
ScholarWorks@GSU

The Impact of Perinatal Morphine Exposure
on Alcohol Reward & Anhedonia in Rats

Authors Searles, Christopher

Citation Searles, Christopher. "The Impact of Perinatal Morphine Exposure
on Alcohol Reward & Anhedonia in Rats." Dissertation, Georgia
State University, 2025. https://doi.org/10.57709/38141249

DOI https://doi.org/10.57709/38141249

Download date 2026-02-13 10:49:47

Link to Item https://hdl.handle.net/20.500.14694/11438

http://dx.doi.org/https://doi.org/10.57709/38141249
https://hdl.handle.net/20.500.14694/11438


The Impact of Perinatal Morphine Exposure on Alcohol Reward & Anhedonia in Rats 

 

 

 

by 

 

 

 

Christopher Searles 

 

 

 

 

Under the Direction of Anne Murphy, PhD 

 

 

 

A Dissertation Submitted in Partial Fulfillment of the Requirements for the Degree of 

Doctor of Philosophy 

in the College of Arts and Sciences 

Georgia State University 

2025 



ABSTRACT 

Every fifteen minutes, a baby is born in the U.S. experiencing neonatal opioid 

withdrawal syndrome. Clinical studies have established intrauterine exposure to drugs of abuse 

as a risk factor for adverse health outcomes in adolescence, including future drug use and 

depression. Although substantial evidence supports shared neural mechanisms underlying 

opioid and alcohol reward, there is limited data on the risks of alcohol use later in life for 

infants exposed to opioids. Additionally, ongoing research on the long-term consequences of 

perinatal opioid exposure (POE) has been limited to analyses of school performance and early 

life sociability. Our laboratory has developed a clinically relevant model for morphine exposure 

spanning pre-conception to the first postnatal week. Using this model, we report that perinatal 

opioid exposure increases alcohol consumption in female rats under noncontingent conditions, 

and inversely, reduces alcohol consumption in both sexes during operant conditioning sessions. 

Operant responding was also reduced for sucrose, suggesting that the impact of POE on 

reward-seeking behaviors is not limited to drugs of abuse. Parallel studies examined the impact 

of perinatal morphine exposure on central expression of µ opioid receptors (MOR) at postnatal 

and adolescent ages. We report age and region-dependent changes in MOR within the nucleus 

accumbens and medial habenula, regions previously shown to play a significant role in 

reward/aversion circuitry. In extending our assessment of POE-induced changes in natural 

reward behaviors, we find reduced sucrose preference during adolescence. Juvenile and adult 

POE rats also spend less time socially interacting with familiar conspecifics. Changes in adult 

social behaviors were linked to increased nondopaminergic mesolimbic reward brain activity. 



We suggest that changes in reward outcomes may be linked to comparatively fragmented and 

unpredictable maternal behavior in opioid-dependent dams that disrupts pup development. 
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1 INTRODUCTION  

1.1 Neonatal Opioid Withdrawal Syndrome (NOWS) 

Opioid use in the United States has steadily increased in the past 30 years. By 2015, 37% 

of American adults were estimated to have been prescribed an opioid pain reliever (Jansson & 

Patrick, 2019). As nationwide opioid use rises, so does usage amongst pregnant women (Patrick 

et al., 2012). This has produced an epidemic of newborns with neonatal opioid withdrawal 

syndrome, or NOWS. NOWS is a condition produced by intrauterine exposure to opioids that 

presents a broad spectrum of acute and chronic symptoms detrimental to infant health, 

including deficits in cognitive, behavioral, and motor development (Weller et al., 2021). The 

rate of NOWS diagnoses grew from 1.2 to 8.8 per 1000 births between 2000-2017 (Patrick et 

al., 2012, 2015, 2020; Winkelman et al., 2018). Amongst 42 states with data, at least 25 doubled 

their incidence rates of NOWS (Hirai et al., 2021). In Arizona, Arkansas, New Mexico, Oklahoma, 

Tennessee, and West Virginia, NOWS per 1000 births more than tripled (Hirai et al., 2021). 

