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Abstract

Global opioid use and misuse remains high, despite efforts to decrease rates of prescribing and 

diversion. Chronic exposure to opioids, particularly during critical periods of development, can 

lead to long-lasting effects, including effects that may extend to future generations. Using a rodent 

model, we have demonstrated significant transgenerational effects of female adolescent morphine 

exposure, despite the absence of in utero drug exposure. While these effects have been observed in 

both sexes, effects on anxiety-like behavior were only observed in F1 females. The current study 

was designed to examine both inter- and transgenerational effects of adolescent morphine 

exposure on anxiety-like behavior. Female Sprague Dawley rats were administered increasing 

doses of morphine (5-25 mg/kg s.c.) or saline for 10 days during adolescence (PND30-39). Adult 

diestrous female offspring (MORF1 or SALF1) and grand offspring (F2) were tested for anxiety-

like behavior using the elevated plus maze (EPM). F1 females cross-fostered to donor mothers 

were also examined. The results show that MORF1 and MORF2 females spend significantly more 

time on the open arms of the EPM compared to SALF1 controls, an effect that persisted in cross-

fostered females. Additional studies demonstrate that this effect is estrous cycle dependent, as 

decreased anxiety-like behavior was observed in diestrus, while increased anxiety-like behavior 

was observed in estrus. These behavioral effects were not associated with any differences in 

circulating corticosterone either at baseline or following EPM testing. Thus, female adolescent 

morphine exposure alters the regulation of anxiety-like behavior in an estrous-dependent manner 

and this effect persists in the F2 generation.
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1. Introduction

Both the medical and non-medical use of opioids remains at historic levels, despite 

significant efforts to decrease drug diversion and reduce the number of opioid prescriptions 

[1–3]. Beyond the risk of addiction and overdose, the potential consequences of widespread 

opioid use on other health outcomes remain unknown [4]. And yet, when one considers the 

important modulatory role of endogenous opioids, chronic exposure to exogenous opioids 

could have long-lasting effects, particularly if exposure occurs during critical developmental 

windows. Animal models have proven effective in revealing which systems and/or processes 

are vulnerable to the effects of opioids during development. While numerous preclinical 

studies have revealed significant developmental effects of opioids during pre- and postnatal 

development [5, 6], fewer studies have examined effects during adolescence [7, 8]. This gap 

in our knowledge is unfortunate given the increased number of adolescent males and females 

prescribed opioids and the important modulatory role that endogenous opioids play during 

this developmental stage [9, 10].

In rodents, adolescent development includes the onset of puberty, an event that can be 

delayed by exposure to exogenous opioids [11, 12]. Moreover, in both adult males and 

females, endogenous opioids serve to inhibit luteinizing hormone (LH) secretion [13–15], 

suggesting a role for endogenous opioids in regulation of reproductive function. Based on 

these known effects of endogenous opioids, we previously hypothesized that in females, 

adolescent exposure to opioids leads to alterations in the development of the reproductive 

axis. To that end, we have conducted a number of studies examining the effects of female 

adolescent morphine exposure on various aspects of female reproduction [8, 16], including 

effects observed in the next generation [17, 18]. Interestingly, while adolescent morphine 

exposure did not impact fertility or fecundity, or disrupt the quality of maternal behavior, 

significant phenotypic effects were observed in both male and female offspring [19]. These 

effects included alterations in anxiety-like behavior that are specific to females; however, we 

have observed both increased [17] and decreased [20] anxiety-like behavior in the female 

offspring of mother’s who were exposed to morphine during adolescent development.

A number of factors may explain the divergent effects of adolescent morphine exposure on 

anxiety-like behavior in F1 females, including our use of two different dosing regimens and 

two different tasks. Our initial work, in which we reported increased anxiety-like behavior 

on the elevated plus maze (EPM) [17], was longer in duration (20 days) and used 

significantly higher doses (twice daily injections of increasing morphine doses from 2.5-50 

mg/kg). In our more recent studies, we use a shorter dosing regimen (10 days) with lower 

overall exposure (once daily injections of increasing morphine doses from 5.0-25 mg/kg) 

and report decreased anxiety-like behavior, as determined using open field behavior [20]. 

