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Abstract

Emerging evidence suggests that females are less sensitive than males to the effects of kappa 

opioid receptor (KOR) ligands across multiple behavioral measures. The effects of the KOR 

agonist U50,488 and the KOR antagonist aticaprant were assessed on nest building behavior, 

an ethologically relevant indicator of overall well-being and affect, in adult male and female 

C57BL/6J mice. Females required a higher dose of U50,488 to suppress nesting, and a higher dose 

of aticaprant to restore U50,488-induced impairment of nesting. Females also required a higher 

dose of aticaprant to decrease immobility scores in the forced swim test. Pretreatment with the 

estrogen receptor modulator tamoxifen at a dose which blocked estrogen receptors, augmented the 

effect of U50,488 on nesting in female mice, suggesting that estrogen receptors play a key role in 

attenuating the effects of KOR ligands in female mice. Together, these results suggest that females 

are less sensitive to KOR mediation, requiring a higher dose to achieve comparable results to 

males. This behavioral sensitivity, as measured by nesting, may be mediated by estrogen receptors. 

Together these studies highlight the importance of comparing sex differences in response to KOR 

regulation on behaviors related to affective states.
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1. Introduction

Kappa opioid receptors (KORs) are expressed throughout the central and peripheral nervous 

system and regulate multiple physiological systems (Bruchas et al., 2010; Knoll and 

Carlezon, 2010; Lutz and Kieffer, 2013; Mansour et al., 1988; Van’t Veer and Carlezon, 

2013). Pharmacological activation of KORs promotes dysphoria, aversion, and depression 

in humans (Pfeiffer et al., 1986; Ranganathan et al., 2012) and corresponding behaviors in 

rodents (Browne et al., 2020; Browne and Lucki, 2019; Bruchas et al., 2010; Jacobson et al., 

2020; Knoll and Carlezon, 2010; Land et al., 2008; Shippenberg et al., 1993; Todtenkopf et 

al., 2004). In contrast, KOR antagonists produce beneficial effects in rodent tests of negative 

affect, anhedonia, and anxiety (Jacobson et al., 2020; Knoll and Carlezon, 2010; Van’t Veer 

and Carlezon, 2013). KOR antagonists also reverse behavioral deficits produced by a variety 

of stressors and consequently have been proposed as novel therapeutics for the treatment 

of stress-related disorders (Browne et al., 2020; Browne and Lucki, 2019; Jacobson et al., 

2020; Knoll and Carlezon, 2010).

The majority of preclinical studies investigating the impact of KOR function on physiology 

and behavior have been conducted in males. Emerging evidence suggests that females are 

nonresponsive, or less sensitive, to the effects of KOR agonists across several different 

behavioral paradigms relevant to affect (Chartoff and Mavrikaki, 2015). Female rats 

were less sensitive to the decline in motivation to work for brain stimulation reward, as 

measured with intracranial self-stimulation (ICSS), following administration of the selective 

KOR agonist U50,488 relative to males (Conway et al., 2019; Russell et al., 2014). 

The suppressive effect of the selective KOR agonist U62,066 on social investigation was 

diminished in female rats relative to males (Varlinskaya et al., 2018). Similarly, infusions of 

U50,488 directly into the dorsal raphe nucleus increased anxiety-related behavior, illustrated 

by increased freezing in the resident intruder test, in male California mice but not in 

female mice (Wright et al., 2018). Consistent with this, female rats required higher doses to 

discriminate the selective KOR agonist U69,593 from vehicle relative to males (Craft et al., 

1998). Additionally, male C57BL/6J mice developed a conditioned place aversion (CPA) to 

several doses of U50,488, that were ineffective in female mice (Liu et al., 2019). In contrast 

to this pattern, both male and female C57BL/6N mice produced aversion to the same dose 

of U50,488 (Abraham et al., 2018), and female California mice formed aversion to a lower 

dose of U50,488 relative to males (Laman-Maharg et al., 2017; Robles et al., 2014).

Few studies have directly compared the effects of selective KOR antagonists on behavioral 

measures related to affect between male and female subjects. The KOR antagonist nor-

binaltorphimine (nor-BNI) did not reduce immobility in the forced swim test (FST) in 

stress naïve female California and C57BL/6J mice in contrast to male mice of these strains 

(Laman-Maharg et al., 2018). Conversely, the KOR antagonist JDTic effectively reversed 

the anxiogenic effects in the light dark box and the elevated immobility scores in the FST 

in male and female C57BL/6J mice following peripheral nerve injury (Liu et al., 2019). 

Additionally, treatment with the KOR antagonist AZ-MTAB blocked anhedonia measured 

using the sucrose preference test following social defeat in both male and female California 

mice (Williams et al., 2018). However, dose-response functions were not assessed in these 

latter studies (Liu et al., 2019; Williams et al., 2018).
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The current set of experiments were conducted to determine (1) whether nest building 

behavior could be used as a measure for KOR activation and (2) whether male and female 

mice differed in sensitivity to KOR manipulation. Nesting is an innate, spontaneously 

occurring behavior observed across species (Deacon, 2006). Nesting is considered an 

ethologically relevant indicator of self-care and an animal’s overall well-being (Deacon, 

2012; Deacon, 2006; Gaskill et al., 2013; Jirkof, 2014). As such, impairment in the quality 

of, or a delay in nest building, by a drug or environmental condition may serve as a viable 

measure of negative affect and impaired arousal, an important construct of the arousal and 

regulatory systems domain as defined by the Research Domain Criteria (RDoC) (Cuthbert 

and Insel, 2010).

