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Abstract

Opioid use among pregnant women is a growing public health concern in the US. Infants exposed 

to opioids in utero are at risk of exhibiting Neonatal Opioid Withdrawal Syndrome (NOWS). The 

biological mechanisms underlying short and long-term consequences of in utero opioid exposure 

and NOWS are unknown. A potential genetic factor is a single nucleotide polymorphism (SNP) 

in the mu-opioid receptor gene (OPRM1 A118G). Opioid exposed infants with the G-allele spend 

less time in hospitals after birth. To determine whether this SNP modulates the neurobehavioral 

effects of neonatal opioid exposure and withdrawal we used mice possessing the equivalent 

Oprm1 SNP (A112G). Pups were treated chronically with saline or morphine from postnatal 

day (PND) 1-14, a developmental period equivalent to the third trimester of a human pregnancy 

and a sensitive period for opioid exposure in rodents. Morphine treatment produced significant 

developmental delays regardless of genotype and increased total ultrasonic vocalizations in males 

during spontaneous withdrawal. Animals were aged and tested for anxiety and drug response 

during adolescence and adulthood, respectively. AA morphine treated animals showed reduced 

activity in the marble burying task compared to saline controls, however this effect was absent 

in AG and GG animals. As adults, AA males exposed to morphine from PND 1-14 exhibited 

enhanced development of locomotor sensitization to morphine, whereas females showed reduced 

locomotor sensitization. These data suggest the involvement of the Oprm1 SNP for certain 

outcomes of neonatal opioid exposure and highlight the importance of considering sex and genetic 

variability for the prognosis of NOWS.
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Introduction

Infants exposed to opioids in utero are at high risk of exhibiting Neonatal Opioid 

Withdrawal Syndrome (NOWS), a combination of somatic withdrawal symptoms including 

high pitched crying, sleeplessness, irritability, gastrointestinal distress, and in the worst 

cases, seizures. In the United States alone, the incidence of NOWS has increased more 

than fivefold between 2004 and 2014, creating a surge in hospital and other costs 1. In 

addition to the acute withdrawal syndrome, opioid-exposed infants may be at risk of adverse 

neurodevelopmental outcomes 2. Thus, the financial and emotional burdens of NOWS are 

clear and dramatically on the rise.

Not all infants exposed to opioids in utero develop clinical withdrawal symptoms requiring 

treatment. While the mechanisms underlying resilience in these infants remain obscure, 

genetic factors are likely to contribute. One gene of interest is OPRM1, which encodes 

the mu-opioid receptor (MOR) and is the target for both endogenous and licit and illicit 

opioids. Varying with ethnicity, approximately 25% of humans carry a single nucleotide 

polymorphism (SNP) in OPRM1 3. This SNP results in an adenine-to-guanine substitution 

(A118G), exchanging an asparagine for an aspartic acid in exon 1 of the gene. The 

A118G SNP has been implicated in a wide variety of disorders, including addiction 

stress response, and pain perception 3. Interestingly, recent clinical evidence suggests that 

the A118G SNP may also influence NOWS severity and course. Opioid exposed infants 

harboring the OPRM1 G-allele have shorter length of stay in the hospital and reduced 

likelihood of requiring treatment for withdrawal compared to infants with the A-allele 4. 

However, in these and most clinical studies, the small number of subjects and potential 

covariates of NOWS severity, such as maternal poly-pharmacy, parental rearing or household 

environment, make it impossible to isolate the effects of genotype on withdrawal and 

long-term outcome.

Animal models provide a means of creating controlled environments to examine the 

consequences of opioid exposure and withdrawal in the absence of confounding variables. 

Prolonged exposure to opioids can result in MOR-mediated neuroadaptive processes that 

are thought to contribute to opioid dependence and withdrawal in adults 5. However, our 

understanding of these phenomena in neonatal models is limited. Our laboratory previously 

created a targeted mutation in the Oprm1 gene (Oprm1 A112G) possessing the equivalent 

nucleotide and amino acid substitution to the human OPRM1 A118G variant. This line 

recapitulates many of the molecular and behavioral phenotypes previously identified in 

humans, such as reduced mRNA expression in the brain, reduced analgesic response to 

opiates, and altered behavioral response to drugs of abuse 6-8. Moreover, basal expression 

of genes associated with addiction and stress-response systems are altered in GG animals, 

suggesting that this SNP may also impact MOR-mediated signaling cascades 9.

The goal of the current study was to assess the impact of the A112G SNP on the short and 

long-term behavioral consequences of neonatal opioid exposure in a mouse model. Notably, 

in utero maturation of a rodent fetus occurs on a different time scale compared to humans. 

