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Abstract

Background—Dynorphin, an endogenous ligand at kappa opioid receptors (KOR), produces 

depressive-like effects and contributes to addictive behavior in male non-human primates and 

rodents. Although comorbidity of depression and addiction is greater in women than men, the role 

of KORs in female motivated behavior is unknown.

Methods—In adult Sprague Dawley rats, we used intracranial self-stimulation (ICSS) to measure 

effects of the KOR agonist (±)-trans-U-50488 methanesulfonate salt (U-50488) (0.0 – 10.0 

mg/kg) on brain stimulation reward in gonadally intact and castrated males and in females at 

estrous cycle stages associated with low and high estrogen levels. Pharmacokinetic studies of 

U-50488 in plasma and brain were conducted. Immunohistochemistry was used to identify sex-

dependent expression of U-50488-induced c-Fos in brain.

Results—U-50488 dose-dependently increased the frequency of stimulation (threshold) required 

to maintain ICSS responding in male and female rats, a depressive-like effect. However, females 

were significantly less sensitive than males to the threshold-increasing effects of U-50488, 

independent of estrous cycle stage in females or gonadectomy in males. Although initial plasma 

concentrations of U-50488 were higher in females, there were no sex differences in brain 

concentrations. Sex differences in U-50488-induced c-Fos activation were observed in CRF-

containing neurons of the paraventricular nucleus (PVN) of the hypothalamus and primarily in 

non-CRF-containing neurons of the bed nucleus of the stria terminalis (BNST).

Conclusions—These data suggest that the role of KORs in motivated behavior of rats is 

sexdependent, which has important ramifications for the study and treatment of mood-related 

disorders including depression and drug addiction in people.
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Women are twice as likely as men to suffer from affective disorders including major 

depression, anxiety disorders, and post-traumatic stress disorder (1, 2), which are often 

comorbid with drug addiction. Negative emotional states such as stress and depression are 

more common in women addicts (3–6) and more likely to trigger craving and relapse in 

women than men (7, 8). These findings suggest that brain mechanisms encoding aversive 

states may differ between the sexes.

Stress and chronic exposure to drugs of abuse promote the synthesis and release of 

dynorphin—an endogenous kappa opioid receptor [KOR; (9)] ligand—coincident with the 

emergence of depressive-like effects (10–14). KOR agonists produce negative affective 

states in humans and rodents (15–23), whereas KOR blockade attenuates stress- and drug-

induced depressive-like states (20, 24–27). However, all studies were conducted in males, 

and little is known about how KORs contribute to affective states in females.

Dynorphin and KORs are found throughout the brain (28, 29), and mounting evidence 

suggests that mood-related effects of KOR activation are due to modulation of 

neurotransmission within the reciprocally connected mesocorticolimbic, extended amygdala, 

and hypothalamic systems (30–32). KORs are generally expressed on dopaminergic, 

GABArgic, and glutamatergic nerve terminals (33–35) where they inhibit transmitter release 

(17, 36, 37) via coupling to inhibitory Galpha subunits (38). There is also evidence for 

postsynaptic KOR expression (34, 39), although the functional effects are not well 

understood. Recent studies in guinea pigs demonstrated sex differences in KOR receptor 

levels and function within neural circuits that regulate motivated behavior (40, 41), and sex-

specific effects of KOR antagonism on aggressive behavior in prairie voles has been 

reported (42). Pain studies show that females tend to be less sensitive than males to 

analgesic properties of KOR agonists (43–47).

Sex differences in behavior can result from activational effects of circulating gonadal 

hormones or organizational effects during development, and/or sex chromosome effects 

(48–50). We hypothesized that if depressive-like effects of KOR activation are sex-

dependent, then male and female rats would have different sensitivities to the anhedonic 

effects of the KOR agonist U- 50488 as measured with intracranial self-stimulation (ICSS). 

To identify putative neural substrates for sex differences in motivated behavior, we 

quantified U-50488-induced c-Fos within mesolimbic, extended amygdala, and 

hypothalamic systems of male and female rats. Based on those results, we initiated studies 

characterizing the neuronal phenotypes of activated neurons in sexually dimorphic regions.