It was proposed that female mice would require a higher dose of both the KOR agonist 

U50,488 and the KOR antagonist aticaprant to induce a comparable behavioral effect to 

that detected in male mice. Utilizing nesting as the primary endpoint, the effects of the 

selective KOR agonist U50,488 were assessed in adult male and female C57BL/6J mice. 

Second, the ability of the selective KOR antagonist aticaprant to block U50,488-induced 

nesting alterations was tested. As estrogen receptors may tonically affect KOR signaling, 

essentially protecting females against the actions of KOR manipulation, female mice were 

administered the estrogen receptor modulator tamoxifen prior to assessing U50,488-induced 

suppression of nesting to test this hypothesis. Specifically, it has previously been reported 

that behavioral effects of U50,488 were amplified after ovariectomy (Abraham et al., 2018). 

Thus, we hypothesized that tamoxifen would increase the effects of U50,488 in female mice 

by blocking estrogen receptors. Indeed, tamoxifen suppressed estrous behavior in female 

rodents (Etgen and Shamamian, 1986; McKenna et al., 1992) and acted as an estrogen 

receptor antagonist in the brain (Etgen and Shamamian, 1986; McKenna et al., 1992; 

Pareto et al., 2004; Sumner et al., 1999). Finally, to determine whether a sex difference 

in the sensitivity to the KOR antagonist aticaprant was specific to nesting, the behavioral 

effects of aticaprant were also screened in the FST and on locomotor activity. Our findings 

demonstrated that nesting is a useful test for measurement of KOR activation. Females 

required higher doses of KOR ligands than males to alter nesting and immobility in the 

FST. Critically, these studies suggest that estrogen receptors may protect females from the 

negative consequences of KOR activation but may also reduce the sensitivity of females to 

the effects of KOR antagonists. These studies highlight the importance of sex differences 

in the context and utilization of specific behavioral assays, and for incorporating these 

components into the programmatic development of new therapeutic treatments for stress-

related disorders.

2. Methods and materials

2.1. Animals

Male and female C57BL/6J mice were purchased from Jackson Laboratories (Bar Harbor, 

ME) at 7 weeks of age and allowed at least 1 week to adjust to the vivarium prior to any 

experiments. Mice were group housed (4–5 per cage) with standard enrichment of cotton 

nestlets (Ancare, Bellmore, NY) and huts (Bio-Serv, Flemington, NJ) under a 12-h-light/

dark cycle (lights on at 6:00 AM) in temperature and humidity controlled rooms. Food and 
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water were provided ad libitum. All experiments were conducted in accordance with the 

Guide for the Care and Use of Laboratory Animals (National Research Council, 2011) and 

were approved by the Uniformed Services University Institutional Animal Care and Use 

Committee.

2.2. Drugs

Aticaprant (also known as JNJ-67953964 (Janssen, Piscataway, NJ), formerly LY-2456302 

(Eli Lily, Indianapolis, IN) and CERC-501 (Cerecor, Rockville, MD) and (±)-trans-U-50,488 

methanesulfonate salt (U50,488, Sigma-Aldrich, St. Louis, MO, D8040) were freshly 

prepared prior to use and injected intraperitoneally (i.p.) using a 10 mL/kg injection volume. 

Aticaprant was dissolved in vehicle (MilliQ water (Millipore, MA), 1% lactic acid (85%, 

Fisher Scientific, Waltham, MA, A162–500)), sonicated for 15 min and titrated to pH 

5. Control mice were administered vehicle. U50,488 was dissolved in MilliQ water and 

control mice received the water vehicle. Tamoxifen (Sigma-Aldrich, T5648) was dissolved 

in sesame oil (Sigma-Aldrich, S3547) and was injected subcutaneously (s.c.). Control mice 

received sesame oil (100 μL).

2.3. Nest building assay

Nest building behavior was assessed in individual standard cages (Ancare N10). Prior to 

testing with drugs, mice were habituated to the test environment, their individual assessment 

cages, which remained the same throughout testing, and the nest building procedure for at 

least 2 consecutive days. The room temperature was 21±1°C. On each habituation day, mice 

were presented with one full 2.5 g pressed cotton 5 cm square nestlet identical to those 

given during weekly cage changes, for 5 h. Animals were returned to their normal housing 

conditions following each habituation session. Food and water were available during all 

sessions but no additional enrichment was provided. Only animals with final nest scores 

of at least 2.5 (Supplemental Materials) at all habituation sessions were included in the 

experiments to ensure those tested consistently built high-quality nests over time. Males 

always had 2 habituation sessions. In contrast, roughly 1 in 5 females did not manipulate 

the Nestlet material at all, despite several habituation sessions and were excluded from 

study. In several of the experiments including females, the number of habituation sessions 

were increased to determine whether females who did not nest initially would begin to nest 

following additional habituation sessions. However, nesting was consistent across sessions 

and scores were not dependent upon additional habituation exposures. Animals were then 

assigned to treatment groups that ensured habituation nest scores did not differ between 

groups.

