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Abstract

Anxiety occurs across ontogeny, but there is evidence that its etiology may vary across the 

lifespan. The kappa opioid receptor (KOR) system mediates some of the anxiogenic effects of 

stress and drug exposure, and is involved in aversive responses to environmental stimuli. However, 

much of this work has been conducted in adult males. Work assessing the effects of KOR 

activation in younger males has demonstrated that this system produces an anxiolytic/no response, 

indicating that that this system may be developmentally regulated. Despite these discrepancies, 

a direct comparison of KOR-induced anxiety in stress-naïve adolescents and adults has not been 

done. Additionally, the effects of KOR activation in females are poorly understood. Therefore, we 

assessed the impact of KOR activation on anxiety-like behavior in adolescent and adult male and 

female Sprague-Dawley rats. Animals were given an i.p. injection of the KOR agonist U69593 

(0.01, 0.1, 1.0 mg/kg or vehicle) and were tested using the elevated plus maze. U69593 decreased 

open arm time in adult males, indicating increased anxiety-like behavior. Adolescents exhibited 

decreased stretch attend postures when collapsed across sex, suggesting reduced anxiety-like 

behavior. Adult females were not affected by U69593 administration. These data support studies 

that have identified age-dependent changes in the KOR system in males, and provide novel 

evidence that females may not exhibit this ontogenetic change. Given the prevalence of stress and 

drug exposure during the adolescent period, differences in how the KOR system may mediate the 

effects of these exposures across age and sex should be explored.
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Adolescence is the developmental period between childhood and adulthood during 

which hormonal, physiological, and behavioral maturation typically occur. Extensive 
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reorganization of the brain also occurs during this period, producing neural and behavioral 

profiles that are unique to adolescents, and which are eliminated by adulthood [1]. Included 

among these are increased risk-taking behaviors and focus on peer interactions, and greater 

likelihood of experimentation with drugs [1]. Although adolescence is also thought to be a 

highly stressful period of life [2], the adolescent brain may be uniquely resilient to particular 

stressors. Specifically, the kappa opioid receptor (KOR) system in the brain has historically 

been implicated in the negative affective states related to stress and drug dependence (for 

review, see [3]); however, accumulating evidence suggests that adolescents may be relatively 

insensitive to the aversive effects of KOR activation (for review, see [4]).

Several studies have indicated that KOR function may differ by age in discrete brain regions, 

including regions associated with anxiety [5–7]. Previous work has shown that excitability 

and long-term potentiation within the basolateral amygdala (BLA), a brain region critical 

for anxiety- and fear-related behaviors, is reduced in the presence of a KOR agonist in mid-

late adolescent rats [8]. Recent work by our lab has provided evidence that KOR-induced 

suppression of BLA excitability may be specific to adolescents, as adults do not show any 

change in this region in response to KOR activation [7]. The presence of age-dependent 

changes in KOR function in specific brain regions is also reflected in the behavioral 

effects of KOR manipulation. Studies using adults have demonstrated that KOR activation is 

anxiogenic (for review, see [3]); however, studies using younger animals (in the adolescent 

weight-range) have shown a reduction in anxiety-like behavior following systemic KOR 

activation [9–11]. Studies investigating the appetitive or aversive quality of KOR activation 

using a conditioning task have demonstrated that KOR activation is appetitive in neonatal 

rodents [12], contrasting with findings from studies using adult rodents (for review, see [4]). 

Consistent with age-dependent differences in the effects of KOR activation, our lab recently 

demonstrated that ontogenetic differences in KOR function begin during the juvenile stage, 

prior to adolescence, when assessing social anxiety-related behaviors [13]. Despite evidence 

to support an ontogenetic time-course for the development of the KOR system, a direct 

comparison of adult and adolescent anxiety-like responses to KOR activation has not been 

done.

In addition to age-dependent effects of KOR activation, sex may be a determining factor for 

the response to KOR manipulation. Although only a limited number of studies have included 

females, those few studies have shown females to be less sensitive or insensitive to the 

effects of KOR activation/blockade compared to males (for review, see [14]). However, no 

studies to date have investigated whether age-dependent differences in KOR function exist 

in females. Based upon these gaps in knowledge regarding the effects of KOR activation 

in males and females on anxiety-like behavior, and apparent patterns of age-dependent 

effects in males, the objective of the current study was to systematically test age and sex as 

factors that moderate responses to KOR activation on the elevated plus maze (EPM) test of 

anxiety-like behavior.