Methods and Materials

Animals

Age-matched, sexually mature female (n = 61) and male (n = 52) Sprague-Dawley rats 

(Charles River Laboratories) between 75 and 85 days old and weighing 300 – 325 g (female) 
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and 380 – 410 g (male) at the start of experiments were used. Upon arrival at the facility, 

rats were group housed (4 rats/cage) and segregated by sex. All rats were acclimatized for 

one week in a 12 h/12 h light/dark cycle (lights on at 0700) with free access to food and 

water. All experiments were conducted during the light phase. Rats were treated according 

to the guidelines recommended by the Animal Care and Use Committee of McLean 

Hospital.

To track estrous cycles, vaginal smears were taken at the same time each day for 

approximately two weeks before testing. Males were simultaneously handled. On the 

morning of test days, vaginal cytology was examined with a light microscope to rapidly 

determine cycle stage in order to assign treatments. See Supplemental Methods and Fig. S1.

Intracranial self-stimulation

Rats (n = 13 female; n = 17 male) were implanted with stainless steel monopolar electrodes 

(0.25 mm diameter; Plastics One, Roanoke, VA) aimed at the medial forebrain bundle at the 

level of the lateral hypothalamus (2.8 mm posterior to bregma, 1.7 mm lateral to midline, 

7.8 mm below dura). Rats were trained using the rate-frequency method, as in (51) and 

Supplemental Methods.

For drug testing, three rate-frequency functions (3 × 15 min) were determined for each rat 

immediately before drug injection. ICSS thresholds and maximum rates for the second and 

third functions were averaged and served as baseline parameters. Each rat then received an 

i.p. injection of drug and 4 more 15-min rate frequency trials. Drug treatment days were 

separated by 2–3 non-drug days during which baseline ICSS thresholds were maintained. 

Rats were treated with (±)-trans-U-50488 methanesulfonate salt (U-50488, Sigma-Aldrich, 

St. Louis, MO) at doses of 0.0, 2.5, 5.0, 10 mg/kg dissolved in water, based on weight of the 

salt. Our goal was to test female rats with each dose of U-50488 during estrous, diestrous, 

and proestrous, with doses of U-50488 administered in a randomized order. However, most 

females were tested with only 2 or 3 doses of U-50488 at 2 of the 3 estrous cycle stages due 

to loss of head cap, unstable responding during non-drug days (>10% variation from stable 

baseline thresholds established during training for ≥3 consecutive days), or inability to 

capture the rat in a particular estrous stage. Consequently, the number of animals 

represented in each dose and estrous stage ranges from 7 to 13. To account for repeated 

testing of females, males were treated twice with each dose of U-50488 in randomized order 

and effects of the first and second treatments compared (see Fig. S4). ICSS boxes were 

cleaned with isopropyl alcohol and bedding was changed between each animal. Sequentially 

testing males and females did not affect thresholds.

Intracranial self-stimulation: castrated males—Adult male rats (n = 7) were 

implanted with stimulating electrodes, trained in ICSS, and treated with U-50488 (0.0 – 10.0 

mg/kg, i.p.) as described above. After completion of the U-50488 dose response, baseline 

ICSS thresholds were reestablished for each rat over a period of 4–5 days, and rats were 

castrated (see Supplemental Methods). Rats recovered for 4 days and then ICSS was 

performed 1hr/d, 5 d/wk for 3 wks as testosterone levels declined and other hormones 
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stabilized. At this point, the U-50488 (0.0 – 10.0 mg/kg, i.p.) dose response test was 

repeated.

Pharmacokinetics—For repeated blood sampling, rats (n = 11 females, 6 males) were 

cannulated through the right external jugular vein and singly housed (see Supplemental 

Methods). After 3 days of recovery, vaginal swabs were done on female rats and male rats 

were handled. One hour later, rats were treated with U-50488 (10 mg/kg, i.p.) and blood 

samples (200 µL/sample) were collected via IV cannula at 0.083, 0.25, 0.5, 1.0, 2.0, 4.0, and 

8.0 hr in 1.5mL Eppendorf tubes stored on wet ice. Twenty-four hours post-U-50488 

treatment, rats were decapitated and trunk blood was collected in pre-chilled 7 mL EDTA-

treated blood tubes kept on wet ice. Blood was aliquoted into 1.5mL tubes and all samples 

were centrifuged (13,000g at 4°C for 15min). Plasma was removed, aliquoted into 1.5mL 

Eppendorf tubes, and frozen on dry ice before −80°C storage. For analysis of U-50488 brain 

levels, separate rats (n = 14 females, 9 males) were used. Rats were treated with U-50488 

(10 mg/kg, i.p.) and decapitated 15 min, 1 h, or 24 h later. Brains were removed and frozen 

in isopentane kept on dry ice before −80°C storage. U- 50488 concentrations in plasma and 

brain were determined by liquid chromatography tandem mass spectrometry (LC-MS/MS). 