Nests were photographed and visually inspected without disturbing the animal every 30 min. 

Scoring was performed by a rater that was blind to the treatment conditions as described 

previously (Deacon, 2006) but with several modifications (Supplemental Materials). We 

designed a 5-point rating scale of 1–5 with systematic increments of 0.25 (Figure 1a and 

Supplemental Table 1). To characterize the nest score, the amount of material torn up, the 

size and shape, wall height, and amount of nest material manipulated in a manner to produce 

“fluffy” pieces, were all considered. Higher scored nests were comprised of torn off Nestlet 
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pieces that were more shredded and handled in a way to create soft and light pieces that with 

a “fluffier” appearance, ultimately increasing the volume and complexity of the nest.

The main dependent variables of nesting included the composite finalized nesting score and 

the time it took for mice to initiate nest building. The average nest score was calculated over 

the last 2 h of nesting to represent the finalized nest scores. The latency for nest building 

was defined as the time required for the nest to reach the criterion score of 2.5. At this score, 

subjects were fully engaged in the nest building process. If mice had not reached this score 

by 5 h, a value of 300 min was given.

2.4. Forced swim test (FST)

The FST was conducted as previously described (Browne et al., 2018; Lucki et al., 2001). 

Individual mice were gently placed in a cylinder of water (21 cm in diameter), filled with 15 

cm of water (25 ± 1°C), for 6 min. Water was changed between each animal. Blind raters 

manually scored bouts of immobility during the full 6 min of the test from video recordings. 

Immobility was defined as the absence of movement, except that necessary to maintain the 

head above the water. The data are presented as immobility (s) during the final 4 min of the 

test.

2.5. Locomotor activity

Mice were monitored in an open field (40 × 40 cm) with opaque walls and an illumination 

of 7 lux. Each apparatus had an overhead camera connected to a computer with Any-Maze 

tracking software (Stoelting). Mice were individually placed into a corner of the apparatus to 

start, and the software recorded the total distance travelled (in m) for each animal.

2.6. Experimental procedures

Behavioral tests were conducted during the light cycle. Nest assessments began 4 h 

following commencement of the light cycle, when nesting behavior has been reported to 

be high (Heller et al., 2014; Jirkof et al., 2012; Jirkof et al., 2013). Individual cohorts of 

mice were utilized for each experiment, and mice received treatments with drugs only once. 

In the first cohort, mice were given U50,488 (0, 5, or 10 mg/kg) immediately prior to the 

nest building assay (n=8 per group). Then across two cohorts per sex, mice were given 

aticaprant (0, 1, 3, or 10 mg/kg) 24 h prior to treatment with U50,488 (0 or 10 mg/kg) and 

then nest building was immediately assessed (n=9–21 per group). Another cohort of female 

mice were injected with tamoxifen (400 μg in 100 μL sesame oil (equivalent to a 20 mg/kg 

dose in a 20 g mouse, subcutaneously (s.c.))) 1 h prior to treatment with U50,488 (0 or 5 

mg/kg) on the nest building assay (n=8–11 per group). The average weight of each group 

was 20 g (average weight of all animals combined in the tamoxifen experiment was 20.11 g 

± 0.15). The dose and timing of tamoxifen administration was chosen based on prior studies 

(Reid et al., 2014; Sthoeger et al., 1994; Sumner et al., 1999; Zou et al., 2002) with the peak 

plasma concentration estimated at 1–4 h following 20 mg/kg tamoxifen s.c. in female mice 

(Reid et al., 2014). Animals were habituated to s.c. injections for 3 d prior to the tamoxifen 

experiment. A separate cohort of male mice served as an internal control for the highest dose 

of aticaprant (10 mg/kg) on nesting (n=11–12 per group). Nesting was assessed for 5 h in all 

experiments.
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Additional cohorts of mice were tested in the FST and locomotor activity. Aticaprant (0, 1, 

or 3 mg/kg) was administered 24 h prior to the FST (n=7–9 per group). Another cohort of 

mice were administered aticaprant (0, 1, 3 or 10 mg/kg) 24 h prior to a 30 min exploratory 

period in the open field (n=10 per group). Finally, a separate group of mice received 

U50,488 (0, 5, or 10 mg/kg) immediately prior to a 3 h exploratory period in the open field 

(n=8 per group).

2.7. Statistical analyses

Statistical analyses were performed using GraphPad Prism 7 for Windows (Graph Pad 

Prism, San Diego, CA) with alpha set at 0.05. Two-way ANOVAs were followed with 

Tukey’s test for multiple comparisons to analyze interactions between sex and drug 

treatment or tamoxifen pre-treatment and U50,488 post-treatment. Where appropriate, 

planned within sex comparisons with Tukey multiple comparisons were used to determine 

significant effects by dose. A three-way repeated ANOVA (time x sex x drug treatment) with 

individual ANOVAs for both time points was used to analyze open field data in response to 

U50,488. Effect sizes were reported as Cohen’s d. Values are presented as means ± SEM.

