been observed 393 

on withdrawal day 1 following extended-access compared to short-access regimens (Mantsch et 394 

al., 2004; Sorge & Stewart, 2005). Although not observed in the current study (see methods), 395 

the potential impact of cocaine-induced disruptions in estrous cyclicity (e.g., King et al., 1993) 396 

on withdrawal-dependent changes in drug seeking behavior across different cocaine self-397 

administration models must also be addressed.  398 

While hormonal suppression and replacement studies have not been conducted with the 399 

incubation model, suppressing ovarian hormones via ovariectomy has been shown to reduce 400 

cocaine-primed reinstatement of drug seeking behavior while chronic estradiol replacement in 401 

ovariectomized animals restores drug seeking to levels observed in sham controls (Larson and 402 

Carroll, 2007; Anker et al., 2007). Other studies have shown that estradiol replacement in 403 

ovariectomized rats either restores or enhances motivation for cocaine, cocaine conditioned 404 

place preference and locomotor sensitization (for review see Carroll and Anker, 2010; Carroll 405 

and Lynch, 2016; Harp et al., 2020). An obvious limitation of these studies is that ovariectomy 406 
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depletes all ovarian hormones while chronic hormone replacement prevents the normal 407 

rhythmic cycling of ovarian hormones that normally occurs across the estrous cycle, making it 408 

difficult to compare these findings to those conducted in ovary-intact, naturally cycling female 409 

rats. As reviewed above, studies under the latter condition show that behavioral responding to 410 

cocaine is enhanced during estrus, a stage in which estrogen levels are declining from peak 411 

levels reached in proestrus, although the ratio of estradiol to progesterone is still slightly 412 

elevated (e.g., Broestl et al., 2018; Carney et al., 2019). To address this discrepancy, recent 413 

studies assessed the effects of chronic treatment with the estrogen receptor antagonist 414 

tamoxifen in ovary-intact, naturally cycling female rats on motivation to obtain cocaine and cue-415 

induced reinstatement of cocaine seeking behavior. Tamoxifen is an estrogen receptor 416 

modulator that antagonizes both estrogen receptor alpha and beta and has been shown to 417 

inhibit estradiol-dependent behaviors such as mating behavior (e.g., Wilson et al., 2003). While 418 

chronic tamoxifen treatment prevented the increase in motivation for cocaine normally observed 419 

in female rats following cocaine self-administration, it did not reduce cocaine seeking behavior 420 

during extinction and cue-induced reinstatement tests (Bakhti-Suroosh et al., 2019), in support 421 

of findings that other hormones such as progesterone may instead play a critical role (e.g., 422 

Feltenstein and See, 2007; Sinha et al., 2007). However, these studies involved chronic 423 

suppression of estradiol-dependent signaling, making it difficult to assess how changes in 424 

estradiol fluctuations across the estrous cycle influence relapse vulnerability. Studies assessing 425 

the effects of acute administration of estrogen receptor antagonists on relapse vulnerability in 426 

ovary-intact females are necessary to understand how transiently disrupting estrous cycle 427 

fluctuations influences relapse vulnerability.  428 

Underlying Mechanisms of Estrous Cycle-Dependent Changes in Relapse Vulnerability 429 

The cellular mechanisms that drive sex differences and estrous-cycle dependent changes in 430 

cocaine addiction liability and relapse vulnerability have been historically understudied, largely 431 

due to the exclusion of female subjects in preclinical research. In the past several years, there 432 

has been a shift towards systematically studying sex differences in preclinical addiction models. 433 

Recent studies have identified sex differences in mRNA and protein expression in stress 434 

systems and glutamatergic signaling pathways within the reward circuitry following cocaine 435 

exposure (e.g., Connelly and Unterwald, 2019, 2020; Castro-Zavala et al., 2020). Such studies 436 

will lay the foundation for future work focused on identifying cellular and synaptic mechanisms 437 

driving sex differences in behavioral responding to cocaine. The importance of such studies is 438 
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further highlighted by recent evidence for latent sex differences in hippocampal synaptic 439 

plasticity despite common behavioral end points in males and females (Jain et al., 2019).  440 