See Supplemental Methods.

Immunohistochemistry

Rats (n=19 females; 18 males) were treated with U-50488 (0.0 or 10.0 mg/kg) and perfused 

2 hr later for immunohistochemistry (52; Supplemental Methods). C-Fos-positive nuclei in 

brain regions of interest were counted and reported as density (# c-Fos positive nuclei/area 

analyzed). To examine possible co-localization of c-Fos and corticotropin releasing factor 

(CRF) in the PVN and BNST, separate rats were treated with U-50488 (0.0 or 10.0 mg/kg; 

N=2 male rats/dose) and perfused 2-hr later. Double label immunohistochemistry was 

performed using methods described (53; Supplemental Methods).

Electrode placement histology

To compare ICSS electrode placements between males and females, a subset of rats was 

transcardially perfused with 4% paraformaldehyde. After fixation, coronal sections (40 µm) 

through the lateral hypothalamus were cut. Tissue was stained with cresyl violet and 

examined under the microscope. Locations of the electrode tips were mapped onto rat brain 

atlas plates (54).

Statistics

Dose- and time-dependent effects of U-50488 on ICSS thresholds and maximum rates of 

responding, as well as time-dependent effects on plasma U-50488 levels measured from 

repeated blood sampling were analyzed using linear mixed models with sex or cycle stage 

and dose or time as fixed effects and with a random effect on rat (see Supplemental 

Methods). Brain concentrations of U-50488 were analyzed with two-way (sex×time) 

ANOVA. Quantification of c-Fos expression was analyzed with two-way (sex×treatment) 

ANOVA for each brain region. Levels of the dependent variable “sex” include male and 

female, with males subdivided into pre- and post-castration (Fig. 3), females into estrous, 

diestrous, and proestrous (Fig. 2) or low and high E (Figs. 5, 6, 7). Significant effects and 
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interactions were analyzed further with simple main effects tests and Bonferroni’s multiple 

comparisons post-hoc tests. IBM SPSS Statistics (Version 21) was used for linear mixed 

model analyses and GraphPad Prism 5.0 for Macintosh was used for all other statistical 

analyses.

Results

Both male and female rats responded similarly for electrical stimulation delivered through 

electrodes implanted in the medial forebrain bundle. There were no sex differences in 

baseline sensitivity to brain stimulation reward as measured by minimum currents that 

sustained optimal responding (≥40 presses/50s) (Fig. 1A). The time to reach stability 

(variation from mean of thresholds for 4 consecutive days is ≤10%) was also similar (4±1 

weeks) between males and females. Electrode placements in rats that reliably pressed for 

stimulation and were used in the study were similar between males and females (Fig. 1B).

Females are less sensitive than males to the reward-decreasing, but not rate-decreasing, 
effects of U-50488

To assess the effect of KOR activation on reward sensitivity in male and female rats, ICSS 

thresholds and maximum rates of responding were measured for 1 hr after U-50488 

treatment. Females were treated with U-50488 at estrous, diestrous, and/or proestrous, 

depending on our ability to capture them in specific cycle stages. Given no clear effect of 

estrous cycle on ICSS, we first analyzed data from females using a linear mixed model with 

cycle and time (Fig. 2A–D) or cycle and dose (Fig. 2E, F) as fixed effects and with a random 

effect on rat. The only significant effect of cycle in female rats was with 10.0 mg/kg 

U-50488 on ICSS thresholds; [F(2,85) = 5.521, p<0.01 (Fig. 2D)]. However, simple main 

effects tests between cycles showed no significant differences. For all other analyses, we 

aggregated female data and performed linear mixed model analyses with sex (male and 

female) and time (Fig. 2A–D) or sex and dose (Fig. 2E, F) as fixed effects and rat as a 

random effect. We found that the effects of U-50488 (5.0 mg/kg) on ICSS thresholds over 

time depended on sex [F(1,20) = 11.674, p<0.01] and time [F(3,139) = 3.902, p<0.05 (Fig. 