3. Results

3.1. Kappa opioid receptor activation impaired nesting behavior more in male than female 
mice

The general effect of KOR activation with U50,488 on nest building behavior was assessed 

over time in male and female mice. The finalized nest score measured over the last 2 

h of nesting was dose-dependently suppressed by U50,488, with a significant treatment 

by sex interaction (F(2,42)=3.81, p=0.03) (Figure 1b). In male mice, exposure to either 5 

mg/kg (p=0.005, d=1.6) and 10 mg/kg (p=0.0002, d=3.2) U50,488 suppressed nest scores. 

In female mice, exposure to 10 mg/kg (p=0.05, d=1.3) but not 5 mg/kg (p>0.99, d=.05) 

U50,488 reduced nest scores. Nest scores of vehicle-treated mice did not differ between 

sexes (p=0.26).

U50,488-exposed animals also took longer to initiate nesting as indicated by a delay in 

reaching the criterion score of 2.5 (Figure 1c). There was a significant effect of treatment 

(F(2,42)=26.44, p<0.0001), but no sex by treatment interaction (ns) or effect of sex alone 

(ns). Planned comparisons showed that male mice that received both 5 mg/kg (p=0.001, 

d=1.7) and 10 mg/kg (p<0.0001, d=3.3) U50,488 took longer to reach the criterion score 

relative to control mice. In females, treatment with 10 mg/kg (p<0.0001, d=2.5) increased 

latency to reach the criterion nest score compared to vehicle-treated controls. Criterion score 

latencies of female mice exposed to 5 mg/kg U50,488 did not differ from controls (p=0.17, 

d=2.0).

The time course of nest building behavior is shown in Supplemental Figures 1a and 

1b. Across all experiments, nest scores plateaued in vehicle-treated subjects at 2–3 h 

(Supplemental Figures 1a–d). Nest scores were fully suppressed by exposure to U50,488 

for the first 2 h, but increased gradually over the course of 5 h.
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3.2. Aticaprant blocks nesting suppressed by U50,488

The 10 mg/kg dose of U50,488 was chosen for this experiment because it fully suppressed 

nesting in both sexes. As such, male and female mice were examined under conditions 

where KOR activation elicited a similar behavioral response to U50,488. The KOR 

antagonist aticaprant (0, 1, 3, or 10 mg/kg) was administered 24 h prior to U50,488 (0 

or 10 mg/kg), after which animals were placed in their respective nesting cages for 5 h.

For the finalized nest scores, there was a significant effect of aticaprant treatment 

(F(4,146)=12.53, p<0.0001), but no treatment by sex interaction (ns) or effect of sex (ns) 

(Figure 2a). Planned within sex comparisons indicated that pretreatment with aticaprant 3 

mg/kg (p=0.60, d=0.7) and 10 mg/kg (p>0.99, d=.07), but not 1 mg/kg (p=0.002, d=2.0) 

fully blocked U50–488 induced nest building suppression when compared to controls. 

Male mice pretreated with either 3 mg/kg (p=0.04, d=1.1) or 10 mg/kg (p=0.006, d=1.8) 

aticaprant had significantly higher nest scores relative to male mice given U50,488 alone. In 

contrast, only the highest dose of aticaprant (10 mg/kg) prevented U50,488-induced deficits 

in nest building behavior in female mice when compared to controls (p>0.99, d=0) and also 

differed significantly from female mice given U50,488 alone (p=0.02, d=1.3).

For the latency to reach criterion score, there was a significant effect of treatment 

(F(4,146)=26.33, p<0.0001), a trend for a treatment by sex interaction (F(4,146)=2.29, 

p=0.06) and no effect of sex (ns) (Figure 2b). Male mice exposed to U50,488 took 

significantly longer to reach a nest score of 2.5 relative to the controls (p<0.0001, d=2.4). 

Pretreatment with 1 mg/kg aticaprant did not block the U50,488-induced delay to reach the 

criterion score relative to controls (p<0.0001, d=2.5), but pretreatment with either 3 mg/kg 

(p=0.10, d=1.0) or 10 mg/kg (p=0.84, d=0.6) aticaprant significantly blocked U50,488 

effects on the criterion score. Additionally, male mice pretreated with 3 mg/kg (p=0.002, 

d=1.5) and 10 mg/kg (p=0.0005, d=2.5) aticaprant differed significantly from those given 

U50,488 alone. Female mice pretreated with 10 mg/kg aticaprant initiated nesting at a rate 

more equivalent to their controls based on the criterion score (p=0.14, d=1.9) and differed 

significantly from those administered U50,488 alone (p=0.03, d=1.5). No other dose of 

aticaprant altered the effects of U50,488 on the time to reach the criterion score in females.

Aticaprant (10 mg/kg) 24 h prior to a vehicle injection had no effect on nesting measures 

relative to controls not exposed to U50,488 (ns). (Supplemental Figure 2). Collectively, 

these data illustrated that a higher dose of aticaprant was necessary to fully block U50,488-

induced nesting alterations in females relative to males.

3.3. Aticaprant reduced immobility in the FST

To assess whether there were sex differences in the effects of aticaprant on another 

behavioral test, a separate group of mice were tested in the FST (Figure 3). There 

were significant main effects for sex (F(1,41)=8.31, p=0.006), treatment (F(2,41)=11.84, 

p<0.0001) and a significant treatment by sex interaction (F(2,41)=7.48, p=0.002) on 

immobility scores. In males, treatment with 1 mg/kg (p=0.0009, d=2.1) and 3 mg/kg 

(p=0.008, d=2.3) aticaprant significantly reduced immobility relative to vehicles. In females, 

by contrast, only 3 mg/kg aticaprant significantly lowered immobility scores in the FST 
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(p=0.03, d=1.6). Vehicle-treated females exhibited significantly lower immobility levels 

relative to vehicle-treated males (p=0.009).