This study, however, revealed that effects of maternal morphine exposure on F1 open field 

behavior was estrous cycle dependent, with decreased anxiety-like behavior in MORF1 

females only observed in diestrous. Thus, it remains unclear whether the differences in 

anxiety-like behavior in F1 females are due to differences in the drug regimen received by 

their mother, the type of test used to measure anxiety-like behavior (EPM versus open field) 

or the influence of the estrous cycle. In addition, our prior studies on anxiety-like behavior 

only examined F1 animals, so whether any effects on anxiety-like behaviors persist beyond 
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the first generation also remains unknown. Moreover, to what extent differences in the 

postnatal maternal environment play a role in these phenotypic variations has not been 

examined.

The current set of studies addresses these questions using our shorter, lower dose morphine 

regimen and determining effects on anxiety-like behavior as measured on the EPM during 

diestrous. Both F1 and F2 females were studied, as were F1 females reared by naïve donor 

mothers. In a separate group of F1 females, we determined whether effects on anxiety-like 

behavior using the EPM were estrous cycle dependent. Finally, to begin addressing potential 

mechanisms underlying the observed effects, we measured both basal and post-EPM 

corticosterone levels. Testing on the EPM is considered a psychological stressor capable of 

activating the HPA axis and resulting in significant release of corticosterone. A number of 

pre- and postnatal manipulations that lead to either increased, or decreased, anxiety-like 

behavior in offspring, also alter basal and/or stress-induced corticosterone release. These 

effects on corticosterone, however, do not always correlate with changes in anxiety-like 

behavior, and are often sex-specific [21–25]. For example, neonatal maternal separation 

increases anxiety-like behavior in both males and females but only increases stress-induced 

corticosterone secretion in males [21, 24]. We have previously reported significantly blunted 

morphine-induced corticosterone secretion in adult MORF1 and MORF2 offspring, an effect 

observed in males but not females [26]. Higher levels of cocaine-stimulated corticosterone, 

however, were observed in MORF1 females [ref]. Thus, whether alterations in activation of 

the HPA axis in response to EPM testing might play a role in the observed transgenerational 

effects on anxiety-like behavior will also be examined.

2. Materials and Methods

2.1 Animals and housing:

All animals were housed in standard acrylic laboratory cages (40 cm × 20 cm × 18 cm) at 

Cummings School for Veterinary Medicine at Tufts University. Animals were maintained on 

a 12-hour light/dark cycle with lights on at 7:00 am and all procedures were performed 

during the light phase. Food and water were available ad libitum, unless otherwise stated. 

All procedures were approved by the Institutional Animal Care and Use Committee of Tufts 

University and were carried out in accordance with the National Research Council (NRC) 

Guide for the Care and Use of Laboratory Animals. All efforts were made to minimize 

animal distress and reduce the number of animals used.

2.2 Generation of F0, F1, and F2 animals:

For all experiments, post-natal day 23 (PND23) female Sprague-Dawley rats 

[Crl:CD(SD)BR] were purchased from Charles River Breeding Laboratories. All animals 

were housed 3-4 per cage. Beginning at PND30 females were injected (s.c.) once daily with 

morphine sulfate (MS) for a total of 10 days using an increasing dosing regimen with doses 

increased every other day (5, 5, 10, 10, 15, 15, 20, 20, 25, 25 mg/kg). Age-matched control 

animals received saline injections (s.c) with volumes adjusted to match those of drug-treated 

females as per our standard regimen. On PND 60-80 (3 to 6 weeks after their final injection), 

females were mated with drug-naïve colony males. Each male was placed with age-matched 
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females (MORF0 and SALF0). Once an animal was visibly pregnant (approximately E16-

E20) she was housed singly. On PND1 (day of birth = PND0) all litters were culled to ten 

pups (5 male, 5 female). The weight of the pups and the dam was recorded. All litters were 

weighed and weaned on PND21 and group housed with same-sex littermates (5/cage and 

then 2-3/cage based on body weight). Offspring of morphine-exposed females are 

designated MORF1. The current set of studies were only conducted in female offspring, as 

previous findings using this paradigm did not observe effects on anxiety-like behaviors in F1 

males [17, 20]. To generate F2 animals (grandoffspring), naïve, adult, female F1 animals 

were mated with drug-naïve colony males in the same way as F0 animals. To generate 

donor-reared subjects, all F1 males and females were removed from their biological mothers 

and reared by naïve donor mothers beginning on PND1. In all studies offspring were culled 

to ten pups (5 male, 5 female) on PND1. All litters were weighed and weaned on PND21 

and housed with same sex littermates. Offspring of saline controls are designated SALF1. F1 

female animals used to generate F2 grandoffspring did not experience any behavioral 

manipulations. Grandoffspring are designated MORF2 and SALF2, respectively. All testing 

was conducted once F1 and F2 animals were at least 60 days of age. In all experiments, only 

1-2 pups per litter were used in any experimental group to minimize the risk of litter effects. 