Although developmental equivalencies vary depending on the specific brain region being 

examined, there is general consensus that the third trimester of a human pregnancy is most 
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analogous to the first two postnatal weeks in rodents in terms of CNS development 10-12. In 

rodents, opioid exposure only during the early postnatal period can induce a withdrawal state 

following abstinence or treatment with an opioid receptor antagonist 13 and is sufficient 

to produce long-lasting changes in behavior 14,15. While examining the impact of opioid 

exposure throughout gestation is critical, peak brain growth occurs during the third trimester 

in humans 10. The higher permeability of the placental barrier during the third trimester 

may result in increased levels of fetal exposure nearing delivery compared to earlier in 

pregnancy 16. In addition, maternal opioid use in the third trimester is associated with higher 

risk of NOWS 17. To investigate the impact of opioid exposure during the last trimester 

equivalent period, we exposed mice to morphine from PND 1-14 and examined the impact 

of the A112G SNP on withdrawal and adolescent and adult behaviors. During the neonatal 

period we determined the effects of morphine on weight gain, emergence of developmental 

milestones, and ultrasonic vocalizations, which have been associated with negative affect 

during drug withdrawal 18. We then tested animals in a battery of affective behavioral tests 

during late adolescence. Finally, as a proxy for drug sensitivity, we examined locomotor 

sensitization to morphine in adulthood.

Materials and Method

Animals

All experiments were conducted according to the National Institutes of Health Guide for 

the Care and Use of Laboratory Animals and protocols were approved by the Institutional 

Animal Care and Use Committee at the University of Pennsylvania. Animals were 

maintained on a 12-h/12-h light/dark cycle (lights on at 6:00 A.M.) in a temperature 

(20-22°C) and humidity (44-60%) controlled environment with food and water available 

ad libitum. Oprm1 A112G mice were generated on a C57BL/6 mouse background using 

site-directed mutagenesis to replace an adenine (A) nucleotide at position 112 with a 

guanine (G) nucleotide in exon 1 of the Oprm1 gene as described earlier 6. AG females 

were mated with AA, AG, or GG males to generate litters of mixed genotypes. Pregnant 

dams were individually housed and left undisturbed until parturition. Cages were checked 

daily at 9:00 A.M. for new births and pups discovered at that time were considered postnatal 

day (PND) 1. Litters were randomly assigned to saline or morphine treatment, with all pups 

in a given litter receiving the same treatment. Animals from a total of 44 injected litters (19 

saline treated and 25 morphine treated) were used for behavioral analyses (see Table 1 for 

details). All experimental testing sessions were conducted between 9:00 A.M. and 5:00 P.M. 

An overview of the experimental timeline is shown in Figure 1A.

Drugs

Morphine sulfate was obtained from NIDA Drug Supply (Research Triangle Park, NC), 

dissolved in 0.9% saline and administered subcutaneously (s.c.) in a volume of 10 ml/kg.

Chronic Morphine Exposure Paradigm

Morphine or saline treatment began on the evening of PND 1 and continued until 

the morning of PND 14. Morphine sulfate was delivered at a dose of 10 mg/kg. 

Controls received saline in an equal injection volume. Neonatal mouse plasma morphine 
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concentrations have been shown to peak rapidly in minutes and have a short half-life 14, 

therefore all animals were injected twice daily at 9:00 A.M. and 5:00 P.M. This exposure 

paradigm was chosen based on findings from preliminary studies and relevant previous 

literature 15. Pups remained with the dam until weaning (PND 24), at which point they were 

genotyped and housed with same-sex/treatment mice.

Experiment 1: Developmental Milestones and Ultrasonic vocalizations

Mice were examined daily throughout the first 21 days of life to track weight gain. 

Beginning on PND 3, individual pups were identified using a non-toxic felt-tip marker 

and examined daily for the emergence of reflexes and coordinated movements 19. Assayed 

behaviors tested included surface righting (ability to flip over from its back to abdomen in 1 

second or less), forelimb grasp (ability to grip a rod suspended over bedding for 1 second or 

more), and extinguishment of pivoting behavior (ability to ambulate outside a 5 cm diameter 

circle within 30 seconds). Data were collected as days to criteria, with criteria defined as 

meeting a given milestone for two consecutive days.

On PND 15, 24 hours after the final morphine or saline injection, pups were tested for 

separation-induced ultrasonic vocalization. Individual pups were separated from the dam 

and littermates and placed in a shallow plastic dish with fresh bedding. The dish was 

placed into a recording chamber maintained at 28-30°C. This temperature was chosen 

to avoid the confound of vocalization caused by heat loss 20. An Echo Meter Touch 

bat detector (Wild Life Acoustics, Maynard, MA) attached to an iPad Mini (Apple, 

Cupertino, CA) was situated 10 cm above the pup and recorded vocalizations for 5 

minutes. Spectrographic analysis of USVs was performed using RavenPro software (Cornell 

Laboratory of Ornithology; Ithaca, NY). Vocalizations occurring in the range of 40-125 

kHz were included in the analysis. USV categories were adapted from previously described 

waveform patterns 21 and included complex calls (two or more directional changes in 

pitch), composite calls (two harmonically independent components emitted simultaneously), 

two-syllable calls (a main call with an additional component towards the end), upward

modulated calls (a continuous increase in pitch of ≥ 3 kHz), downward-modulated calls (a 

continuous decrease in pitch of ≥ 3 kHz), chevron calls (resembling an 'inverted-U'), flat 

calls (≤ 3 kHz change in frequency between the beginning and the ending of the call), 

frequency steps (frequency changes appearing as a vertically discontinuous "step"), and 

short calls (shorter than 10 ms).