3.4. Effects of U50,488 or aticaprant on locomotor activity

Alterations in locomotor activity were assessed for 3 h after U50,488 (0, 5, or 10 

mg/kg) administration (Supplemental Table 2). Data over the course of the 3 h session 

was divided into two 90 min components. There was a significant time and treatment 

interaction (F(2,42)=42.25, p<0.0001) and a significant effect of time (F(1,42)=26.50, 

p<0.0001). Specifically, U50,488 reduced locomotion (F(2,42)=38.75, p<0.0001) during the 

first 90 min component in both sexes. However, there was no significant suppression of 

locomotor activity by U50,488 during the second component of testing, from 90–180 min 

(F(2,42)=0.82, p=0.45). There were no interactions for either time component (ns), but there 

were significant effects of sex (p<0.0001), where females were more active overall than 

males.

To ensure that reductions in immobility in the FST and nest building behavior were not due 

to any changes in locomotion induced by aticaprant (0, 1, 3, or 10 mg/kg), a separate cohort 

of animals were tested in the open field for a 30 min duration starting 24 h post aticaprant 

injection. No significant effects of aticaprant treatment or a sex by treatment interaction 

were identified (ns) (Supplemental Table 3). However, there was a significant main effect of 

sex for total distance moved in the apparatus (F(1,72)=3.95, p=0.05). Overall, female mice 

were more active than male mice in the open field.

3.5. Suppression of nest building by U50,488 in females is estrogen sensitive

The hypothesis that estrogen receptors participated in limiting the effects of KOR activation 

was evaluated on the nesting response by assessing whether pretreatment with the estrogen 

receptor modulator tamoxifen induced responsiveness to a subthreshold dose of the KOR 

agonist U50,488. For the finalized nest score, there was a significant pre-treatment 

(tamoxifen) by post-treatment (U50,488) interaction (F(1,34)=5.59, p=0.02). (Figure 4). 

When tamoxifen was administered 1 h prior to U50,488, the KOR agonist reduced final nest 

scores relative to tamoxifen/vehicle-treated animals (p=0.0003, d=2.1). Replicating findings 

from the initial experiments above, female mice given vehicle/U50,488 (5 mg/kg) did not 

differ significantly from the vehicle/vehicle-treated group (p=0.76, d=0.5). Thus, blockade 

of estrogen receptors during KOR activation augmented the effects of U50,488 to fully 

suppress nesting in females at a dose that was previously ineffective, while having no effect 

on nesting when given alone.

4. Discussion

The current set of experiments examined nest building as a behavioral measure sensitive to 

KOR activation in male and female mice. Female mice were less sensitive to the effects of 

changes in KOR ligands relative to their male counterparts as they required higher doses 

of the KOR agonist U50,488 and the KOR antagonist aticaprant to produce comparable 

behavioral alterations in nesting and immobility scores in the FST. Blockade of estrogen 

receptors by tamoxifen increased the responsiveness of females to the effect of U50,488 
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on nesting. This is the first report to indicate that the sensitivity of females to the negative 

behavioral consequences of KOR activation is estrogen receptor dependent.

4.1. Nesting is sensitive to alterations in KOR signaling in both sexes, but females 
require higher doses

The disruptions of nesting behavior used to study alterations in response to KOR activation 

in both sexes may reflect disruptions of overall well-being. Nesting is a complex, naturally 

occurring, goal-directed behavior, which is ethologically conserved across species (Deacon, 

2006; Gaskill et al., 2013; Jirkof, 2014) and closely resembles the “activities of daily living” 

of humans (Deacon, 2012). Nesting is a highly motivated process, and nesting material is 

greatly valued by rodents (Gaskill et al., 2012; Jansen et al., 1969; Roper, 1973; Van de 

Weerd et al., 1998). Indeed, rodents will work by lever pressing or lifting weighted barriers 

in order to gain access to nesting material (Manser et al., 1998; Roper, 1973). Furthermore, 

stress exposure impairs nesting in male (Dournes et al., 2013; Otabi et al., 2016, 2017; Woo 

et al., 2018) and female mice (Gjendal et al., 2019; Newman et al., 2019). Thus, disruptions 

of nesting reflected a failure to engage in a rewarding species-typical behavior and was used 

to measure the effects of KOR activation, consistent with reports that KOR agonists induce 

negative affective states.