Although this rapid escalation has brought considerable attention to this demographic of the 

opioid epidemic, maternal opioid-related issues continue to rise, especially in rural and smaller 

metro areas of the country (Hirai et al., 2021). Increased NOWS also disproportionately impacts 

rural or suburban areas with higher rates of unemployment and mental health assistance 

(Patrick et al., 2019; Sanlorenzo et al., 2018). Additionally, states may vary in opioid use 

disorder treatment accessibility, which is statistically more difficult for pregnant people and 

minorities (Bulgin et al., 2023). Unsurprisingly, escalation in NOWS diagnoses has driven 

hospital fees to over $500 million every year (Winkelman et al., 2018). 
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1.1.1 Clinical outcomes of NOWS/NAS 

The clinical presentation of NOWS is characterized by a wide spectrum of acute 

symptoms beginning shortly after birth, including irritability, hypertonicity, tremors, and hypo- 

or hypersensitivity to ordinary stimuli. Autonomic signs of stress such as gagging, fever, and 

tachypnea that create imbalances in state control (adaptability and expression of behavioral 

states) can disrupt basic functions like feeding, sleeping, alertness, and communication (Jansson 

& Patrick, 2019; Velez & Jansson, 2008). Loss of state control is reflective of reduced system 

maturity and neuroregulatory competence (Thoman et al., 1981; Vandenberg, 2007). Early 

neural dysregulation contributes to long-term differences between opioid-exposed neonates 

and healthy individuals and is associated with decreased brain volume across several regions 

and morphology (Nygaard et al., 2018; Sirnes et al., 2017; Walhovd et al., 2007, 2012). For 

example, reduced cortical thickness was linked to poor cognitive performance in children aged 

9 or older (Walhovd et al., 2007). Opioid-exposed infants also exhibit increased neural tract 

mean diffusivity, suggesting delayed maturity and dysmyelination (Walhovd et al., 2012). 

Given the volatility of homes with opioid misuse, tracking NOWS newborns can be 

challenging. Thus, there are only a few studies that have successfully tracked long-term 

outcomes associated with intrauterine opioid exposure. Cognitive and language skills are 

reduced in infants with prenatal exposure to heroin, methadone, or other opioids (Beckwith & 

Burke, 2015). Similarly, young children with gestational opioid exposure exhibit cognitive 

deficits, reduced socialization, and increased anxiety (Azuine et al., 2019; Larson et al., 2019). 

Educational delays have also been reported amongst children with a history of NOWS aged 3-8. 

These children were also more likely to require classroom therapy or services even when 
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controlling for confounding factors such as maternal tobacco use, maternal education, and 

NICU admission (Fill et al., 2018). In those with a history of NOWS, early signs of Attention 

Deficit Hyperactivity Disorder, specifically poor performance on attention-based tasks and 

increased impulsivity are consistently reported (Nygaard et al., 2016; Sirnes et al., 2018). Poor 

school performance may also extend into high school age (Oei et al., 2017). Educational 

difficulties may be considerably worsened by disorders affecting visual acuity, such as 

strabismus and ocular muscle disorders, that are more common amongst children with prenatal 

opioid exposure (Auger et al., 2020; R. Hamilton et al., 2024; Rees et al., 2020; Yoo et al., 2017). 

Generally, studies of NOWS outcomes focus on infants with clinical diagnoses, likely following 

severe or multi-symptom presentation at birth. Importantly, subclinical opioid exposure, as 

defined as those born without the need for post-birth pharmacological maintenance, also 

reported increased incidence of behavioral/emotional, developmental, and ocular disorders 

shown in other studies (Hall et al., 2019). Additionally, infant mortality is significantly increased 

with or without NOWS diagnosis accompanying maternal opioid use disorder (OUD) (Grossarth 

et al., 2023). 

As NOWS patients age, it becomes more difficult to attribute specific outcomes to their 

mother’s opioid use during pregnancy. Homes with substance use disorders, depressed parents, 

or NOWS diagnosis are strongly associated with child maltreatment (Chaffin et al., 1996; Rees 

et al., 2020). One study interviewed 30 adults born with NOWS (mean age 22.23 years) and 

reported one third were diagnosed with a psychiatric disorder, a third had been previously 

arrested, and more than a third were unemployed (Herranz et al., 2014). These participants 

also reported a high rate of emotional or physical abuse in their upbringing, making it 
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impossible to discern which aspects of these long-term negative outcomes are due specifically 

to opioids. Some data suggests that cognitive changes related to prenatal opioid exposure are 

more closely related to mother-child interactions, where suboptimal or negative rearing is 

strongly associated with cognitive changes in NOWS children (Konijnenberg et al., 2016). 

Indeed, maternal distress exhibited by women undergoing opioid maintenance therapy (OMT) 

largely contributes to changes in childhood behavior (Konijnenberg et al., 2015; Sarfi et al., 

2011). Infants with NOWS that have been adopted also present cognitive deficits suggesting 

that both intrauterine opioids and suboptimal rearing scenarios drive these outcomes (Nygaard 

et al., 2015; Ornoy et al., 2010; Walhovd et al., 2007). 