Experiment 2: Adolescent Affective Behavior

A subset of animals from Experiment 1 were allowed to age and examined for affective 

behavior during adolescence and drug sensitivity in adulthood. Animals aged PND 42-54 

(considered late adolescence) were evaluated in the marble burying task, the light-dark 

box, and the elevated zero maze, in that order. These behavioral tests were administered 

at inter-test intervals of at least 24 hours. Prior to all behavioral assessments, mice were 

acclimated to the testing rooms for 1 hour.

Marble burying (MB)—Mice were placed individually in test cages resembling the home 

cage (26×20×14 cm), in which twenty marbles were distributed evenly on top of mouse 

Robinson et al. Page 4

Addict Biol. Author manuscript; available in PMC 2021 September 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



bedding (5-cm deep), and a clear lid placed on top of the cage. Mice were left undisturbed 

for 15 minutes, and number of buried marbles (3/4 submerged in bedding) were counted by 

a trained blinded observer.

Light-Dark Box (LD)—Mice were placed in a testing apparatus which consisted of a 

two-chambered box (17 × 20 cm for each side) made of Plexiglas with an opening (5 x 5 

cm) connecting both chambers. One side was colored black and covered to limit room light 

entry, while the other side was white. Mice were placed into the dark side and then allowed 

to freely explore either the light or dark side for 300 seconds. Mice were video recorded for 

the duration of testing. Latency to emerge from the dark side, time spent exploring the light 

side, and transitions between compartments was quantified by a trained blinded observer.

Elevated Zero Maze (EZM)—Mice were placed onto the maze (elevated 24 inches) 

facing a closed arm and allowed to freely explore undisturbed for 300 seconds. Mice were 

video recorded for the duration of testing. Latency to emerge from the closed arm, the 

amount of time spent in the open arms, and transitions between arms was quantified by a 

trained blinded observer.

Experiment 3: Adult Morphine Locomotor Sensitization

Beginning at PND 84, adult animals were assayed for morphine locomotor sensitization. 

Mice were placed in a test cage (26 x 20 x 14 cm) containing a small layer of fresh bedding 

and surrounded by a photo beam frame (30 x 24 x 8 cm) with sensors arranged in an 

eight-beam array strip. Locomotor activity, recorded as beam breaks using MedAssociates 

personal computer-designed software (MedAssociates, St. Albans, VT), was measured for 

120 minutes immediately following an injection of either saline or morphine (20 mg/kg, s.c). 

On the first two treatment days all animals were administered saline. Locomotor activity 

from the second day of saline treatment was considered baseline for statistical analyses. For 

the following four treatment days all animals received morphine (20 mg/kg). Development 

of behavioral sensitization to morphine was defined as a significant increase in locomotor 

activity between the first and fourth day of morphine treatment. Two weeks following 

the last morphine injection, all animals were treated with a challenge dose of 10 mg/kg 

morphine and monitored for 120 minutes.

Statistical Analysis

Weight, developmental milestones, individual USV call types, anxiety behaviors, and 

sensitization data were analyzed by linear mixed-effects models. Total USVs were analyzed 

by generalized linear mixed-effects model with a Poisson mass probability function and 

a log link, an approach well-suited for modeling non-normal count data 22,23. Call type 

probability was calculated for each subject as the number of calls within each category/total 

number of calls, and probability values were transformed by angular transformation. All 

models included fixed effects of sex (male and female), genotype (AA, AG, and GG), 

drug exposure (morphine and saline), and their interactions, and random effects included 

by-litter slopes and intercepts. The model used to analyze repeated measures sensitization 

data also included fixed effects of day (baseline, day 1 of morphine, and day 4 of morphine), 

and random by-subject slopes and intercepts. Mixed model analyses were performed using 
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package ‘lme4’ 24 within R 25 and post-hoc analyses were performed using package ‘phia’ 

26 with the Holm-Bonferroni correction for multiple comparisons. A p<0.05 was considered 

significant throughout.

Results

Neonatal morphine exposure blunts weight gain

Neonatal morphine exposure reduced weight gain over the first three weeks of life (Table 

2). Morphine treatment significantly reduced body weight in male and female mice of each 

genotype relative to saline treatment on PND 7 [χ2 (1, N = 223) = 10.19, p<0.01], PND 14 

[χ2 (1, N = 223) = 15.92, p<0.0001], and PND 21 [χ2 (1, N = 223) = 6.94, p<0.01].