In order to properly build nests, mice integrate a series of complex behaviors that rely 

on the functional integrity of sensorimotor systems. A novel standardized scoring scale 

measured the quality of the nest, that was derived, in part, from previously published 

methods (Deacon, 2006). The quality of the nest was scored by the amount of nestlet 

torn up, the nest size, shape, and height, and how much of the torn Nestlet material 

was manipulated to create soft and highly deconstructed “fluffy” pieces (Supplemental 

materials). The criterion score of 2.5 was obtained by mice that were fully engaged in 

the nest building process. Latency to criterion score and the finalized nest scores obtained 

after 5 h were the primary endpoints in this assay. Novel nest criteria were designed for 

these experiments because criteria in the literature did not account for the wide variations 

of behavior possible in nest building studies. For example, nests consisting of only 50% 

of the Nestlet torn up may be highly manipulated and elaborate with high walls all in 

the same location. This nest type is common but could be assigned a low score based on 

previous rubrics. Those rubrics typically require a majority of the Nestlet to be torn up but 

spread around the cage to reach a score of 3, which was a nest building behavior rarely 

observed. Thus, direct comparison with data from obtained with previous rubrics should be 

considered with these caveats in mind. The suppression of nesting by KOR activation has 

previously been reported in male mice, although a different KOR agonist (U69,593), time 

point (100 min), and endpoint (gathering and consolidation of nesting material previously 

separated into six zones) were used (Negus et al., 2015). Although U50,488 has locomotor-

suppressing effects initially after injection (Supplemental Table 2 and (Robles et al., 2014), 

the reduction in nesting in this study was not due simply to motor impairment because 

decreased locomotor activity was not detected beyond 2 h post injection, whereas deficits 

in nest building persisted up to 5 h post U50,488 administration. Nest suppression due 

to KOR activation was largest in all subjects during the first few hours of the test (see 

Supplemental Figure 1), but the long-lasting suppression of finalized nest scores remained 
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several hours following KOR activation. In the literature, tests employed to assess KOR 

activation usually interrogate behavioral changes within only 60 min following U50,488 

administration. For example, it has been shown that analgesic responses induced by U50,488 

are gone by 60 min (McLaughlin et al., 2006). Although most subjects eventually engaged in 

nest building behavior, the finished nest products following KOR activation remained lower 

than controls. Thus, a long-lasting U50,488-induced deficit in nest building is proposed as 

a measure of a KOR-induced negative affect and a resultant deficit in the arousal systems 

necessary to appropriately engage with environmental stimuli and partake in homeostatic 

driven goal-directed behavioral challenge.

Administration of the selective KOR agonist U50,488 increased the latency to criterion score 

and suppressed finalized nest scores in both male and female mice, but females required a 

higher dose of U50,488 in order to induce a deficit. To date, no direct sex comparisons on 

nesting behavior in response to KOR activation have been published. There are, however, 

other reports that indicated decreased sensitivity of KOR activation in females relative to 

males in several behavioral tests relevant to affective states. Female rats exhibited reduced 

sensitivity to U50,488-induced suppression of motivation to work for brain stimulation 

reward as measured with ICSS (Conway et al., 2019; Russell et al., 2014). Not only did 

females require a higher dose of U50,488 to induce a deficit with ICSS, but when there 

was a deficit, the magnitude of the effect was smaller than that of males (Conway et al., 

2019; Russell et al., 2014). Similarly, failure to evoke deficits in social interaction have been 

reported in female rats treated with U62,066 (Varlinskaya et al., 2018) and in female mice 

treated with U50,488 using both social interaction and resident intruder tests (Wright et al., 

2018) . In parallel to the present study, these publications (Conway et al., 2019; Russell et 

al., 2014; Varlinskaya et al., 2018; Wright et al., 2018) reported a reduced sensitivity of 

females to KOR-mediated disruptions of rewarding and motivated behaviors, or reductions 

of behaviors animals naturally partake in. A contrary pattern of sex differences were also 

reported where female California mice developed a CPA to a lower dose of U50,488 relative 

to males (Laman-Maharg et al., 2017; Robles et al., 2014). However, others have reported 

both male and female C57BL/6N mice form place aversion to a higher dose (Abraham et 

al., 2018) or that female C57BL/6J mice, the same strain used in these studies, did not form 

a CPA to several doses of the KOR agonist relative to males (Liu et al., 2019). Together 

these observations highlight the importance of the behavioral context, species, and strain 

investigated. Collectively, these data indicate that female rodents are less sensitive to the 

negative behavioral sequela of KOR activation.

4.2. Estrogen receptors may protect females from the negative consequences of KOR 
activation

Several underlying mechanisms that could drive sex differences in KOR function and 

behavior have been described (Chartoff and Mavrikaki, 2015; Rasakham and Liu-Chen, 

2011). These include interactions with gonadal hormones (Abraham et al., 2018; Clemente-

Napimoga et al., 2009; Lawson et al., 2010; Liu et al., 2011), alterations in KOR signaling 

(Abraham et al., 2018; Laman-Maharg et al., 2018; Martin et al., 2015; Rasakham et 

al., 2012; Robles et al., 2014; Russell et al., 2014; Wang et al., 2011), KOR and 

MOR heterodimerization (Chakrabarti et al., 2010; Liu et al., 2011), and dopamine 

Jacobson et al. Page 10

Neuropharmacology. Author manuscript; available in PMC 2024 September 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



neurotransmission (Conway et al., 2019; Liu et al., 2019; Russell et al., 2014). It is unlikely 

that the sex effects reported in this study are driven by differences in metabolism, or 

diffusion of KOR ligands into the brain, as others have reported no sex difference in the 

pharmacokinetics of KOR agonists (Craft et al., 1998; Russell et al., 2014), and KOR 

antagonists (Laman-Maharg et al., 2018) in the plasma and brain between males and 

females. There is substantial evidence for the role of gonadal hormones in mediation of 