1.1.2 NOWS treatment 

American hospitals significantly vary in their treatment of NOWS (Bogen et al., 2017; 

Patrick et al., 2014). To improve patient outcomes, the American Academy of Pediatrics 

recommends standardization of neonatal intensive care treatment and implementation of 

evidence-based “potentially better practices” (PBPs) to reduce nationwide average hospital 

length of stay (LOS) and treatment costs (Hudak et al., 2012; Patrick et al., 2016). Chiefly, 

pregnant opioid-dependent women are advised to undergo medication-assisted treatment 

(MAT) with long-acting opioid agonists, typically methadone or buprenorphine, to avoid 

overdose and reduce overall opioid use (ACOG Committee on Health Care for Underserved 

Women & American Society of Addiction Medicine, 2012). Most hospitals also employ direct 

pharmacological treatments to reduce post-birth withdrawal and improve infant health 

(Milliren et al., 2018). Morphine and methadone are the first and second most common choices 

for pharmacological treatment (Milliren et al., 2018). Buprenorphine has also been widely 
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adopted as a morphine alternative for pharmacological treatment (Kraft et al., 2017). Use of 

morphine alternatives correlates with reduced LOS compared to morphine, but overall, 

pharmacological treatment significantly increases LOS due to slower weaning (J. M. Davis et al., 

2018; Hudak et al., 2012; Kraft et al., 2017; Milliren et al., 2018). 

Nonpharmacological treatments have been recently identified as an improvement on 

traditional NOWS treatment protocols with evidence of reduced LOS and decreased rates of 

pharmacological intervention (MacMillan et al., 2018). The “Eat, Sleep, Console” non-

pharmacological treatment method has shown success in reducing LOS (Blount et al., 2019). 

This method includes rooming-in (mother-child dyad hospital stays), increased skin-to-skin 

time, swaddling, and limited stimulation (Atwood et al., 2016; Holmes et al., 2016; MacMillan et 

al., 2018; Patrick et al., 2016). Together these protocol components are designed to promote 

consistent maternal care, destigmatize NOWS, and rebalance neonatal loss of control 

symptoms. Breastfeeding, specifically, has been associated with improved infant health and 

decreases in LOS and the need for pharmacological treatment (Abdel-Latif et al., 2006; Demirci 

et al., 2015; Kocherlakota, 2014; Short et al., 2016; Welle-Strand et al., 2013). It is suggested 

that breastfeeding’s reducing effect on additional opioid agonist treatment is due to the 

transfer of methadone or buprenorphine through breast milk (Pritham, 2013). Importantly, 

nonpharmacological treatments are best used outside of high-stress ICU environments 

(Wachman et al., 2018). 

1.1.3 NOWS pathophysiology 

Opioids are highly lipophilic and transfer rapidly from mother to fetus across the 

placenta (Gerdin et al., 1990; Kocherlakota, 2014). This rate of transfer increases with 



6 
 

 

gestational age (Nanovskaya et al., 2008). Increased free fraction of opioids, defined as the 

portion exerting pharmacological effects, is found in fetal blood, thus increasing the amount of 

opioids that can cross the infant blood-brain barrier (Bhat et al., 1990; Farrington et al., 1993; 

Scott et al., 1999). Clearance of opioids is lower in early development and increases with 

gestational age, leading to increased accumulation and half-life of opioids in a fetus (Anand et 

al., 2008; Lu & Rosenbaum, 2014; Pacifici, 2016; Scott et al., 1999). Interestingly, premature 

birth is associated with a lower risk of withdrawal, likely due to reduced overall opioid exposure 

time (Doberczak et al., 1991; Kocherlakota, 2014). Indeed, thirty days or more of opioid 

exposure, or any third-trimester use of opioids during pregnancy, strongly predicts NOWS 

diagnosis (Wang et al., 2023). Unfortunately, prenatal opioid exposure therefore creates a 

paradoxical high-risk situation where preterm birth is itself associated with a spectrum of 

complications but also protective against withdrawal profiles. 

Opioids, such as morphine, bind to the µ-opioid receptor (MOR), a G-coupled protein 

receptor that is expressed extensively throughout the central nervous system. Opioid 

withdrawal in infants generates a cascading mechanism of increased adenyl cyclase, cAMP, 

protein kinase, transcription factors, and neurotransmitter activity that together underlie the 

acute physiological profile of NOWS (Kocherlakota, 2014). Initially, reversible receptor 

desensitization due to acute opioid exposure may result from uncoupling of G protein 

structures required for their function (Allouche et al., 2014). Sustained opioid receptor 

activation leads to a pronounced reduction in Gα subunit coupling and reduced inhibitory 

opioid action (Christie, 2008; K. Rehni et al., 2013). The combination of compensatory increases 

in neural signaling and reductions in opioid’s inhibitory effects stems from increases in adenylyl 
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cyclase/cAMP activity and neurotransmission (Adhikary & Williams, 2022; K. Rehni et al., 2013). 