2C)]. The effects of U-50488 (10.0 mg/kg) on ICSS thresholds over time depended on cycle 

(“cycle” includes male, female estrous, diestrous, and proestrous) [F(3,48) = 8.459, p<0.001 

(Fig. 2D)]. Main effects tests showed that each female cycle was significantly different from 

males (p<0.05), but not females. The effect of U-50488 on ICSS thresholds depended on an 

interaction between sex and dose [F(3,153) = 4.625, p<0.01 (Fig. 2E)], with U-50488-

induced increases in ICSS thresholds significantly greater in males compared to females (in 

aggregate) at each dose. The effect of U-50488 on maximum rates of responding at 60 min 

depended on dose [F(3,137) = 34.788, p<0.01] but not sex [F(1,34) = 0.245, ns (Fig. 2F)], 

with a significant main effect of U-50488 (10.0 mg/kg) on rates. See Fig. S2 for effects of 

each U-50488 dose on maximum rates of responding over time. Taken together, there is a 

sex-dependent dissociation between the reward- versus motor-decreasing effects of KOR 

activation: males and females show similar KOR-mediated decreases in maximum rates of 

responding.
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Since U-50488-mediated increases in ICSS thresholds did not significantly vary with estrous 

cycle stage, we hypothesized that activational effects of circulating testosterone are 

necessary for males’ enhanced response to U-50488. To test this, ICSS in males was 

measured before and after castration (Fig. 3). Baseline ICSS thresholds did not significantly 

differ from precastration baselines over time [F(8,48) = 1.305, ns] (see Fig. S3). However, a 

linear regression showed that the slope of the line through the data points is significantly 

nonzero [F(1,103) = 7.31, p<0.01; R2=0.066]. Two-way ANOVA with repeated measures on 

gonads (pre-CAST vs post-CAST) showed that effects of U-50488 depended on dose 

[F(3,18) = 26.38, p<0.0001], but not gonads. Pairwise comparisons of ICSS thresholds 

collapsed into doses showed that each dose of U-50488 tested significantly elevated 

thresholds, as in Fig 2E.

Pharmacokinetics of U-50488 in male and female rats

Plasma and brain concentrations of U-50488 were determined following U-50488 (10 mg/kg 

i.p.) administration to male and female rats (Fig. 4). Data were analyzed with a linear mixed 

model in which sex and time were fixed effects and rat was a random effect, to account for 

the fact that plasma samples were not obtained from all rats at each time point. Plasma 

concentrations of U- 50488 (Fig. 4A) depended on an interaction between sex and time 

[F(7,88) = 2.928, p<0.01], with U-50488 significantly greater in females compared to males 

for the first 60 minutes after treatment. Maximum U-50488 concentration (Cmax) and total 

area under the concentration×time curve (AUC) were higher in females (Table 1). 

Pharmacokinetic analyses of plasma concentrations clearance (CL/F) and terminal 

distribution (Vz/F) of U-50488 show that they are lower in female rats than males, raising 

the possibility that females have a slightly higher bioavailability than males. No sex 

difference in terminal plasma half-life U-50488 was observed (Table 1). Despite higher 

levels of U-50488 in female plasma, there were no sex differences in whole brain 

concentrations of U-50488 at times when behavioral differences were observed (Fig. 4B): 

Main effect of time [F(1,101) = 26.32, p<0.0001], but not sex [F(1,17) = 1.08, ns]. These data 

show that males have lower plasma, but similar brain, levels of U-50488 at times when 

males show greater increases in ICSS thresholds than females.

Sex-dependent patterns of c-Fos activation in limbic brain regions

To begin to understand how KORs modulate neural circuits within the mesocorticolimbic 

system, amygdala, and hypothalamus in males and females, we measured c-Fos expression 

in response to U-50488. Given no overall effect of estrous cycle stage on ICSS behavior 

(Fig. 2), we used vaginal epithelial cytology to separate females into “low estrogen” 

(estrous, metestrous) and “high estrogen” (diestrous, proestrous) groups. There were main 

effects of treatment for U-50488-induced c-Fos in the NAc core [F(1,31) = 72.79, p<0.0001], 

NAc shell [F(1,31) = 153.15, p<0.0001] (Fig. 5A,C), central nucleus of the amygdala [CeA; 