KORs (Chartoff and Mavrikaki, 2015; Rasakham and Liu-Chen, 2011). Circulating estrogen 

affects KOR signaling (Dawson-Basoa and Gintzler, 1996; Gottsch et al., 2009; Spampinato 

et al., 1995). Estrogen receptors traffic to the plasma membrane where they associate with 

G-proteins to mediate activation of membrane signaling cascades associated with KORs. We 

tested the hypothesis that estrogen receptor modulation by tamoxifen, a selective estrogen 

receptor modulator (SERM), would sensitize females to the negative consequences of low 

dose U50,488 in intact, cycling female mice. Tamoxifen can act as an estrogen receptor 

agonist or antagonist depending on the tissue type, species, and dose employed. Based 

on prior evidence, we hypothesized that tamoxifen would block estrogen receptors in the 

brain at the dose we employed (Borgna and Rochefort, 1981; McKenna et al., 1992; Pareto 

et al., 2004; Sumner et al., 1999). When estrogen receptors were blocked, administration 

of a previously ineffective dose of U50,488 in females suppressed nesting. Previously, it 

has been reported that tamoxifen elevated prodynorphin mRNA in ovariectomized (OVX) 

females, suggesting that estrogen may suppress levels of dynorphin mRNA (Spampinato et 

al., 1995). In fact, estradiol administration has been shown to decrease immunoreactive 

dynorphin in OVX rats (Fullerton et al., 1988). This may be a possible mechanism 

underlying the effect reported in the present study. In line with the findings presented 

in this manuscript, females were less sensitive to the analgesic effects of KOR agonists 

compared with males (Rasakham and Liu-Chen, 2011), and these effects were modulated 

by estrogen (Abraham et al., 2018; Chakrabarti et al., 2010; Dawson-Basoa and Gintzler, 

1996; Lawson et al., 2010; Mogil et al., 2003). Specifically, relative to males, females were 

unresponsive to U50-induced analgesia, but in OVX females, a previously inadequate dose 

became effective (Abraham et al., 2018). Thus, both analgesia and impaired nesting induced 

by KOR activation in females appear to be inhibited by estrogen. Estrogen stimulated G 

protein receptor kinase 2 (GRK2) to sequester Gβγ and block arrestin-independent signaling 

(Abraham et al., 2018). Although the molecular mechanisms underlying this effect were 

not investigated here, the signaling response investigated by Abraham & colleagues (2018) 

may be relevant to nesting as well. In summary, estrogen may be a protectant in females 

against the negative consequences of KOR activation. More research will be necessary to 

further build upon the initial results shown here and to build a more complete mechanistic 

understanding of estrogen receptor modulation of KOR signaling in females.

4.3. The KOR antagonist aticaprant induces antidepressant-like responses in both sexes, 
but females require a higher dose

Females are more likely to suffer from stress-related disorders including depression, as men 

(Kessler, 2003). Since depression is associated with endogenous opioid dysregulation, and 

selective KOR antagonists are currently being considered as novel therapeutics for treatment 

resistant depression (Browne et al., 2020; Browne and Lucki, 2019; Jacobson et al., 2020), 

it became valuable to determine if males and females respond similarly to treatment with 
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KOR antagonists (Williams et al., 2018). In the studies presented in this manuscript, both 

male and female mice responded to the KOR antagonist aticaprant in the FST and exhibited 

blockade of KOR activation on nest building when aticaprant was administered 24 h prior 

to testing. It is important to note that this nesting experiment was conducted using the 

highest dose of U50,488, a condition under which the behavioral effects of U50,488 were 

not impacted by estrogen receptors. Even under these conditions, female mice required 

higher doses of aticaprant to exert a behavioral response comparable to males on both tasks. 

Doses of aticaprant were initially chosen based on previous research showing efficacious 

behavioral results at 24 h in male mice (Browne et al., 2018) and in vivo receptor occupancy, 

plasma and brain pharmacokinetics, and behavioral results in male rats and mice at 24 h 

(Rorick-Kehn et al., 2014). Overall, our results replicated previous findings of aticaprant 

on the FST in naïve male mice when tested at 24 h (Browne et al., 2018) and others 

illustrating behavioral effects in tests relevant to affect and motivation in male rodents (Domi 

et al., 2018; Jackson et al., 2015; Rorick-Kehn et al., 2014). Previous research suggested 

that female mice were resistant to the immobility-reducing effects of the KOR antagonist 

nor-BNI on the FST (Laman-Maharg et al., 2018). However, the KOR antagonists JDTic or 

AZ-MTAB successfully reversed the negative behavioral consequences produced by social 

defeat stress or peripheral nerve injury in both male and female mice, although only one 

dose was tested (Liu et al., 2019; Williams and Trainor, 2018). Aticaprant is currently under 

clinical investigation as a novel therapeutic for major depressive disorder in humans. In 

one study, male and female adults exhibiting anhedonia from numerous conditions were 

given daily aticaprant (10 mg/kg) for 8 weeks. Relative to placebo, aticaprant reduced 

anhedonia and increased nucleus accumbens activation during reward and loss anticipation 

in a probabilistic reward task (Krystal et al., 2018). In general, our preclinical findings agree 

with the early clinical research and suggest that aticaprant will ultimately have utility in both 

male and female subjects. However, careful dosing regimens for male and female subjects 

should be considered.