Together, these adaptations are major components of tolerance that develop to combat drug 

effects. 

The absence of opioids during a period of withdrawal results in increased noradrenergic 

activity in the locus coeruleus (LC) that can lead to multiple symptoms of NOWS, including 

tremors, poor feeding, and altered sleep patterns (Kocherlakota, 2014). The LC contains high 

levels of MOR and is associated with alertness, breathing, and cognitive flexibility. 

Neurotransmission in other brain regions is also impacted by opioid withdrawal in infants and 

contributes to NOWS phenotypes including changes in central levels of serotonin (sleep 

disturbances), corticotrophin (stress), dopamine (anxiety), and acetylcholine (autonomic 

deficits) (Kocherlakota, 2014). 

Some evidence suggests that genetics play a role in NOWS severity as single nucleotide 

polymorphisms (SNPs) in genes coding for components of opioid use can be linked to both 

neonatal withdrawal and increased risk of drug use in adults. SNPs in mu, delta, and kappa 

opioid receptors genes (OPRM1, OPRD1, & OPRK1) are linked to increased LOS and 

pharmacological treatment (Kreek et al., 2005; Mague & Blendy, 2010; Wachman et al., 2013, 

2015). SNP variants in PNOC, an opioid peptide gene, are associated with both NOWS severity 

and increased risk for alcohol abuse disorder (Wachman et al., 2017; Xuei et al., 2008). It is 

suggested that SNPs are also strongly linked to the psychological maternal stress experienced 

by pregnant opioid users (Kocherlakota, 2014). Variants in the gene that codes for catechol-O-

methyltransferase (COMT) are also associated with both NOWS severity and increased risk for 

depression and stress disorders in adults (Pap et al., 2012; Wachman et al., 2013, 2017). 
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Epigenetic changes are also associated with NOWS, including methylation of OPRM1 that may 

contribute to changes in µ-opioid receptor expression or viability in preclinical NOWS models 

(Grecco & Atwood, 2020; McLaughlin et al., 2017; Wachman et al., 2014). 

1.1.4 Modeling NOWS in rodents 

Preclinical models that control for early life trauma, polysubstance use, and other 

common risk factors are critical for delineating the contribution of opioids to long-term 

consequences of NOWS. However, differences in postnatal treatment, cross-fostering, exposure 

length, and drug choice across decades of prenatal opioid animal models have produced 

considerable variability in results (Grecco & Atwood, 2020). Debate over the biological 

relevance of some models is evident, especially when truncated exposure time or withdrawal 

precipitated by naloxone administration is employed (Byrnes & Vassoler, 2018). For example, 

postnatal treatment with naloxone produces an aggressive withdrawal profile that is in direct 

contrast to clinical pharmacological treatment with opioids or recommended breastfeeding 

practices (Abdel-Latif et al., 2006; Bogen & Whalen, 2019; Kocherlakota, 2014; Welle-Strand et 

al., 2013). Use of cross-fostering to isolate the effects of prenatal opioid exposure from 

postnatal maternal behavior may be considered, but rates of foster or out-of-home care of 

children born with NOW range from 20% to 72% (Yeoh et al., 2019). 

Previous preclinical studies frequently utilized opioid dosing paradigms that begin 

around gestational age 7-14 days (G7) that, although coincides with fetal opioid and endocrine 

system development, does not reflect preconception or first-trimester opioid use (Byrnes & 

Vassoler, 2018; Harder & Murphy, 2019; I. U. Vathy et al., 1985). A recent epidemiological study 

of more than two million women who had given birth found that adverse events that occurred 
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during the first trimester were most predictive of psychiatric disorders in their children (Kang et 

al., 2024). It is also estimated that more women use drugs earlier in their pregnancy, most often 

during the first trimester (SAMHSA, 2014). This is unsurprising given that nearly half of all 

pregnancies are unplanned and MAT is increasingly available for, and used by, pregnant women 

(Krans et al., 2019; Rossen et al., 2023). Therefore, preclinical studies that fail to recapitulate 

the use of opioids during the first trimester do not accurately model a majority of NOWS cases. 

Opioid choice for preclinical study is also critical for modeling human use. Morphine, a 

prototypical opioid, is the most common drug used in the field, but increasing focus has 

centered on alternatives in MAT such as methadone and buprenorphine (Grecco & Atwood, 

2020). The urgency for these long-acting opioid alternatives in treating drug dependence has 

driven their increased use in pregnant women, leading many researchers to model MAT in 

rodents (Krans et al., 2019; Simmons et al., 2023). Most studies suggest that despite 

encouraging NICU outcomes of MAT, rodent models of perinatal methadone or buprenorphine 

exposure result in a wide spectrum of adverse effects on fetal development and behavior later 

in life (H.-H. Chen et al., 2015; Grecco, Haggerty, et al., 2022; Grecco, Muñoz, et al., 2022; 

Kongstorp, Bogen, Stiris, et al., 2020; C.-Y. Wu et al., 2023). 