Neonatal morphine exposure delays emergence of developmental milestones

In comparison to saline-treated animals, morphine-treated mice took significantly longer to 

reach criteria on forelimb grasp χ2 (1, N = 223) = 31.72, p<0.0001], surface righting [χ2 (1, 

N = 220) = 12.73, p<0.0001], and extinguishment of pivoting behavior [χ2 (1, N = 223) = 

23.85, p<0.0001]. A significant main effect of sex was observed on surface righting [χ2 (1, 

N = 220) = 6.49, p<0.05] wherein females took longer to reach this milestone compared to 

males. (Figure 1B-C).

Spontaneous withdrawal from neonatal morphine treatment increases isolation-induced 
ultrasonic vocalization in male, but not female pups

There is considerable variability in both the timing and presentation of withdrawal 

symptoms in infants suffering from NOWS. This variability may be due to differences 

in opioid metabolism, placental transfer, and other pharmacogenetic variables. On average, 

NOWS symptoms arising from heroin exposure (which rapidly metabolizes into morphine 

once entering the central nervous system) typically manifest 24-48 hours after birth 27. 

Therefore, we chose to evaluate USVs 24 hours into spontaneous withdrawal. Analysis 

of ultrasonic vocalizations during spontaneous withdrawal revealed a significant Sex × 

Genotype × Drug interaction [χ2 (2, N = 200) = 76.33, p<0.0001]. A post-hoc analysis 

revealed that morphine-treated AA (p<0.05) and GG males (p<0.001) vocalized significantly 

more compared to saline-treated animals. A non-significant trend was observed in AG males 

(p=0.067) (Figure 2A). There was no significant effect of morphine treatment on total 

ultrasonic vocalizations in female mice (Figure 2B).

Following analysis of each USV call type separately, a main effect of drug was found on 

the probability of producing two-syllable calls, with morphine treated animals overall more 

likely to emit this call type compared to saline treated animals [χ2 (1, N = 200) = 4, p<0.05] 

(Table 3). A significant Genotype x Drug interaction was observed on probability to emit a 

chevron call [χ2 (2, N = 200) = 6.51, p<0.05]. Morphine treated GG mice were more likely 

to emit a chevron call compared to saline treated mice (p<0.05). Additionally, a significant 

Sex x Drug interaction was observed for probability to emit a composite call [χ2 (1, N 

= 200) = 4.13, p<0.05], however post-hoc analyses failed to detect a significant difference 

between males and females.

Robinson et al. Page 6

Addict Biol. Author manuscript; available in PMC 2021 September 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Morphine-treated animals overall emitted more chevron [χ2 (1, N = 200) = 5.97, p<0.05], 

inverted chevron [χ2 (1, N = 200) = 4.93, p<0.05], complex [χ2 (1, N = 200) = 5.2, 

p<0.05], upward [χ2 (1, N = 200) = 5.39, p<0.05], frequency step [χ2 (1, N = 200) = 

4.98, p<0.05], flat [χ2 (1, N = 200) = 4.08, p<0.05], and short [χ2 (1, N = 200) = 7.65, 

p<0.01] calls compared to saline-treated animals (Figure 3). Morphine treatment increased 

emission of two-syllable calls [χ2 (2, N = 200) = 7.84, p<0.05] in AA (p < 0.01) and 

AG animals (p < 0.05). Additionally, a significant Sex x Drug interaction was detected for 

production of composite calls [χ2 (1, N = 200) = 4.95, p<0.05]. Post-hoc analyses revealed 

a non-significant trend towards morphine treatment increasing production of composite calls 

in males only (p = 0.06).

Neonatal morphine exposure alters adolescent behavior in the marble burying task in 
a genotype-dependent manner, but has no effect on behavior in the light dark test and 
elevated zero maze

A linear mixed-effects model revealed a significant Genotype × Drug interaction on 

behavior in the marble burying task [χ2 (2, N = 143) = 6.41, p<0.05]. AA morphine-treated 

mice buried significantly fewer marbles compared to AA saline-exposed animals (p < 0.05), 

however, a morphine effect was not observed in AG or GG animals (Figure 5).

In the light dark test, a main effect of sex was observed for time spent in the light 

compartment [χ2 (1, N = 115) = 7.41, p<0.001], latency to emerge into the light 

compartment [χ2 (1, N = 114) = 12.75, p<0.001], and number of transitions between the 

light and dark compartment [χ2 (1, N = 115) = 11.54, p<0.001]. Independent of genotype 

and drug treatment, female mice spent more time in the light compartment, took less time to 

emerge, and made more transitions between the light and dark compartments (Figure 6A-B).

In the elevated zero maze there was a significant main effect of sex on time spent in the 

open compartment [χ2 (1, N = 113) = 4.78, p<0.05] and latency to emerge to the open 

compartment [χ2 (1, N = 111) = 12.44, p<0.001]. Overall, females spent more time in the 

open compartment and took less time to emerge (Figure 6C-D). A significant Genotype 

× Drug interaction was observed [χ2 (2, N = 111) = 7.1, p<0.05], but post-hoc analyses 

revealed no significant changes.