5. Conclusion

The results showed how nesting was a useful behavior to assess overall well-being and was 

sensitive to the behavioral effects of KOR activation in both male and female mice. Females 

required higher doses of the KOR agonist U50,488 and the KOR antagonist aticaprant to 

induce comparable behavioral alterations on the nest building assay and forced swim test. 

Reduced sensitivity to KOR activation on nesting in females may be mediated through 

an estrogen receptor dependent mechanism. Future studies should investigate mechanisms 

and neural networks that link delayed nest building and nest score suppression to negative 

affective states following KOR activation. Further, whether chronic stress impairs nesting as 

assessed in this manuscript, and if aticaprant restores this suppression, may be warranted 

as a translational study that bridges to affective disorders. A better understanding of the 

relationship between negative affect, KORs, and sex, could aid in the development for 

treatments of stress-related disorders and the progression of aticaprant as a therapeutic.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Nest building behavior in mice is useful to investigate overall well-being.

• Kappa opioid receptor (KOR) activation impairs nesting in both sexes.

• Female mice require higher doses to induce KOR-mediated changes.

• Estrogen receptors diminish KOR-mediated alterations in females.

• The KOR antagonist aticaprant is effective on the FST in both sexes.
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Figure 1. 
Females required a higher dose of the KOR agonist U50,488 to suppress nest building 

behavior. (A) Representative nest scores. A score of 1 is 0% torn up. A score of 2 consists 

of 20–50% torn up nestlet, material can be spread around the cage, or in one location but 

no clear nest is visible, and the material is not “fluffy”. A score of 3 consists of a nestlet 

50% torn up with a clear nest location, but the nest is not dome-shaped and may not be 

“fluffy”. A score of 4 consists of >75% of the nestlet torn up with a clear dome-shaped 

nest location, some “fluffy” material, with walls partially formed, but below body height. A 

score of 5 is a perfect nest, where the nestlet is 100% torn up, with a dome shaped nest, 

100% “fluffy” material, and >50% of the walls are higher than the height of the mouse. 

(B) Average final nest scores. The finalized nest scores were significantly lower in subjects 

exposed to U50,488, and a higher dose was required for suppression in females. (C) Time to 

a criterion score (in minutes). The time to reach the criterion score of 2.5 was significantly 

longer in subjects exposed to U50,488, and a higher dose was required to increase latency to 

criterion in female mice. n = 8 per group. *p < 0.05, ** p < 0.01, *** p < 0.001 compared 

with vehicle (0 mg/kg) of the same sex.
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Figure 2. 
Prevention of U50,488-induced suppression of nesting by pretreatment with the KOR 

antagonist aticaprant 24 h prior to testing. (A) Finalized nest scores. Female mice required 

a higher dose of aticaprant to achieve a comparable blockade of the response to U50,488 

as males. (B) Time to a criterion score (min). U50,488-induced increase in latency to reach 

a nest score of 2.5 was blocked by pretreatment with aticaprant. Female mice required 

a higher dose of aticaprant to achieve comparable results as males. The sample sizes 

were as follows, for males: vehicle/vehicle, n=17; vehicle/U50,488, n=19; aticaprant (1 

mg/kg)/U50,488, n=9; aticaprant (3 mg/kg)/U50,488, n=19, aticaprant (10 mg/kg)/U50,488, 

n=10, and for females: vehicle/vehicle, n=15; vehicle/U50,488, n=18; aticaprant (1 mg/kg)/

U50,488, n=21; aticaprant (3 mg/kg)/U50,488, n=19, aticaprant (10 mg/kg)/U50,488, 
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n=9.*p < 0.05, **p < 0.01, ***p <0.0001 compared with vehicle of the same sex. &p < 

0.05, &&p < 0.01 compared with animals pretreated with vehicle prior to U50,488 of the 

same sex.
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Figure 3. 
Effects of aticaprant on time spent immobile in the forced swim test (FST). Aticaprant 

pretreatment was given 24 h prior to testing. Aticaprant decreased the time spent immobile 

on the FST, and female mice required a higher dose to decrease immobility (in seconds). 

Female mice spent less time immobile than males. The sample sizes were as follows for 

males: vehicle, n=7; aticaprant (1 mg/kg), n=7; aticaprant (3 mg/kg), n=8, and for females: 

vehicle, n=9; aticaprant (1 mg/kg), n=8; aticaprant (3 mg/kg), n=8. **p < 0.01, ***p < 

0.0001 compared with vehicle of each sex.
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Figure 4. 
The estrogen receptor modulator tamoxifen (400 μg) suppressed nesting in female mice 

when given 1 h prior to U50,488 (5 mg/kg). In contrast, U50,488 was unable to reduce 

nesting when administered to vehicle-treated female mice. The sample sizes were as follows: 

vehicle/vehicle, n=9; vehicle/U50,488, n=10; tamoxifen/vehicle, n=8; tamoxifen/U50,488, 

n=11. ** p < 0.001 between tamoxifen and U50,488-treated groups.
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