1.2 Reward, hedonics, and anhedonia  

Motivation is an evolutionary drive to focus on stimuli that promote survival. 

Neurological processes tuned to increase engagement with these stimuli manifest as liking 

(hedonics/instinct) and wanting (motivation) (Kringelbach & Berridge, 2016). Learning and 

executive function brain networks interact with hedonic brain circuits to facilitate future 

interactions with rewarding stimuli. As a result, the neurobiology of reward is a multi-network 
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process with several homeostatic feedback loops tied to positive and negative outcomes of 

reward seeking and use. Disruption of functions and inability to feel pleasure normally is 

referred to as anhedonia. Anhedonia, often expressed as reduced engagement with rewarding 

stimuli, is theorized to be the result of dysfunction of rewarding circuitry or hyperactivity in 

brain regions that inhibit monoaminergic signaling (Der-Avakian & Markou, 2012). 

1.2.1 Overview of the reward system 

Traditionally, reward processing in the central nervous system is categorized into 

circuits that respond to specific neurotransmitters or circuits that respond to stimulus valence. 

Olds & Milner famously were the first to report that using region-specific direct brain 

stimulation in rodents generated motivation and positive reinforcement (J. Olds & Milner, 

1954). These regions were later identified as the medial forebrain, ventral tegmental area 

(VTA), and pons, and elicited the strongest reinforcing responses to self-administered 

stimulation (M. E. Olds & Olds, 1963; Simon et al., 1975). With in vivo electrophysiology, 

researchers also determined that brain activity in other regions coincided with stimulation 

avoidance (Bielajew & Shizgal, 1980). 

1.2.2 Reward system development 

Meso-diencephalic dopamine neurons (mdDA) are formed around E12 in rats and begin 

extending on E13 to form three distinct pathways: mesolimbic, mesocortical, and mesostriatal 

(Carlsson et al., 1962; Dahlstroem & Fuxe, 1964; Smidt & Burbach, 2007). Axon formation is 

guided initially by Slit3 expression in the brainstem and later by a rostrocaudal gradient of Slit1 

and Sema3C/F (Gates et al., 2004; Hernández-Montiel et al., 2008; Nakamura et al., 2000). 
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Recent evidence in mice has suggested that functional separation of the nigrostriatal and 

mesolimbic pathways relies on expression of bone morphogenetic protein (BMP) 2 and 6 and 

transforming growth factor (TGF)-β2 (Terauchi et al., 2023). Functional dopaminergic systems 

develop rapidly across early life, as shown by mRNA and autoradiographical evidence of D1 and 

D2 receptor expression between P0 and P30 (Y. I. Chen et al., 2010). In rodents, development of 

the reward system continues across adolescence with D1/D2 expression peaking during mid-

adolescence and stabilizing in adulthood (Reynolds & Flores, 2021). The guidance cue, Netrin-1, 

and its receptor, DCC, in dopaminergic neurons are critical to maintaining axonal plasticity 

during adolescence (Vosberg et al., 2020). Genetic variation in Netrin-1 and DCC leads to 

altered dopamine concentration and connectivity across the mesolimbic system and is linked to 

psychiatric disorders, including depression (Vosberg et al., 2020). 

During early development, microglia play a crucial role in the outgrowth of dopamine 

axons (Squarzoni et al., 2014). In adolescent rats, synaptic pruning by microglia in the 

mesolimbic reward system generates sex-specific differences in adolescent social behaviors 

(Kopec et al., 2018). Interruption of mesolimbic microglial pruning alters these social behaviors 

in adulthood (Kirkland et al., 2024). Interestingly, prenatal opioid exposure in rats reduces 

microglia-mediated pruning of reward system dopamine receptors and is associated with 

changes in conditioned responses to drug administration (Smith et al., 2022). In humans, 

postmortem analysis shows that OUD alters synaptic remodeling by microglia in the nucleus 

accumbens (Seney et al., 2021). The role of microglia in reward-associated disorders in NOWS 

patients is, however, unexplored. 
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Opioidergic systems also develop before birth. Opioid receptor and peptide expression, 

particularly β-endorphin, is present in human and murine oocytes and contributes directly to 

follicular maturation (Agirregoitia et al., 2012; Olabarrieta et al., 2019). In rats, MOR expression 

is present at E15-17 in reward-associated regions, including the nucleus accumbens, striatum, 

frontal cortex, habenula, amygdala, and septum (Georges et al., 1998). Early life MOR 

expression is linked to hedonic feeding responses in rat pups and fetal growth in humans 

(Bischoff et al., 2024). Indeed, these opioid-dependent responses are present as early as the 

first day of life (D. C. Castro & Berridge, 2014; Steiner, 1973). During rewarding events, 

endogenous opioids are released within mesolimbic brain regions to modulate dopaminergic 

activity (S. W. Johnson & North, 1992; Pitchers et al., 2014).  