[F(1,31) = 72.83, p<0.001], (Fig. 5B,D), BNST [F(1,31) = 39.25, p<0.0001] (Fig. 6), and PVN 

[F(1,31) = 247.69, p<0.0001] (Fig. 7). However, there were only significant sex differences 

in c-Fos induction in the BNSTov (Fig. 6A), with a sex×treatment interaction [F(2,31) = 4.37, 

p<0.05] and the PVN (Fig. 7A), with main effects of sex [F(2,31) = 3.34, p<0.05] and 

treatment [F(1,31) = 181.8, p<0.01]. There was significantly more c-Fos in the BNST of 
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females with high, compared to low, estrogen, and significantly more c-Fos in the PVN of 

both high and low estrogen females compared to males.

Both the BNSTov and parvocellular cells of the PVN produce CRF (55, 56), so we used 

doublelabel immunohistochemistry to determine if c-Fos expression overlapped with CRF. 

Although c- Fos and CRF expression were both strong in the BNSTov, we observed little 

double labeling (Fig. 6D). In the PVN, c-Fos expression appeared confined to parvocellular 

regions, and qualitatively there was clear overlap between c-Fos and CRF expressing cells 

(Fig. 7C).

Discussion

From mice to humans, KORs are involved in stress-, fear-, anxiety-, and depressive-like 

behaviors in males (15, 30, 31). However, few studies have examined the contribution of 

KORs to these behaviors in females. Here we demonstrate that female rats are less sensitive 

than males to the depressive-like effects of the KOR agonist U-50488 using ICSS. 

Importantly, these effects are not due to sex differences in pharmacokinetics, since brain 

levels of U-50488 are similar between males and females at times when ICSS behavior 

differs. Our data suggest that circulating gonadal hormones are not a direct cause of females’ 

decreased sensitivity to U- 50488 because 1) females show a uniformly reduced behavioral 

response to the KOR agonist, regardless of estrous cycle stage, and 2) the level of U-50488-

induced anhedonia in males is unchanged after castration. Finally, using c-Fos activation to 

identify regions of increased neural activity (57), we identify the BNST and PVN as 

potential sexually dimorphic substrates for the depressive-like effects of KOR activation.

Our finding that females are less sensitive than males to the threshold-increasing effects of 

U- 50488 raises the possibility that KORs play a more significant role in drug- and stress-

induced depressive-like states in males. Consistent with this, KORs are necessary for 

selective aggression in pair-bonded male, but not female, prairie voles (42). One explanation 

for the observed sex difference in U-50488-induced anhedonia is that females find the 

stimulation itself more rewarding, offsetting negative effects of KOR activation. However, 

there was no difference in minimum currents required to sustain operant responding, 

consistent with prior studies using the discrete trial method of ICSS (58, 59). Electrical 

stimulation of the medial forebrain bundle at frequencies similar to those used in our ICSS 

studies produces equivalent levels of dopamine overflow in the striata of male and female 

rats (60), suggesting comparable levels of baseline dopaminergic function. Finally, 

histological analysis of electrode placements showed no overt differences in the optimal 

location of electrode tip within the lateral hypothalamus between males and females.

Earlier studies suggest that women are more sensitive than men to the psychomotor 

stimulant, rewarding, and reinforcing properties of cocaine (for review see 61). Many of 

these effects are reported to be dependent on circulating gonadal hormones, with estrogen 

potentiating, and testosterone blunting, behavioral effects of psychostimulants (61, 62, 63, 

64). Since KORs produce depressive-like effects, in part, through inhibition of dopamine 

release in the NAc (17, 21), females may be less sensitive to the reward-decreasing effects 

of U-50488 because estrogen counteracts—while testosterone potentiates—the inhibitory 
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effects of KORs on dopamine release. Consistent with this, it has been reported that 

castration decreases dynorphin release in the hypothalamus (65). Despite these findings, it is 

unlikely that circulating gonadal hormones are a major factor in our study since the 

depressive-like effects of U-50488 do not significantly vary with the estrous cycle or after 

castration. Furthermore, after castration ICSS thresholds did not significantly change from 

pre-castration baseline values, although the slope of the linear regression line through each 

day’s percent baseline threshold values was greater than zero. These data suggest that—in 

the present study—brain stimulation reward per se was unaffected, which is consistent with 

an early study showing that castration did not affect glucose preference (66). It has been 

shown that rates of responding for electrical stimulation are highest between proestrous and 

estrous (67, 68). However, in the current study, the rate-decreasing effects of U-50488 are 

similar between males and females (regardless of cycle stage), suggesting that neural circuits 

regulating KOR effects on hedonic state are sexually dimorphic whereas those that regulate 

KOR effects on motor function are not (59). Taken together, our data raise the possibility 

that decreased sensitivity of females to the anhedonic effects of KOR activation enables 

increased sensitivity to cocaine reward.