Offspring from 21 MORF0 litters and 24 SALF0 litters were used in these experiments.

2.3 Elevated Plus Maze (EPM):

To measure anxiety-like behavior rats were tested for 5 min on a fully automated EPM 

(Hamilton-Kinder; Poway, CA) consisting of two open arms (38 × 5 cm) and two closed 

arms (38 × 5 × 15 cm) with a central intersection (5 cm × 5 cm). The apparatus was elevated 

75 cm above the floor. Ethanol (70%) was used to clean the apparatus between individual 

test sessions. All data were automatically collected and quantified using MotorMonitor® 

software (Hamilton-Kinder). Percent time spent in the open arms was used as the measure of 

anxiety-like behavior and basic movement measured throughout the apparatus was used to 

assess general activity.

2.4 Estrous Cycle Staging, Blood Collection and Corticosterone Measurement:

Estrous cycle stage was based on vaginal lavage which was conducted immediately after 

EPM testing. Dominant cell type was used to determine cycle stage (e.g. leukocytes for 

diestrous; nucleated and cornified for proestrous and estrous respectively). For a subset of 

subjects, blood samples were collected 5 minutes after EPM testing to determine 

corticosterone levels. Additional samples were collected from home cage controls (i.e. 

baseline) with sample collections from SALF1 and MORF1 occurring at the same time of 

day (all collected between 0900-1300h). For all blood collections, animals were briefly 

exposed to CO2 (<120 sec), decapitated, and trunk blood collected into heparinized tubes. 

For these subjects, vaginal lavage was performed immediately post-mortem. Blood was 

centrifuged and plasma was removed and frozen at −20 °C until assayed for corticosterone 

using radioimmunoassay. Coat-A-Count Rat Corticosterone solid-phase 125I 

radioimmunoassay was used for quantitative measurement of corticosterone in the subject 

plasma according to manufacturer’s directions (Siemens Medical Solutions Diagnostics).
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2.5 Statistical Analysis:

EPM data were analyzed using t-tests comparing generational effects of F0 treatment. For 

studies comparing estrous cycle stage, a two-way ANOVA with F0 treatment and stage 

(diestrus or pro/estrous) was conducted. Corticosterone data were analyzed using two-way 

ANOVA with F0 treatment and time (i.e. home cage or EPM exposed) as the condition 

factors. F1 and F2 generations were analyzed separately as these data were collected at 

different times. Tukey’s tests were used for post hoc analysis and significance was defined 

as p < 0.05.

3. Results

As in our previous studies using this model, there were no differences in litter size, sex 

distribution, or body weights at birth or at weaning (all p’s>0.5). When tested on the EPM as 

adults, the percent of time that females spent exploring the open arms of the EPM was 

significantly affected by F0 treatment. As shown in Figure 1a, MORF1 females spent 

significantly more time (t[42] = 2.19; p<0.05) on the open arms then their SALF1 control 

counterparts. Similar effects were observed in F2 females (i.e. grandoffspring of adolescent 

exposed dams). As shown in figure 1b, MORF2 females also spent more time exploring the 

open arms of the EPM (t[46]=2.1; p<0.05). There were no significant effects on basic 

movement as measured by photobeam breaks in either group of F1 females (SALF1 = 

845±37.5; MORF1 = 855± 20.9, t[42] = −0.24, p=0.8) or F2 (SALF2 = 889±30.6; MORF1 = 

924± 27.9, t[46] = −0.85, p=0.4) supporting an effect on anxiety-like behavior rather than a 

general shift in locomotor activity. Similar effects were observed in MORF1 females reared 

by donor mothers. As shown in Figure 2, MORF1 females tended to spend more time in the 

open arm when compared to their SALF1 counterparts, although this effect failed to reach 

significance (t[23]= 1.69; p=0.054). Again, no effects on basic movement were observed 

(SALF1 = 692±37.6; MORF1 = 624.9±65.3, t[23] = −0.90, p=0.39). These findings suggest 

that changes in the postnatal environment are not the primary mechanism for transmission of 

the intergenerational effect of adolescent morphine exposure on anxiety-like behavior.