Early life exogenous opioid use induces developmental changes in opioid circuitry within 

reward-associated brain regions, often reflected in decreased VTA and increased accumbal 

MOR expression (Gorio et al., 1996; Panerai et al., 1983; Tempel et al., 1988; Tempel, 1991a; 

Tempel & Espinoza, 1992; I. Vathy et al., 2003). Notably, POE-induced changes in MOR can last 

long into adulthood in rats (Buisman-Pijlman et al., 2009; Handelmann & Quirion, 1983; 

Slamberová et al., 2003). Early life is, therefore, a highly sensitive period for opioid system 

development. 

1.2.3 Mesolimbic dopamine pathway 

The mesolimbic dopamine pathway provides bidirectional signaling between the ventral 

tegmental area (VTA) and nucleus accumbens (NAc). Dopaminergic VTA neurons densely 

innervate GABAergic medium spiny neurons (MSNs) of the NAc. Dopamine-dependent reward 

signaling originating from the VTA and NAc projects to septal, amygdalar, hippocampal, and 
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prefrontal cortical regions to create the mesocorticolimbic network. Most VTA activity is 

dopaminergic; the region is comprised of roughly 60% DA cells, 35% GABA cells, and 5% 

glutamatergic cells (Nair-Roberts et al., 2008). Extracellular dopamine produced during 

rewarding stimuli or associated cues strengthens reward-seeking behaviors. Spontaneous 

dopaminergic activity is inhibited by tonic GABAergic innervation from the lateral habenula and 

rostromedial tegmental nucleus preventing neurotransmission (Jhou et al., 2009; Ji & Shepard, 

2007). During rewarding events this hyperpolarizing gate is disinhibited, promoting dopamine 

release from the VTA (Lecca et al., 2012; Matsumoto & Hikosaka, 2007). The NAc is 90-95% 

GABAergic MSNs that express D1 and D2 receptors (Lewis et al., 2021). These cells receive VTA 

dopaminergic signals and send reciprocal feedback data that regulates dopamine output to 

modulate reward behaviors (Xia et al., 2011; Yang et al., 2018). The strong connectivity 

between the VTA and NAc is thought to contribute to reward processing, learning, and 

prediction error. 

Tonic dopamine promotes arousal, while phasic dopamine builds reinforcement, or 

“stamping-in” of associations between rewards and their cues (Volkow et al., 2017). While VTA 

dopaminergic cells are considered to promote reward behavior and learning throughout the 

brain, GABAergic and glutamatergic neurons that create local connections within the VTA 

modulate dopaminergic activity and contribute to aversion, depression, stress, and wakefulness 

(Barbano et al., 2020; Cai & Tong, 2022; M. Morales & Margolis, 2017; Root et al., 2014; Tan et 

al., 2012; van Zessen et al., 2012). Nondopaminergic information is also projected to the lateral 

habenula and nucleus accumbens, generally contributing to aversion (Qi et al., 2016; Root et al., 

2014). 
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Mesolimbic pathway control over appetitive and reward learning processes has been 

debated for decades, leading to multiple theories regarding hedonics and incentive motivation 

(Alcaro et al., 2007). Dopaminergic control over initial and lasting responses to rewards is 

facilitated by the widespread connectivity of the VTA (Alcaro et al., 2007). Dopaminergic 

neuronal lesions reduce reward-seeking, instrumental learning, and rewarding effects of 

electrical stimulation and drugs of abuse (Wise, 2004). Dopamine also contributes to post-

reward reinforcement, or reward-stimulus associations, as demonstrated by lasting reward-

associated memories. Blockade of dopamine signaling leads to reward devaluation over time 

(Wise, 2004). Pre-reward behavior and anticipation, as demonstrated through enhanced 

responding in repeated trials of operant behavior, are also mediated by dopamine (Wise, 2004). 