Neonatal morphine exposure alters development of adult morphine locomotor 
sensitization in a sex- and genotype-dependent manner

Analysis of the development of locomotor sensitization by linear mixed-effects model 

revealed a significant Day × Sex × Genotype × Drug interaction [χ2 (4, N = 92) = 17.01, 

p<0.001]. In male animals, a significant increase in locomotor activity between morphine 

day 1 and morphine day 4 (development of sensitization) was observed in AA saline- 

(p < 0.0001) and morphine-exposed animals (p<0.0001) and AG saline- (p<0.0001] and 

morphine-exposed animals (p<0.001) (Figure 7A). However, on day 4 neonatal morphine 

exposure resulted in augmented locomotor activity in AA males (p<0.05), but not in AG 

males (Figure 7A; significant Sex × Genotype × Drug interaction [χ2 (2, N = 92) = 10.49, 

p<0.01]). Development of sensitization was not observed in GG saline-treated mice as 

previously shown 6 and prior exposure to morphine did not alter this genotype effect.
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In females, development of morphine sensitization was only observed for AA saline- 

(p<0.0001) and morphine-exposed animals (p<0.0001) (Figure 7B). In contrast to the effects 

observed in male AA mice, neonatal morphine exposure in female AA mice significantly 

reduced locomotor activity on morphine day 4 compared to saline-exposed pups (p<0.05) 

(Figure 7B). Development of sensitization did not occur in AG or GG females regardless of 

drug exposure. The expression of sensitization, measured after a two-week drug-free period, 

was elicited by injecting half the dose of morphine used to develop sensitization (10mg/kg). 

In this case, neonatal exposure to morphine did not alter locomotor response regardless of 

sex or genotype. However, there was a significant Sex × Genotype interaction [χ2 (2, N 

= 92) = 9.59, p<0.01] wherein AG (p<0.0001) and GG (p<0.0001) males show reduced 

locomotor activity on challenge day compared to AA males (Figure 7C) and GG females 

exhibited significantly reduced locomotor activity compared to AA females (p<0.01) (Figure 

7D).

Discussion

These studies are the first to examine the impact of the Oprm1 SNP on the short and 

long-term consequences of neonatal opioid exposure and withdrawal in a mouse model. 

Opioid exposure during the third trimester equivalent period in mice significantly reduced 

weight gain and delayed expression of several developmental milestones in male and 

female pups, regardless of genotype. During spontaneous withdrawal, morphine-treated 

males, but not females, exhibited increased ultrasonic vocalization independent of genotype. 

However, during late adolescence and adulthood, the Oprm1 SNP attenuated the behavioral 

effects of early morphine exposure in the marble burying task and morphine locomotor 

sensitization. Altogether, these findings indicate that the Oprm1 SNP differentially affects 

certain phenotypes that arise later in life without significantly altering morphine's effect on 

neurodevelopment or opioid withdrawal early in life.

It is not known if opioid exposure restricted to the in utero period in humans results 

in long-term developmental disabilities, however the accumulation of exogenous opioids 

in fetal brain tissue clearly appears to be detrimental to the development of the nervous 

system 28,29. There are key differences in the timing of brain maturation events occurring 

in human versus rodent development that may influence the impact of opioid exposure 

on neurodevelopment. In the current study, mice received morphine treatment for the first 

fourteen days of life, a period of rapid brain development similar to that seen in the last 

trimester of a human pregnancy. This time frame is longer than the "rule of thumb" use 

of PND 1-10 as the third-trimester equivalent of a human pregnancy, which is primarily 

based on early comparative neuroanatomy studies and does not account for variability in the 

timing of regional maturation events within the brain 10,11. For example, rapid axonal and 

dendritic growth occurs up to PND 10 in the rat cerebellum and cortex, however this period 

of rapid growth extends up to PND 20 in the hippocampus and corpus callosum 30. Thus, 

exposure throughout the first two postnatal weeks allows for the inclusion of important brain 

development events that may be altered in human infants exposed to opioids in utero.

We found that morphine treatment throughout PND 1-14 resulted in blunted weight gain 

and delays in reaching several developmental milestones. Similar phenotypes have been 
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observed following prenatal opioid exposure models 31, but variability among the studies 

in both timing and extent of opioid exposure have made it challenging to determine exactly 

what periods during gestation are critical for these effects. An advantage of the PND 

1-14 exposure paradigm is that it eliminates the potential confound of differential drug 

distribution in utero 32 and allows for equal and consistent drug dosing between pups. The 

major limitation of this model is that it does not reflect the typical pattern of exposure in 

human opioid-exposed infants. However, a recent study examining Medicaid data collected 

from 46 states revealed that at-risk infants who were exposed to opioids in the third trimester 

were more likely to exhibit withdrawal symptoms compared to those exposed only in the 

first two trimesters, suggesting that late gestation is a sensitive period for expression of 

NOWS 17.