While significant effects on anxiety-like behavior were observed across multiple cohorts of 

F1 and F2 females, EPM data displayed variability in both SAL and MOR groups. As 

previous studies have reported significant differences in anxiety-like behavior based on 

estrous cycle stage[27] and we have previously reported estrous-cycle dependent effects in 

F1 females using a different task[20], we conducted a follow-up study in a separate cohort of 

F1 females to determine whether the observed effects on the EPM were estrous-cycle 

dependent. While there were no main effects of F1 estrous cycle stage (F[1,36]=1.14;p=0.29) 

or F0 adolescent exposure (F[1,36]=0.02;p=0.87), there was a significant interaction 

(F[1,36]=12.52;p<0.01). As shown in Figure 3a, post-hoc analyses revealed that the direction 

of the effect of F0 adolescent exposure on F1 female anxiety-like behavior was cycle 

dependent with decreased anxiety-like behavior observed during diestrus and increased 

anxiety-like behavior observed during proestrus/estrus (both p’s <0.05). SALF1 females 

displayed the expected decrease in anxiety-like behavior during proestrus/estrus when 

compared to diestrus (p<0.01), while MORF1 females did not demonstrate this effect 

(p=0.18). Analysis of basic movement, however, suggest that the effect of estrous cycle on 

Vassoler and Byrnes Page 5

Behav Brain Res. Author manuscript; available in PMC 2022 May 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



open arm exploration in SALF1 females could be influenced by cycle-dependent effects on 

overall activity. Thus, while there was no main effect of F0 adolescent exposure on F1 

activity (F[1,36]=0.13;p=0.72), there was a significant main effect of F1 estrous cycle stage 

(F[1,36]=4.1;p<0.05) and a trend toward a significant interaction (F[1,36]=3.7;p=0.06). As 

shown in Figure 3b, increased activity was observed in SALF1 females in proestrous/estrous 

when compared to SALF1 diestrus females (p<0.05). No effect of estrous cycle stage on 

activity was observed in MORF1 females (p=0.99).

In addition to serving as a measure of anxiety-like behavior, EPM exposure is a well-

validated psychological stressor. To determine whether F0 treatment influences the level of 

acute stress induced by exposure to the EPM in F1 offspring, corticosterone was measured 

either in home cage controls or after EPM testing (5 min) in SALF1 and MORF1 females. 

Data were collected in both diestrous (SALF1 N=14; MORF1 N=11) and proestrous/estrous 

(SALF1 N=13; MORF1 N=16) females; however, a three-way ANOVA including F0 

treatment, F1 estrous cycle, and F1 testing condition revealed no significant main effect of 

F1 estrous cycle, nor any interaction between F0 treatment or F1 testing condition and 

estrous cycle (all p’s>0.3), thus data were collapsed across F1 estrous cycle stage. As shown 

in figure 4, no significant main effect of F0 treatment was observed (F[1,50]=0.004;p=0.95) 

nor was there a significant F0 treatment by F1 testing condition interaction 

(F[1,50]=0.31;p=0.58). There was, however, a significant main effect of F1 testing condition 

(F[1,50]=144.9;p<0.001) with increased corticosterone secretion observed in all F1 females 

following EPM testing.

4. Discussion

The current set of studies demonstrate significant transgenerational effects of adolescent 

morphine exposure on anxiety-like behaviors in females. In the current set of studies, most 

females were examined during diestrus and across multiple independent cohorts of both F1 

and F2 females. We observed a significant decrease in anxiety-like behavior, which aligns 

with our previous open field data in F1 females born to F0 dams exposed to morphine for 10 

days during adolescence and extends these findings to the F2 generation. Thus, MORF2 

females (offspring of MORF1 females mated to naïve males), also demonstrate decreased 

anxiety-like behavior during diestrous. To determine whether these effects are mediated by 

changes in postnatal environment experienced by F1 females, we conducted a separate study 

using donor females. Cross fostering both SALF1 and MORF1 to naïve, lactating dams did 

not reverse these effects. While the decreased percent time on the open arm only approached 

significance (p-0.054), these strongly suggest that postnatal maternal care and/or substances 

passed from the dam to the pups via milk after PND1, do not underlie the observed effects 

on EPM behavior. In addition, there were no differences in locomotor behavior, indicating a 

selective effect on systems regulating anxiety-like behavior as measured using the EPM.