Sex differences in pharmacokinetics have been reported in many species (69). We found that 

plasma concentrations of U-50488 were significantly higher in female compared to male rats 

for the first 60-min after injection, although terminal half-life was the same in both sexes. In 

addition, clearance of drug from plasma was significantly lower in females, suggesting a 

higher bioavailability of U-50488 in females. However, there were no sex differences in 

brain concentrations of U-50488 at 15 min and 1 hr, times at which females are less 

sensitive than males to the threshold-increasing effects of U-50488. This suggests that 

pharmacokinetics do not play a significant role in sex differences in KOR-mediated 

depressive-like effects. The reason for this discrepancy between plasma and brain levels is 

unknown, but may involve sex differences in uptake or efflux transporters (70, 71). 

However, the structurally similar KOR agonist U69,593 is not a substrate for the efflux 

transporter P-gp (72).

To identify putative neural substrates for sex differences in depressive-like effects of KOR 

activation, we measured U-50488-induced c-Fos expression in the NAc, CeA, BLA, PVN 

and BNST, sexually dimorphic regions previously shown to regulate mood (60, 73, 74). The 

NAc is a well-established site of KOR and dopamine interactions (17, 75), and it has been 

shown that direct infusion of U-50488 into the NAc shell is aversive (21, 76). KOR 

activation in the amygdala is anxiolytic and critical for fear memory (77), raising the 

possibility that it contributes to pro-depressive consequences of stress. The CeA sends 

projections to the BNST that coexpress GABA and dynorphin, and it has been shown that 

dynorphin acts to inhibit GABA release and hence facilitate CRF activation of the BNST 

(78). The BNST projects to multiple regions, including the VTA and PVN (79), a gateway 

to hypothalamic pituitary adrenal (HPA) axis activation. We found sex-dependent effects in 

the BNST and PVN.

In the BNST, U-50488-induced c-Fos was limited to the oval nucleus in the anterior 

dorsolateral region (BNSTov). In females, the number of c-Fos positive nuclei was greatest 

during high estrogen cycle stages. Previously it was shown that the total number of cells and 
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volume of the anterior dorsolateral BNST is greater in females (80, 81), with testosterone 

suppressing cell number in males (80). Taken together, it is possible that the greater c-Fos 

expression observed in high estrogen females is a result of hormone-mediated fluctuations in 

BNST volume and cell number. Future studies using stereology could confirm this. The 

BNSTov is rich in GABAergic and CRF-containing neurons and fibers, but our initial 

studies suggest no overlap between c- Fos and CRF expression, consistent with previous 

findings (82). Given that U-50488-induced c- Fos expression in the BNST appears to be 

hormone status-dependent whereas ICSS behavior is not, the BNST may not play a critical 

role in anhedonia per se, but may be more relevant to sex differences in stress- and anxiety-

related disorders (83, 84).

U-50488-induced c-Fos in the PVN was higher in females than males, regardless of estrous 

cycle stage. The PVN is necessary for the net stress response that ultimately controls 

glucocorticoid output of the HPA axis (56). Similar to a prior study (85), U-50488-induced 

c-Fos overlapped with CRF expression in the medial parvocellular zone of the PVN and was 

segregated from oxytocin-expressing neurons of the magnocellular division (86) (data not 

shown). Although the functional consequences of U-50488-induced c-Fos in the PVN and 

sex differences therein are not known, the observation in females that U-50488 elicits 

greater activation of parvocellular PVN neurons but decreased depressive-like effects 

compared to males suggests that KOR-mediated activation of the HPA axis counteracts the 

depressive-like effects of KOR activation in other brain regions [e.g. NAc, (21)]. This is 

supported by findings that ACTH and corticosterone, which are triggered by CRF, can 

facilitate brain stimulation reward (87, 88) and are required for acquisition and maintenance 

of cocaine self-administration (89).