When isolated or in distress , mouse pups emit ultrasonic vocalizations (USVs) consisting 

of a large repertoire of calls that can vary widely in frequency range, duration, and 

acoustic structure 33. Several studies point to a role of the endogenous opioid system 

in modulating USVs. Neonatal mice lacking the mu-opioid receptor emit less USVs 

compared to wildtype controls 34. In neonatal rats, morphine treatment has been shown 

to suppress isolation-induced USVs 35, while precipitation of withdrawal with a mu-opioid 

receptor (MOR) antagonist, such as naloxone or naltrexone, potentiates USVs 36. Thus, 

increased ultrasonic vocalizations have been used as a behavioral indicator of withdrawal 

18. Moreover, significant differences in the repertoire of USVs have been observed between 

inbred mouse strains, suggesting that there is a genetic component to these variations 21. 

Overall, we observed modest differences in the vocal repertoire of morphine treated pups in 

withdrawal compared to animals treated with saline, and genotype-specific alterations in the 

probability or rate of USV production was only seen in two of the ten call types analyzed. 

Thus, our findings indicate that morphine exposure and withdrawal primarily affects rate of 

USV production as opposed to distribution of USV call types.

We detected a significant increase in total USVs in AA and GG male morphine-treated 

during spontaneous withdrawal. The lack of genotype effect is consistent with data from 

adult animals showing that physical dependence in morphine treated animals, as measured 

by precipitated somatic withdrawal, does not differ between AA and GG mice 6. We do 

detect differences in both quality and quantity of USVs in males and females following 

morphine exposure. Sexual differentiation in the developing brain may underlie differing 

responses to morphine withdrawal in males versus females. For example, norepinephrine 

(NE) transmission is known to play an important role in opioid withdrawal 37, and prenatal 

morphine exposure has been shown to increase hypothalamic NE transmission in male, 

but not female, rats 38.Thus, sex-specific alterations in these systems may preferentially 

affect males compared to females. However, a potential caveat of using USV frequency as 

a measure of neonatal withdrawal is that the frequency and acoustics of pup USVs changes 

throughout development. Vocalization typically peaks around PND 7 and extinguishes 

around two weeks of age 39. Thus, increased vocalizing post drug cessation may, in 

and of itself, be a neurodevelopmental deficit and reflect a morphine-induced temporal 

shift in vocalizing patterns as opposed to a symptom of withdrawal. Future studies should 

incorporate additional behavioral measures of withdrawal, such as mechanical and thermal 

nociception 40,41 with traditional somatic signs (e.g. tremors, wall climbing, jumping) at 
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multiple time points following abstinence to determine the influence of this genotype on 

development and the time course of neonatal opioid withdrawal. Of note, adult AA and GG 

Oprm1 mice show similar somatic signs of naloxone precipitated opioid withdrawal, but 

significant differences in conditioned place aversion to withdrawal 6. Therefore, it will be 

of interest to compare and contrast various withdrawal behavior in these genotypes in the 

neonates.

Mood and anxiety disorders are closely linked to early life adversity 42. There is conflicting 

preclinical evidence as to whether or not early opioid exposure impacts affective behavior 

later in life. Some previous studies show that gestational exposure to opioids increases 

anxiety- and depressive-like behavior in adolescence and adulthood 43, while others have 

reported the opposite or no effect 15. A goal of the current study was to determine 

whether opioid exposure during the mouse equivalent of human third trimester modifies 

baseline affective behavior during adolescence, a period of synaptic pruning and remodeling 

of neural circuits 44. AA animals exposed to morphine exhibited a significant reduction 

in burying activity compared to saline treated AA in the marble burying (MB) task, a 

behavioral assay rooted in the mouse's natural inclination to dig or bury in response 

to novel objects. Reduced marble burying in this task is indicative of low anxiety-like 

behavior, as administration of anxiolytic drugs has been shown to inhibit marble burying 

behavior 45. However, neither morphine exposure nor genotype had an effect on behavior 

in the elevated zero maze (EZM) or light dark (LD) box, two widely used measures for 

assaying anxiety-like behavior in rodents 46. Thus, it is unclear whether our observations 

in the marble burying task is suggestive of a global change in baseline anxiety-like 

behavior. Alternatively, low burying activity in this task may be reflective of reduced 

object exploration or responsiveness to a new environment 47. Of interest, we found that 

morphine's effects in the MB task was absent in animals harboring either one or two copies 

of the G-allele. Morphine treatment from PND 5-9 has been shown to significantly reduce 

adult basal corticosterone levels 14. The endogenous opioid system is an important regulator 

of the hypothalamic-pituitary-adrenal (HPA) axis, and persistent changes in the functioning 

of the neuroendocrine system resulting from neonatal morphine exposure may ultimately 

impact general arousal and/or sensitivity to environmental cues 48. In humans, individuals 

with the A118G SNP exhibit elevated cortisol levels at baseline 49. Thus, future studies 

should measure HPA axis activity in animals harboring the G-allele to determine if these are 

correlated with responsiveness to novelty in these animals and if this is altered following 

opioid exposure.