Dopamine-dependent reward associations depend on incentive motivation of a given 

stimulus. Lack of sufficient strength of a stimulus may fail to maintain association-driven 

behaviors (Wise, 2004). Dopamine is proposed to primarily underlie formation of incentive 

motivation, given that blockade of dopamine across several trials is required to devalue 

established motivational associations. Use of and close proximity to reward-associated stimuli 

triggers dopamine activity, suggesting a predictive role of the mesolimbic pathway that 

contributes to reinforcement (Fouriezos et al., 1978). It is suggested that mesolimbic dopamine 

response patterns tune the strength of a reward predictor. 

Dopaminergic signaling relies on D1-like, Gs-coupled receptors, and D2-like, Gi-coupled 

receptors. Both D1 and D2 receptors are essential for reward processing, but postsynaptic D1 

receptors maintain a lower affinity for dopamine and require phasic burst firing that is often 

associated with rewarding activity (Grace et al., 2007). Presynaptic D2 autoreceptors generally 
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act to reduce neuronal activity (Baik, 2013). Blockade or deletion of either receptor type 

disrupts instrumental learning and reward responding (reviewed in El-Ghundi et al., 2007). 

Pharmacological manipulation of D1 or D2 receptors in several mesolimbic-associated regions 

(e.g. hippocampus, amygdala, dorsal striatum, frontal cortex, and VTA) has also been shown to 

potentiate or block reward-related long-term potentiation (LTP) and depression (LTD) (Wise, 

2004). Dopamine is therefore important for behavioral and cellular components of reward 

learning and memory. 

Recent evidence highlights the complexity of D1 and D2-like receptor expression and 

their simultaneous activation, sometimes presenting as heteromers (Ferré, 2015). Additionally, 

elucidation of heterogenous mesolimbic cell populations has led to discussion of distinct 

subregional pathways for governing characteristics of reward behavior, including 

reinforcement, reward learning, and aversion. This heterogeneity is also caused by diversity in 

neurotransmitter release in mesolimbic neurons, which are often capable of co-releasing 

dopamine, GABA, and/or glutamate (M. Morales & Margolis, 2017). 

1.2.4 Hedonics 

Generally, brain activity associated with drug-induced reward signaling relies on 

dopaminergic transmission in the mesolimbic pathway, originating from the VTA (Wise & 

Rompre, 1989). Dopamine-specific lesions in the mesolimbic circuit dysregulate or abolish the 

rewarding properties of drugs of abuse (Wise, 1996). Similarly, repeated sucrose reinforcement 

requires dopamine signaling. Initial orofacial responses to sucrose, however, are present in 

dopamine-disrupted subjects (Wise, 2004). These dopamine-independent, unconditioned 

responses to reward are thought to represent “liking” behavior, as opposed to “wanting” 
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behavior, and are modulated by opioidergic signaling in “hedonic hotspots” of the NAc 

(Berridge, 1996; D. C. Castro & Berridge, 2014; Kringelbach & Berridge, 2016). 

Although dopaminergic and opioidergic signaling independently contribute to hedonics 

and motivation, they can also influence one another in mesolimbic regions. For example, direct 

injection of the MOR agonist, DAMGO, into either the VTA or NAc increases feeding (Spanagel 

et al., 1992); these changes in feeding behavior reflect both hedonic and homeostatic control of 

the mesolimbic pathway (Hanlon et al., 2004). VTA-NAc dopaminergic and opioidergic 

connections have also been well-characterized as contributors to stress response and 

depression, both key to characterizing the manifestation of reward signaling deficits (Russo & 

Nestler, 2013). 

1.2.5 Opioid reward 

Endogenous and exogenous opioid agonists drive mesolimbic dopaminergic signaling by 

inhibiting tonic afferent and intra-VTA GABAergic innervation that blocks dopamine release (Di 

Chiara & Imperato, 1988; S. W. Johnson & North, 1992). Endogenous opioids that modulate 

mesolimbic dopamine release include β-endorphins from the arcuate nucleus and enkephalins 

from the ventral striatum and lateral hypothalamus (Haber et al., 1985; Khachaturian et al., 

1984; Raynor et al., 1994). Local VTA injection of exogenous opioids, like morphine or DAMGO, 

creates conditioned place preference (CPP) (Bozarth, 1987). Injection directly into GABAergic 

medium spiny neurons of the nucleus accumbens also generates CPP, suggesting that opioid 

reward works dependently and independently of dopamine transmission (G. F. Koob, 1992; van 

der Kooy et al., 1982).  
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Chronic opioid use leads to tolerance, reflected in reduced opioid efficacy. Behaviorally, 

tolerance creates a need for increased use to reach the same desired effects due to repeated 

receptor activation, leading to desensitization or internalization (Bohn et al., 2000). 