Results from this study add to an emerging literature on sex differences in dynorphin-KOR 

systems and provide the first evidence that female rats are less sensitive than males to the 

depressive-like effects of KOR activation. These findings raise important questions: Does 

this translate to sex differences in sensitivity to endogenous dynorphin? Do sex differences 

occur at the level of KORs or from engagement of downstream, sexually dimorphic 

substrates? Future studies are needed to determine the role of the PVN and BNST, as well as 

afferent aminergic nuclei such as the locus coeruleus and dorsal raphe, in KOR-mediated 

behaviors, with particular emphasis on differentiating anhedonia, anxiety, and the HPA axis 

stress response. Regardless, the present studies suggest that distinct mechanisms underlie 

stress- and druginduced depressive-like states in males and females and raise the possibility 

that KOR-based pharmacotherapies for mood disorders will have different efficacies in men 

and women.
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Figure 1. 
Baseline ICSS parameters are similar in males and females. (A) Minimum currents (µAmps) 

that sustain high levels of responding do not differ between males (n=7) and females (n=8) 

(mean SEM; Student t test). (B) Summary of electrode tip placements in the medial 

forebrain bundle at the level of the lateral hypothalamus for a randomly chosen subset of 

male (black circles; n=6) and female (hatched circles; n=7) rats used in ICSS experiments 

shown in Figure 2. Images adapted from Paxinos and Watson (54).
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Figure 2. 
Females are less sensitive than males to the threshold-increasing (anhedonic) effects of the 

KOR agonist U-50488 in ICSS. U-50488 or vehicle (water) was administered (i.p.) 

immediately after baseline thresholds were determined and testing began immediately after 

drug injection. Males, n=9–13/dose; females, n=7–13/dose/estrous cycle stage (mean

±SEM). AD Effects of U-50488 on ICSS thresholds over time. At 5.0 and 10.0 mg/kg, the 

effects of U25 50488 depended on time and sex (#p<0.05 demonstrating the main effect of 

sex: aggregated females vs. males). E During the last 15 min of the test session, the effects 
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of U-50488 on thresholds depended on an interaction between sex and dose. All rats 

responded to U-50488 with a dose-dependent increase in ICSS thresholds, but males had 

significantly higher thresholds than aggregated females at each dose of U-50488. F The 

effects of U-50488 on maximum rates of responding were dose, but not sex, dependent. C–F 
*p<0.05, **p<0.01 compared to vehicle (0.0 mg/kg) of the same sex; #p<0.05, ##p<0.01 

comparing males and aggregated females at the indicated dose.
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Figure 3. 
The depressive-like effects of U-50488 do not depend on circulating testosterone in male 

rats (n=7). U-50488 (0.0, 2.5, 5.0, and 10.0 mg/kg, i.p.) was administered to rats before, and 

4 weeks after, castration, and ICSS thresholds were measured immediately after each drug 

injection. U-50488 dose-dependently increased ICSS thresholds over the 1-hr test session to 

a similar extent in both gonadally intact and castrated rats (mean±SEM). *p<0.05, **p<0.01 

simple main effects of dose compared to vehicle (0.0 mg/kg).
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Figure 4. 
Plasma and brain levels of U-50488. (A) U-50488 levels are significantly higher in female 

(n=8–11/time point) compared to male (n=4–6/time point) plasma for the first 60 min after 

drug injection (10.0 mg/kg, i.p.), and remain higher than males for at least 4 hr (mean

±SEM). *p<0.05 comparing males and females at each time point. Inset Separating females 

into either high or low estrogen groups reveals no difference in time course of plasma 

U-50488 levels. (B) Brain concentrations of U-50488 are similar between males (n=3/time 

point) and females (n=3- 8/time point) at 15 min, 1- and 24 hr after drug injection.
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Figure 5. 
U-50488 induces c-Fos expression in the NAc and amygdala. Rats were treated with 

U-50488 (10 mg/kg, i.p.) or vehicle (water) and perfused 2-hr later for c-Fos 

immunohistochemistry. Females were divided into low estrogen (E; metestrous and estrous) 

and high E (diestrous and proestrous) groups based on vaginal cytology. For analysis of 

NAc (Acore and shell) and amygdala (BCeA, and BlA), treatment groups are: male: vehicle 