 441 

Dopaminergic projections from the ventral tegmental area (VTA) to the NAc are known to play a 442 

critical role in cocaine addiction, although less is known about the role dopamine plays in the 443 

incubation of cocaine craving (Wolf, 2016; Carelli and West, 2014).  The basal firing rate of VTA 444 

dopamine (DA) neurons changes across the estrous cycle with the greatest increase occurring 445 

in estrus, including an increase in burst firing (Zhang et al., 2008; Calipari et al., 2017), changes 446 

known to increase dopamine release (e.g., Pignatelli and Bonci, 2015). Similarly, DAergic 447 

transmission in the NAc changes across the estrous cycle (Becker and Hu, 2008). Importantly, 448 

cocaine-related cues can increase dopamine release in the NAc (Wiluhn et al., 2010) and 449 

interactions between glutamatergic and dopaminergic signaling in the NAc are known to play a 450 

role in cocaine seeking behavior (e.g., Anderson et al., 2008). Cocaine-induced dopamine 451 

release in the NAc has also been shown to be modulated by estrogenic signaling in the medial 452 

preoptic area of the hypothalamus in female rats (Tobiansky et al., 2016), indicating that 453 

neuroadaptations across the estrous cycle within this region could contribute to sex differences 454 

in incubated craving. While it is unknown how cue-induced DA release changes during 455 

withdrawal from extended access cocaine self-administration, it is likely that estrous cycle 456 

fluctuations during withdrawal impact dopaminergic transmission to influence cue-induced 457 

cocaine seeking behavior.  458 

 459 
Another brain area of interest is the basolateral amygdala (BLA), as it plays an important role in 460 

driving motivated behaviors like drug seeking.  Human studies have shown that drug cues 461 

activate the amygdala (Childress et al., 1999) and that chronic cocaine use increases 462 

connectivity between the amygdala and limbic circuitry critical for driving motivated behaviors 463 

like drug seeking (Konova et al., 2015; Contreras-Rodriguez et al., 2016). Projections from the 464 

BLA to the NAc have been shown to play an important role in incubated cue-induced cocaine 465 

craving in male rats (Lee et al., 2013; Ma et al., 2016) and other related studies have shown that 466 

inputs from the thalamus and cortex to the basal and/or lateral amygdala are critical in driving 467 

cue-induced reinstatement of drug seeking in male rats (Arguello et al., 2017; Rich et al., 2019, 468 

2020). In addition, recent studies have shown an increase in BLA activity following early 469 

withdrawal (2 to 3 weeks) from extended-access cocaine self-administration in male rats and 470 

that, when the magnitude of craving increases, so does BLA activity (Munshi et al., 2019). As 471 

with the VTA, BLA activity changes across the estrous cycle (Blume et al., 2017, 2019), raising 472 
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the possibility of an interaction between cocaine exposure, BLA activity and estrous cycle stage 473 

that may influence incubated craving. However, little is known regarding the cellular and 474 

synaptic mechanisms in the BLA contributing to time-dependent changes in cocaine craving in 475 

either males or females. Future studies will address these mechanisms in both sexes, including 476 

how they are influenced by hormonal fluctuations across the estrous cycle. 477 

 478 

 479 
 480 
 481 
 482 
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FIGURE LEGENDS 706 

Figure 1. No effects of sex or estrous cycle on cocaine self-administration.  707 

A. Experimental timeline. B. No sex differences were observed for average active hole 708 

responding, infusions obtained, or inactive hole responding across the ten days of cocaine self-709 

administration. C. No sex differences were observed in daily active hole responding, infusions 710 

obtained, or inactive hole responding over the ten day self-administration period. D. No estrous 711 

cycle effects were observed for average active hole responding, infusions obtained, or inactive 712 

hole responding across the ten days of cocaine self-administration. Data are shown as mean ± 713 