To pursue this objective, adolescent (postnatal day ((P) 33-38, n = 8 per sex) and adult 

(P83-88, n = 10 per sex) Sprague-Dawley rats were bred in-house, pair-housed, and allowed 

food and water ad libitum following weaning (P21) - all animal protocols were approved 

by the Binghamton University Animal Care and Use Committee. Animals were handled 
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for six days prior to anxiety-like testing on EPM for five minutes as previously described 

[15]. 20 minutes prior to testing, animals received an intraperitoneal injection of one of 

either 0.01, 0.1, or 1.0 mg/kg U69593, a KOR agonist, (Sigma-Aldrich; St. Louis, MO) or 

vehicle (20% propylene glycol). U69593 doses were based off of previous assessment of 

this compound in presumed adolescent males on anxiety-like behavior using the EPM [11]. 

Behaviors assessed included open arm time and open arm entries as traditional measures of 

anxiety-like behavior. Closed arm time, closed arm entries, and total number of transitions 

were also assessed as indices of overall locomotor behavior. Ethological behaviors were 

analyzed as well to expand on our measures of anxiety-like behavior; these included head 

dips over the edge of the maze, an indicator of exploratory behavior that is negatively 

associated with anxiety-like behavior [16, 17], and stretch-attend postures into the open arms 

of the maze, a behavior that is positively associated with anxiety-like behavior [17–21]. 

All behaviors were video-recorded and later analyzed by an experimenter blind to the drug 

condition.

Analyses were performed using Statistica Version 12 (StatSoft, Inc., Tulsa, OK). All data 

were initially analyzed as an omnibus ANOVA across age, sex, and dose. Given a significant 

difference across age on all variables assessed (p < 0.0001), age groups were analyzed 

separately as a two-factor between-subjects ANOVA across sex and dose as we have 

previously done [22–24]. Open/Closed arm time and open/closed arm entries are represented 

as percentages (open time or entries/open + closed time or entries). All post-hoc analyses 

were performed using Fisher’s LSD. Data are presented as mean ± SEM, with significance 

set to p ≤ 0.05

In adolescents, separate two-way ANOVAs of percent open arm time, open arm entries, 

closed arm time, and closed arm entries revealed no significant main effects (sex or drug 

dose) or significant interaction (see Fig. 1A, 1C, 2A, 2C). A two-way ANOVA for total arm 

entries, a measure of general locomotor behavior, revealed a significant main effect of sex, F 

(1,56) = 8.160, p < 0.05, with adolescent males exhibiting fewer overall transitions between 

arms compared to adolescent females (see Fig. 2E). No significant main effect of dose or 

significant sex by dose interaction was found for total arm entries in adolescents.

A two-way ANOVA for number of head dips also revealed no significant main effects or 

significant interaction (Fig. 3A). However, there was a significant main effect of drug dose 

for number of stretch attends, F (1,56) = 3.913, p < 0.05, without a significant main effect 

of sex or significant interaction (Fig. 3C). Post-hoc analysis indicated that the highest dose 

of U69593 significantly suppressed stretch attend postures in adolescent animals when data 

from male and female adolescents were combined (p < 0.05).

In adults, Grubb’s outlier test identified a significant outlier in the vehicle and 0.1 mg/kg 

U69593 groups for open arm time (indicated by an open, gray circle in Fig. 1B). These 

animals were subsequently removed from all other variables. A two-way ANOVA of percent 

open arm time revealed a significant sex by dose interaction, F (3, 77) = 3.010, p < 0.05 

(Fig. 1B). Fisher’s LSD revealed significant reductions in open arm time compared to 

vehicle at the two highest doses of U69593 in males (0.1 mg/kg: p = 0.05; 1.0 mg/kg: p 

= 0.05) with no dose effects in females. Separate two-way ANOVAs of open arm entries, 
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closed arm time, and closed arm entries in adults revealed no significant main effects or 

significant interactions (see Fig. 1D, 2B, and 2D). A two-way ANOVA of total arm entries 

revealed a significant main effect of sex, F (1,76) = 15.61, p < 0.05, with adult males 

showing fewer overall transitions between arms than adult females. No main effect of dose 

or significant sex by dose interaction was found for total arm entries in adults (see Fig. 2F). 