(n=7); male: U50 (n=11); female low E: vehicle (n=6); female low E: U50 (n=4); female 

high E: vehicle (n=3); female high E: U50 (n=6); mean + SEM. **p<0.01 simple main 
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effects of U50 compared to vehicle (0.0 mg/kg). Representative micrographs of U50-

induced c-Fos in the NAc (C, insetmale:U50) and amygdala (D inset,CeA; male:U50) show 

dashed outlines of regions analyzed. Images from rat brain atlas drawings of NAc (EBregma 

+1.60mm)) and amygdala (FBregma − 2.80mm) adapted from (54). ac, anterior 

commissure; BlA, basolateral nucleus of the amygdala; CeA, central nucleus of the 

amygdala; E, estrogen; lv, lateral ventricle; NAc, nucleus accumbens; ot, optic tract; U50, 

U-50488.
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Figure 6. 
U-50488-induced c-Fos expression in the BNST is sex dependent. Rats were treated with 

U-50488 (10 mg/kg, i.p.) or vehicle (water) and perfused 2-hr later for c-Fos 

immunohistochemistry. Females were divided into low estrogen (E; metestrous and estrous) 

and high E (diestrous and proestrous) groups based on vaginal cytology. (A) Treatment 

groups are: male: vehicle (n=7); male: U50 (n=11); female low E: vehicle (n=6); female low 

E: U50 (n=4); female high E: vehicle (n=3); female high E: U50 (n=6); mean + SEM. 

**p<0.01 compared to vehicle of same sex; #p<0.05 comparing groups under bars. (B) 

Russell et al. Page 22

Biol Psychiatry. Author manuscript; available in PMC 2015 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Representative micrographs of U50-induced c-Fos in the BNST. Dashed line shows region 

of BNSTov analyzed. (C) Image from rat brain atlas drawing of BNST (Bregma −0.26mm) 

adapted from (54). Oval nucleus of BNST is shaded grey. D Representative micrograph of 

double label immunohistochemistry for c-Fos (reddish-brown) and CRF (dark blue) from a 

male rat treated with U50 (10 mg/kg) shows separate populations of c-Fos- and CRF-

positive neurons. ac, anterior commissure; BNSTov, bed nucleus of the stria terminalis oval 

nucleus; CRF, corticotropin releasing factor; E, estrogen; lv, lateral ventricle; U50, U-50488; 

Veh, vehicle.
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Figure 7. 
U-50488-induced c-Fos expression in the PVN is sex dependent. Rats were treated with 

U-50488 (10 mg/kg, i.p.) or vehicle (water) and perfused 2-hr later for c-Fos 

immunohistochemistry. Females were divided into low estrogen (E; metestrous and estrous) 

and high E (diestrous and proestrous) groups based on vaginal cytology. (A) Treatment 

groups are: male: vehicle (n=7); male: U50 (n=11); female low E: vehicle (n=6); female low 

E: U50 (n=4); female high E: vehicle (n=3); female high E: U50 (n=6); mean + SEM. 

#p<0.05 main effect of sex (female > male). (B) Representative micrographs of U50-
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induced c-Fos in the PVN. Dashed line shows region of PVN analyzed. (C) Image from rat 

brain atlas drawing of PVN (Bregma -1.80mm) adapted from (54). (D) Representative 

micrograph of double label immunohistochemistry for c-Fos (reddish-brown) and CRF (dark 

blue) from a male rat treated with U50 (10 mg/kg) shows co-expression of c-Fos and CRF. 

3rd, third ventricle; E, estrogen; lv, lateral ventricle; CRF, corticotropin releasing factor; 

PVN, paraventricular nucleus of the hypothalamus; U50, U-50488; Veh, vehicle.
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Table 1

Pharmacokinetics of U-50488 (10 mg/kg, i.p.) in plasma from male and female rats. Values are Mean ± S.D.

Males Females

Cmax (µg/L) 236 ± 79 532 ± 191**

Tmax (h) 0.313 ± 0.125 0.400 ± 0.576

AUC (µg* h/L) 644 ± 278 1350 ± 570*

CL/F (L/h* kg) 16.9 ± 5.3 8.71 ± 3.82**

Vz/F (L/kg) 68.6 ± 27.9 30.5 ± 15.5**

t1/2 (h) 2.75 ± 0.42 2.38 ± 0.42

*
p<0.05,

**
p<0.01,

unpaired, 2-tailed t-test. N=6 male, 11 female
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