These findings appear to suggest a less anxious phenotype. Indeed, using the same shorter 

morphine regimen as that used in the current study, we report decreased anxiety-like 

behavior in diestrus F1 females as measured on using open field [20]. Yet, we previously 

reported increased anxiety-like behavior in female offspring of F0 dams exposed to higher 

doses of morphine for a longer period during adolescence [17]. Those animals, however, 
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were all tested during estrous. To determine whether similar EPM behaviors would be 

observed in estrous following the shorter F0 adolescent treatment regimen, the current study 

examined behavior on the EPM in a separate cohort of F1 females in either diestrus or 

estrus. Similar to previous observations, diestrus MORF1 females spent more time on the 

open arms of the EPM than diestrus SALF1 females while estrus MORF1 females spent less 

time on the open arm when compared to estrus SALF1 females. These data support the 

hypothesis that morphine exposure in F0 adolescent females alters anxiety-like behavior in 

their female offspring and that the direction of this effect is dependent upon the phase of the 

estrous cycle.

In contrast to MORF1 females, diestrus SALF1 females spent less time on the open arm of 

the EPM when compared to estrus SALF1 females, replicating previous studies in the 

literature [28]. The influence of estrous cycle on EPM behavior, however, is equivocal. 

Recent findings exploring interactions between sex, estrous cycle, lighting, and novelty in 

female rats, suggest that while estrous has been associated with reduced anxiety-like 

behavior on exploratory tasks, some of these effects are likely due to a general increase in 

activity [29]. Yet, another recent set of studies found that there was no relationship between 

measures of anxiety-like behavior and overall activity [30]. In the current study, estrus 

SALF1 females had higher overall levels of activity on the EPM when compared to diestrus 

SALF1 females, leaving open the possibility that cycle effects on anxiety-like behavior in 

SALF1 females were influenced by activity levels. It is important to note, however, that no 

such effects on activity were observed in MORF1 females; suggesting that in MORF1 

females, cycle-mediated effects on anxiety-like behavior are not likely mediated by 

alterations in general activity.

One factor that can regulate EPM exploration is regulation of the HPA axis [31] with trait 

anxiety significantly influenced by stress reactivity [32]. For example, environmental 

enrichment, in both high and low anxiety rat strains, increases open arm exploration while 

decreasing stress-induced corticosterone [33]. And yet, other studies suggest that blunted 

stress-induced corticosterone is associated with high anxiety phenotypes [34]. Thus, the 

influence of the HPA axis on anxiety-like behavior is complex. To determine whether a shift 

in the HPA axis, either at baseline or following the acute stress of the EPM, plays a role in 

the shift in anxiety-like behavior observed in MORF1 females, we measured both home cage 

and post-EPM corticosterone. No differences between SALF1 and MORF1 were observed, 

nor were there any effects of the estrous cycle. The absence of differences in corticosterone 

levels between females in diestrus and estrus was not unexpected, as previous studies report 

significant effects of the estrous cycle on corticosterone are largely driven by increased 

levels in the afternoon of proestrus [35]. These findings, however, do suggest that 

dysregulation of the HPA axis is not the mechanism underlying the observed differences in 

anxiety-like behavior in F1 females at either phase of the estrous cycle.

The female specific nature of this transgenerational effect on anxiety-like behavior, estrous 

cycle dependence, and the apparent lack of baseline differences in the HPA axis points to an 

epigenetic effect on endocrine regulation of anxiety-like behavior. Whether the effects of the 

estrous cycle suggest a primarily organization or activation effect remains to be determined. 

Effects on anxiety-like behavior, however, have been associated with a number of 
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perturbations during development ranging from maternal stress to high fat diet [36–38]. 