SEM. n=36 males and 60 females.  714 

 715 

Figure 2. No differences in cocaine self-administration across groups tested at different 716 

withdrawal time-points. No group differences (for animals destined for the 9 groups shown in 717 
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Fig. 3) were observed in average (Days 1-10, A) or daily (B) active hole responding, infusions 718 

obtained, or inactive hole responding (as described in Fig. 1) during cocaine self-administration, 719 

indicating that group differences in incubated cocaine seeking behavior (Fig. 3) were not due to 720 

differences in cocaine intake or self-administration behavior. 721 

 722 

 723 

 724 

Figure 3. Estrus Females show a time-dependent increase in the magnitude of incubated 725 

cue-induced cocaine craving compared to both Non-Estrus Females and Males.  726 

A. Active hole responding on withdrawal day 1, 15 and 48. Data are shown as mean ± SEM 727 

number of active hole (paired with the light-cue) nose-pokes during each seeking test (30 min). 728 

While all 3 groups demonstrated incubation of cue-induced cocaine craving over the first month 729 

and a half of withdrawal, Estrus Females showed an increase in the magnitude of incubated 730 

cue-induced craving compared to both Non-Estrus Females and Males that was present on 731 

withdrawal day 15 and continued to increase on withdrawal day 48. *p<0.05, vs. corresponding 732 

withdrawal day 1 for each group; #p<0.05, vs. Non-Estrus Females & Males on the specified 733 

time-point; $, vs. Estrus on withdrawal day 15. B. Active hole responding (mean ± SEM) across 734 

each 30 minute seeking test in 10 minute time-bins. *p<0.05, vs. Non-Estrus Females & Males 735 

averaged across all time-bins. C. Inactive hole responding on withdrawal day 1, 15 and 48. Data 736 

are shown as mean ± SEM number of inactive hole (without consequence) nose-pokes during 737 

each seeking test (30 min). *p<0.05, withdrawal day 48 vs. withdrawal day 1 averaged across 738 

all groups. D. Inactive hole responding (mean ± SEM) across each 30 minute seeking test. n=7-739 

15 rats per group. 740 

 741 
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 743 

 744 



Figure 1

Males Females

B

C

Metestrus Diestrus

Proestrus Estrus

Active Hole Infusions Inactive Hole

0
50

150

250

350

450

550

650

A
v
e

ra
g

e
 R

e
s
p

o
n

s
e

s
 (

 6
 h

, 
D

1
-1

0
)

0
50

150

250

350

450

550

650

A
v
e

ra
g

e
 R

e
s
p

o
n

s
e

s
 (

6
 h

)

Active Hole

2 4 6 8 10

Self-Administration Day

Inactive Hole

Self-Administration Day

Males Females

0
50

150

250

350

450

550

650

2 4 6 8 10

Self-Administration Day

2 4 6 8 10
0

50

150

250

350

450

550

650 Infusions

D

Active Hole Infusions Inactive Hole

0
50

150

250

350

450

550

650

750

850

A
v
e

ra
g

e
 R

e
s
p

o
n

s
e

s
 (

 6
 h

, 
D

1
-1

0
)

A

Withdrawal Day: 1 15 48

10 days 
6 hours/day

Cocaine Self- 

Administration 



Figure 2

A

B

0
50

150

250

350

450

550

650 Active Hole

A
v
e

ra
g

e
 R

e
s
p

o
n

s
e

s
 (

6
 h

, 
D

1
-1

0
)

0
50

150

250

350

450

550

650 Infusions Inactive Hole

Estrus

Males

Non-Estrus

0
50

150

250

350

450

550

650

2 4 6 8 10
0

50

150

250

350

450

550

650

A
v
e

ra
g

e
 R

e
s
p

o
n

s
e

s
 (

6
 h

)

Males 

Non-Estrus 

Estrus

2 4 6 8 10

Active Hole Infusions

Self-Administration Day Self-Administration Day Self-Administration Day

2 4 6 8 10
0

50

150

250

350

450

550

650 Inactive Hole

0
50

150

250

350

450

550

650

Withdrawal 

Day 1

1 15 48

Withdrawal 

Day 15

Withdrawal 

Day 48

Withdrawal 

Day 1

Withdrawal 

Day 15

Withdrawal 

Day 48

Withdrawal 

Day 1

Withdrawal 

Day 15

Withdrawal 

Day 48



Figure 3
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