A two-way ANOVA for number of head dips revealed no significant sex by dose interaction 

(see Fig. 3B); however, a significant main effect of sex was found, F (1,77) = 4.110, p < 

0.05, as well as a main effect of dose, F (3, 77) = 4.403, p < 0.01. These effects were driven 

by a significant main effect of U69593 dose in females, F (3, 41) = 6.346, p < 0.01. No 

significant main effects or significant interaction were observed in our two-way ANOVA of 

number of stretch attends in adults (see Fig. 3D).

The goal of the present work was to determine whether age or sex act as determining 

factors in KOR-induced alterations of anxiety-like behavior. Our results show that time in 

the open arms was dose-dependently decreased only in adult males, suggesting increased 

anxiety-like behavior. Conversely, U69593 did not alter anxiety-like behavior in either 

adult females or adolescents of either sex. We also found a dose-dependent increase in 

frequency of unprotected head dips, a behavior that indicates increased exploratory behavior 

and potentially reduced anxiety-like behavior [16, 17], only in adult females. Finally, we 

found a dose dependent decrease in protected stretch attend postures in adolescents, a 

risk-assessment behavior positively associated with anxiety that has been well validated on 

multiple behavioral assays, including the EPM [17–21]. These data may indicate a reduction 

in anxiety-like behavior at one specific dose in adult females and at higher doses of U69593 

in all adolescents. It is worth noting that our data indicate that adolescents in the control 

condition spent less time in the open arms compared to their adult counterparts, raising 

the possiblity of floor effects in open arm time. However, given that adolescents spent a 

similar amount of time in the closed arms as adults but exhibited more total arm entries 

(an index of locomotor activity), it is possible that the low open arm time in adolescents 

is more indicative of increased exploration in the adolescents, rather than an inability to 

observe KOR-induced reductions in open arm time in this age group. Additionally, no 

other measures indicated that KOR activation may be increasing anxiety-like behavior 

in adolescents; contrary to this, the reduction in stretch-attend postures points toward a 

potential reduction in anxiety-like behavior [17–21].

The anxiogenic effects of KOR activation presented here in adult males are supported by 

much of the literature examining the effects of KOR manipulations on anxiety/aversion, the 

majority of which has focused on adult males (for review, see [3, 4]. In contrast to aversive/

anxiogenic effects of KOR activation in adults, studies using adolescent animals (based on 

either reported ages or weights) report reduced sensitivity to the aversive and anxiogenic 

properties of KOR agonists [25, 26]. Consistent with this, we found that time spent in the 

light side of the EPM did not change in adolescents (P33-38) following any of the tested 

doses of U69593. Interestingly, a handful of studies have reported KOR-induced anxiolytic 

effects in adolescents [9–11]. A number of factors can contribute to these reported effects, 

such as the specific KOR agonist used, procedural differences (i.e. timing after injection, 

handling before test day, etc.), and behavioral task employed/specific variable assessed. A 

previous exposure to stress could also contribute to anxiolytic effects of KORs given that 
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several studies used animals that were procured from animal suppliers and were therefore 

exposed to shipping stress [10, 11], an experience shown to impact anxiety-like behavior 

when it occurs in adolescence [27]. Additionally, we recently examined the effects of 

restraint stress on KOR-mediated changes in social behavior and found that KOR activation 

increased social preference in juvenile and adolescent animals that had been exposed to 

restraint stress, but not adults, suggesting KOR-mediated reductions in social anxiety-like 

responses in younger, stressed animals [13]. Additionally, previous work examining the 

effects of developmental exposures to ethanol have demonstrated that these exposures 

increase prodynorphin and KOR mRNA levels/protein in infant and adolescent rats, which 

was associated with changes in anxiety-like and avoidance behavior ([28, 29], for review, see 

[4]). However, given that the animals used in the current study were bred on site and naïve 

to ethanol, the present findings therefore reflect a relatively stress- and drug-naïve state, and 

are consistent with other studies using stress-naïve younger animals [6, 25, 26, 30].

Although the underlying neurobiological effects associated with reduced sensitivity to KOR 

activation in adolescent males are unknown, KOR activation is known to exert unique 

neurobiological effects in anxiety-related brain structures in adolescents. For example, 

we and others showed that KOR activation can reduce the excitability of the BLA [8] 

and increase BLA GABAergic inhibition [7] in adolescent males. This effect on GABA 

transmission is absent in adults [7], suggesting a possible ontogenetic switch in KOR 

function in this nucleus. Additionally, the magnitude of KOR-induced outward currents 

robustly increases between 2 and 4 weeks of age, followed by a reduction by 8 weeks of 

age in the paraventricular nucleus of thalamus [5]. While these neurophysiological findings 

likely contribute to the behavioral effects of KOR activation in adolescents, more work is 

needed to better understand this phenomenon.