It remains controversial as to whether individuals exposed to opioids in utero are at 

increased risk of drug use and addiction later in life. In animal studies, prenatal and 

early postnatal opioid exposure has been shown to enhance conditioned place preference 

for morphine 50, increase self-administration of heroin 51, and increase behavioral 

sensitization to morphine 52. In the current study, we observed a robust increase in the 

development of locomotor sensitization in AA male animals exposed to morphine from 

PND 1-14. Strikingly, this effect was reversed in females, with AA morphine exposed 

females exhibiting significantly reduced sensitization compared to saline controls. Similar 

to previously reported findings, GG males and females overall failed to develop locomotor 

sensitization to morphine 6. Although AG males exhibited development of sensitization, 

Robinson et al. Page 10

Addict Biol. Author manuscript; available in PMC 2021 September 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the augmented effect of neonatal morphine exposure seen in AA males was not observed. 

AG females, on the other hand, did not show a significant sensitization effect regardless of 

neonatal treatment.

The locomotor-stimulating effects of morphine are mediated by activation of MORs 

expressed by GABAergic interneurons in the ventral tegmental area, which facilitate 

mesolimbic dopamine release in key reward processing neural substrates 53,54. Previous 

studies have established a fundamental role for both the dopaminergic 55 and glutamatergic 

system 56 in the development of locomotor sensitization to opioids. Dysregulation of these 

systems by exogenous opioids early in development may contribute to alterations in the 

development of sensitization in adulthood. Indeed, prenatal exposure to morphine has been 

shown to increase dopamine and serotonin turnover rates in the nucleus accumbens of male 

adult rats, which is associated with enhanced locomotor response to morphine 52. Neonatal 

opioid exposure may also alter expression or function of other opioid receptors involved in 

the induction of sensitization. Pharmacological blockade of either the delta 57 or kappa 58 

opioid receptor results in increased locomotor sensitization to morphine.

The dimorphic effects of neonatal morphine exposure on adult locomotor sensitization to 

morphine are likely due to sex- and genotype-specific differences in the neuromodulatory 

systems underlying the sensitization process. There is evidence suggesting that estrogen 

modulates MOR gene expression 59, and differences in opioid receptor availability have 

been shown to underlie sex differences in analgesic response to morphine 60. Previous 

work from our lab demonstrate that both male and female GG animals exhibit decreased 

MOR mRNA expression and protein levels compared to AA animals, and this is associated 

with reduced locomotor response to opioids 6,8. A recent study investigating baseline 

mRNA expression levels of drug- and stress-related genes in A112G mice found that 

hypothalamic expression of the neuropeptides arginine vasopressin (Avp) and galanin 

(Gal), and hippocampal expression of the opioid-related nociception receptor (Oprl1) and 

cannabinoid receptor 1 (Cnr1) were significantly reduced in animals with the G allele 

(Collins 2018). Thus, the influence of the Oprm1 SNP in these studies may be due 

to differential expression of opioid receptors and/or an attenuation of MOR-mediated 

transcriptional regulation.

Clinical findings suggest that genomic variation in opioid related genes, including the 

A118G SNP, may influence NOWS severity, with the OPRM1 G-allele specifically 

associated with shorter length of stay in the hospital and reduced likelihood of receiving 

any treatment compared to infants with an AA genotype 4. Thus, we predicted that animals 

with the Oprm1 variant would have fewer neurodevelopmental deficits and show reduced 

withdrawal. In contrast, we found only a main effect of opioid exposure, with no significant 

differences between genotypes. However, it is important to note that in the current study , 

mice were not exposed to opioids throughout gestational development. Murine Oprm1 
mRNA is detected at embryonic day 11.5 in basal ganglia. This expression later increases 

during mid- and late-gestation in many of the brain areas that show high expression in the 

adult 61. Thus, it is possible that the Oprm1 SNP may influence early withdrawal when 

a full 3-trimester equivalency model is used in which we extend the duration of opioid 

exposure to cover the equivalent length of human pregnancy (gestation plus PND 1-14).
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Reduced hospital stay may also reflect better response to opioid pharmacotherapy in infants 

with the OPRM1 SNP. Currently, the first-line therapy for infants with NOWS is neonatal 

morphine solution or methadone. Recently, treatment with buprenorphine, an opioid drug 

with mixed activity at opioid receptors, has been shown to be more effective than morphine 

in reducing NOWS-related hospital length of stay 62. In adult mice, we see that the Oprm1 
SNP attenuates the analgesic, anxiolytic and hyperlocomotor effects of buprenorphine 8. 

Buprenorphine is an FDA-approved drug for the treatment of opioid use disorder, and our 

data suggest that the Oprm1 SNP may impact its therapeutic efficacy. Thus, additional 

studies are needed to determine what role this SNP may play in treatment efficacy.