Significant alterations in the amygdala, as well as in other sexually dimorphic brain regions, 

are observed in such models and several demonstrate a similar increase in anxiety-like 

behavior in female offspring [39]. Interestingly, prenatal manipulations that impact the 

placenta have been shown to lead to a similar phenotype [40]. Thus, one potential 

mechanism underlying the transmission of these effects is an alteration in the development 

of the placenta that is triggered by adolescent exposure to morphine. While we have not 

examined placental function in either F0 or F1 females, we have observed significant 

alterations in gene expression in the medial basal hypothalamus in F0 females both pre- and 

postpartum [8]. Of note, this brain region plays an important role in regulating the HPA axis 

during pregnancy, which could have significant implications for the development of the 

placenta and the fetus [41]. Future studies will explore such potential mechanisms with an 

emphasis on changes in the placenta related to the maternal HPA axis.

From a broader, evolutionary perspective, to what extent these transgenerational effects 

impact overall fitness remains an important unanswered question. In females, increased 

exploratory behavior coincident with reduced fear is an important aspect of mating optimally 

timed to correspond with periods of peak fertility [42, 43]. And yet, this pattern appears to 

be reversed in MORF1 females. While we did not observed any effects on fertility rates 

when mating MORF1 females with naïve males to generate F2 subjects, mating behavior in 

the laboratory setting does not require the behavioral complexity necessary in a more 

naturalistic environment. Indeed, in the wild female rats often set the pace of mating and 

compete for the dominant male [44]. We have observed increased rough and tumble play in 

juvenile MORF1 females [45], but to what extent these alterations in social behavior affect 

sex behaviors or other aspects of reproductive fitness are unknown. Still, the nature of the 

current findings, demonstrating that F0 adolescent opioid exposure can impact endocrine 

regulation of critical approach/avoidance behaviors for two generations, suggest potentially 

far-reaching effects of opioids that extend beyond effects on the user.

5. Conclusions

The current set of studies provides evidence for a transgenerational effect of adolescent 

morphine exposure on anxiety-like behavior in female offspring. These effects are likely 

mediated by changes in the prenatal environment impacting developmental trajectories, as 

they persist even when offspring are reared by donor females. Moreover, these effects 

continue to be observed in F2 females indicating a shift that persists well beyond the effects 

of initial drug exposure. These effects due not appear to be due to a shift in stress 

responsiveness but they are significantly modulated by gonadal hormones. The mechanisms 

underlying transmission as well as the specific neural modifications mediating these effects 

remain to be determined.
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Highlights

• Morphine exposure in adolescent F0 female rats decreases anxiety-like 

behavior measured on the elevated plus maze (EPM) in F1 and F2 female 

offspring.

• Effects on anxiety-like behavior in F1 females are maintained even when 

offspring are raised by donor mothers.

• Effects on anxiety-like behavior in F1 females are estrous cycle dependent.

• These effects are not associated with changes in basal or stress-induced 

corticosterone.
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Figure 1. 
Experimental schematic depicting the generation of experimental subjects and the timing of 

data collection.
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Figure 2. 
Mean±SEM percent of time spent on the open arms of the EPM in F1 (Panel a) and F2 

(Panel b) females. SALF1 (N=22); MORF1 (N=22); SALF2 (N=22); MORF2 (N=26); 

*p<0.05.
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Figure 3. 
Mean±SEM percent of time spent on the open arms of the EPM in F1 females reared by 

naïve donor mothers. SALF1 (N=13) and MORF1 (N=12), p=0.054.
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Figure 4. 
Mean±SEM percent of time spent on the open arms of the EPM (Panel a) and mean±SEM 

number of photobeam breaks activated by locomotion throughout the entire EPM (Panel b) 

during either diestrous (SALF1 N=12; MORF1 N=9) or estrous (SALF1 N=9; MORF1 

N=10) females; *p<0.05 as compared to SALF1 within estrous cycle phase; #p<0.05 as 

compared to diestrous SALF1 females.
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Figure 5. 
Mean±SEM levels of corticosterone (ng/ml) in plasma at baseline (SALF1 N=14; MORF1 

N=14) and 5 minutes after EPM testing (SALF1 N=10; MORF1 N=12) in F1 females. 

**p<0.001 as compared to baseline collapsed across F0 treatment groups.
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