Another key component of the present study was to assess whether sex differences exist in 

KOR activation-induced anxiety, since the majority of studies examining the role of KORs 

have used males exclusively. Sex differences in KOR function have been reported [14, 31–

33], and several studies have identified factors that may contribute to these differences [14, 

31–35]. For example, males respond more strongly to KOR activation than females [14], 

although sex-dependent effects appear to also depend on the behavior being assessed [33]. 

Consistent with this, we recently reported that females were less sensitive to administration 

of the KOR agonist, U62066, regardless of age, but only on social interaction [13]. 

While the mechanisms that contribute to sex differences in KOR function are unclear, sex 

dependent differences in pDyn gene polymorphisms and KOR binding, in addition to sex 

hormone interactions with the KOR system (testosterone and estrogen), have been reported 

and are thoroughly reviewed by Chartoff and Mavrikaki [14]. One possible caveat to our 

findings is that the EPM has been suggested to be a poor measure of anxiety-like behavior 

in female rats, given that male and female rodents may express anxiety-like behavior in 

different ways [36]. However, we have previously done factor analyses to determine the 

appropriateness of the EPM for different behavioral profiles, and have found that males 

and females present similar anxiety-related behaviors as both adolescents and adults; this 

suggests that this assay may be appropriate for assessing female anxiety-like behavior, 

particularly in both age groups [17]. Regardless of the suitability of the EPM for females, 

future studies should expand upon our findings by including a battery of behavioral assays 

Przybysz et al. Page 5

Behav Brain Res. Author manuscript; available in PMC 2023 August 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to more fully probe the mood-related effects of KOR activation in females. Importantly, 

the current findings support and extend previous work demonstrating reduced sensitivity of 

females to KOR activation regardless of age.

Taken together, the findings from the current study provide additional support for age-

dependent differences in KOR function as it relates to anxiety-like behaviors. These results 

also extend our understanding of the KOR system in females. Overall, this provides us with 

more rationale for continued examination of how the KOR system develops across ontogeny 

as the interest in targeting the KOR system for therapeutic purposes grows.
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Highlights

• Kappa opioid receptors (KOR) are involved in anxiety

• Females and adolescent males may be less sensitive to KOR effects than adult 

males

• KOR activation dose-dependently increases anxiety in adult males

• KOR activation dose-dependently decreases anxiety in adolescent males

• KOR activation does not impact anxiety in females

• Age- and sex-dependent KOR function may mediate differences in anxiety 

disorders
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Figure 1. 
Anxiety-like behavior following administration of KOR activation assessed on the EPM in 

male and female adolescents (left) and adults (right). Animals were given an i.p. injection 

of KOR agonist U69593 (0.01, 0.1, or 1 mg/kg) or vehicle, and anxiety-like behaviors were 

tested 20 min following injection. There was a significant overall difference between adults 

and adolescents (not indicated). (A, B) Percent time spent in the open arms; (C, D) total 

number of open arm entries. Open gray circles are used to identify statistical outliers that 

have been removed from analysis. * - p = 0.05 compared to vehicle.
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Figure 2. 
Measures related to locomotor activity on the EPM following KOR activation in male and 

female adolescents (left) and adults (right). Animals were given an i.p. injection of KOR 

agonist U69593 (0.01, 0.1, or 1 mg/kg) or vehicle, and anxiety was tested 20 min following 

injection. There was a significant difference between adolescents and adults in closed arm 

time (A, B), closed arm entries (C, D), and total arm entries (E, F; difference not indicated). 

There was a significant sex difference in both ages on total number of arm entries (E, F; not 

indicated).
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Figure 3. 
Ethological variables related to anxiety-like behavior following administration of KOR 

activation on the EPM in male and female adolescents (left) and adults (right). Animals 

were given an i.p. injection of KOR agonist U69593 (0.01, 0.1, or 1 mg/kg) or vehicle, and 

anxiety was tested 20 min following injection. There was a significant overall difference 

between adults and adolescents (not indicated). (A, B) Total number of unprotected head 

dips; (C, D) total number of stretch attend postures. * p < 0.05 for main effect of dose in 

females only.
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