In conclusion, we developed a mouse model of NOWS that recapitulates clinically relevant 

behaviors and enables the study of genetic contributions to NOWS. Our data supports the 

early postnatal period in rodents as a particularly sensitive period for developmental and 

long-term consequences of opioid exposure and further expanded on the current literature 

by demonstrating that the Oprm1 SNP may be important in modulating morphine-induced 

behavioral deficits that manifest later in life. Further use of this model will allow for more 

in depth investigation into the influence of genetic variability in NOWS prognosis and 

treatment, as well as provide insights into the underlying neurobiology of this syndrome.
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Figure 1. Experimental Timeline and Developmental Milestones.
(A) Schematic describing experimental timeline for neonatal morphine exposure and 

behavioral testing. Male and female mouse pups were treated with morphine from postnatal 

day (PND) 1 to 14 and tested for isolation-induced ultrasonic vocalizations (USVs) after 

24hrs of abstinence. A subset of these animals were aged and tested for baseline adolescent 

affective behavior in the marble burying task (MB), light dark (LD) box, and elevated zero 

maze (EZM). Beginning at 12 weeks of age animals were tested for behavioral sensitization 

to morphine. (B) Male and (C) female morphine treated pups exhibited significant delays in 

reaching developmental milestones independent of genotype. Data are expressed as mean ± 

SEM. *** p < 0.001 compared to saline treated animals.
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Figure 2. Withdrawal from neonatal morphine exposure increases total ultrasonic vocalizations 
in males.
Figures depict total ultrasonic vocalizations occurring in the range of 40-125 kHz. (A) 

Male AA and GG morphine-exposed pups exhibited increased vocalization compared to 

saline-exposed pups 24 hours after cessation of drug treatment. (B) There was no effect 

of morphine exposure on ultrasonic vocalization in females. Data are expressed as mean ± 

SEM. * p < 0.05, *** p < 0.001 compared to saline treated animals.
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Figure 3. Production of ultrasonic vocalizations by call type.
Morphine exposure and withdrawal increased production of most of the observed call types. 

Data are expressed as mean ± SEM. * p < 0.05, ** p < 0.01 compared to saline treated 

animals.
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Figure 4. Distribution of ultrasonic vocalization call types.
Bar graphs depict the percentages of the different call types emitted by A) males and B) 

females in each experimental group.
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Figure 5. Neonatal morphine exposure alters adolescent behavior in the marble burying task in a 
genotype-dependent manner.
(A) Wild-type males and (B) females exposed to morphine as pups exhibited reduced 

burying in the marble burying task compared to saline-treated animals. This effect was not 

seen in AG and GG animals. Data are expressed as mean ± SEM. * p < 0.05
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Figure 6. Neonatal morphine exposure does not impact adolescent behavior in the light-dark box 
test or elevated zero maze.
(A-B) In the light-dark box test female mice spent more time in the light compartment, 

had a lower latency to emerge, and made more transitions between the light and dark 

compartments compared to males. (C-D) In the elevated zero maze females spent more time 

in the open arm and had a lower latency to emerge compared to males. No effect of genotype 

or drug exposure was observed in the light dark box test or elevated zero maze. Data are 

expressed as mean ± SEM.
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Figure 7. Neonatal morphine exposure alters development of adult morphine locomotor 
sensitization in a sex- and genotype-dependent manner.
(A) Male wild-type mice exposed to morphine as pups exhibited augmented morphine 

locomotor sensitization in adulthood compared to those that were exposed to saline as pups. 

Both saline and morphine pre-exposed AG males expressed sensitization to morphine as 

adults, whereas GG males showed no evidence of sensitization ***p < 0.001, **p < 0.01 

between MOR1 and MOR4. #p <0.05 compared to saline exposed. (B) Within females, both 

saline and morphine pre-exposed AA animals exhibited morphine sensitization, however, 

AG and GG females did not sensitize to morphine. ***p < 0.001 between MOR1 and 

MOR4. #p <0.05 compared to saline exposed. (C) Following 2 weeks of abstinence and a 

subsequent challenge dose of morphine, a genotype effect was observed in which AG and 

GG males exhibited reduced activity compared to AA males, although there was no impact 

of pre-exposure at this point. *** p < 0.001 compared to AA animals. (D) In females, GG 

animals exhibited significantly less activity compared to AA animals. ** p < 0.01 compared 

to AA and AG animals. Data are expressed as mean ± SEM.
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Table 1.

Litter characteristics and distribution across behaviors.

Saline Morphine

Total Litters Injected 19 25

Development/USVs 19 25

Affective Behavior 18 20

Sensitization 15 20

Litter Size 6.42 ± 0.41 5.88 ± 0.21

% Male 43.09 ± 5.73 44.54 ± 3.32

% Female 56.91 ± 5.73 55.46 ± 3.32
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