Desensitization of opioid receptors involves uncoupling of G-protein components that are 

necessary for intracellular signaling cascades, while internalization of opioid receptors requires 

a higher degree of receptor phosphorylation, leading to endocytosis and long-term reduction in 

receptor function (Arttamangkul et al., 2018). Agonist efficacy influences the tendency to 

desensitize versus internalize opioid receptors; morphine, for example, is less likely to produce 

internalization of µ-opioid receptors than methadone or DAMGO (Borgland et al., 2003). 

1.2.6 Alcohol reward 

Alcohol is easily accessible and by age 18, nearly 60% of teens have had at least one 

drink, with many having participated in binge-level consumption (SAMHSA, 2014). Rodents will 

readily self-administer alcohol with females displaying higher response rates (Nieto & Kosten, 

2017; Tabakoff & Hoffman, 2000). 

Like opioids, ethanol induces dopamine release in the VTA-nucleus accumbens 

mesolimbic pathway, resulting in hyperpolarization of VTA GABAergic interneurons, either 

through direct action on GABAA receptors or indirect action on MOR via release of β-endorphin 

from arcuate nucleus pro-opiomelanocortin (POMC) neurons (Di Chiara & Imperato, 1988; Font 

et al., 2013; Fu et al., 2016; Jarjour et al., 2009; Oswald & Wand, 2004; see Figure 1.1). 

Hyperpolarization of GABAergic interneurons within the VTA increases dopamine release to the 

NAc via disinhibition (Davies, 2003; Herz, 1997; S. W. Johnson & North, 1992). Naltrexone, a 

potent µ-opioid receptor antagonist, is well-characterized for use in managing alcohol and 
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opioid use disorders by diminishing rewarding properties and craving tendencies (Bienkowski et 

al., 1999; Volpicelli et al., 1986; Zalewska-Kaszubska et al., 2008). For alcohol, naltrexone 

produces this effect by 1) suppressing alcohol-mediated beta-endorphin stimulation of NAc 

dopaminergic neurons, and 2) attenuating beta-endorphin disinhibition of VTA dopamine 

neurons (B. A. Johnson & Ait-Daoud, 2000; Spanagel & Zieglgänsberger, 1997; Sudakin, 2016). 

Further, chronic administration of naltrexone (7 days or 4 weeks), in the absence of substance 

abuse, increases MOR binding in multiple mesolimbic brain regions associated with reward 

(Bartus et al., 2003; Zukin et al., 1982). 

1.2.7 Sucrose reward 

In behavioral studies, sucrose is often used as a natural or food-directed reward, 

depending on the concentration used. Generally, low concentrations of sucrose are used to 

measure incentive value and preference while higher concentrations that provide caloric 

weight can be used to measure binge feeding. Sucrose consumption increases dopaminergic 

signaling in the mesolimbic pathway in both acute and chronic exposure paradigms (Avena et 

al., 2006); these changes in extracellular dopamine mirror those that take place during acute 

and chronic drug administration, including morphine (Di Chiara & Imperato, 1988; Pothos et al., 

1991). 

Mu-opioid receptors are also required for food reinforcement (Papaleo et al., 2007). 

Rats that undergo high sucrose consumption exhibit increased MOR binding in the NAc and 

hippocampus similar to those that consume heroin (Colantuoni et al., 2001; Fattore et al., 

2007). Naloxone administration can reduce sucrose consumption and, in bingeing rodents, will 

even produce somatic symptoms of withdrawal (Cleary et al., 1996; Colantuoni et al., 2002). 
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Sucrose consumption, like opioids and alcohol, is therefore tied to both dopaminergic and 

opioidergic signaling pathways of the brain’s reward systems. 

1.2.8 Mu-opioid-dependent reward disruption 

Mesolimbic dopamine signaling is highly sensitive to opioidergic input. Endogenous 

opioids released during naturally pleasurable events, like mating, are enough to create long-

term changes in dopamine-dependent reward behaviors (Pitchers et al., 2014). Manipulation 

and blockade of MOR in the VTA have been shown to disrupt both morphine and alcohol self-

administration in rats (Heyser et al., 1999; Honkanen et al., 1996; Kawakami et al., 2016; 

Miranda-Morales et al., 2012; Pastor & Aragon, 2006). MOR in the NAc also contributes directly 

to alcohol and opioid reward (Richard & Fields, 2016; Vaccarino et al., 1985; Zito et al., 1985). 

Interestingly, baseline differences in MOR expression may also contribute to genetic 

predisposition to alcohol preference in rats (McBride et al., 1998). 

Previous studies have reported that administration of morphine to pregnant rat dams 

during mid-gestation results in significant changes in MOR expression, specifically decreases in 

VTA and increases in NAc that persist into adulthood (Gorio et al., 1996; Panerai et al., 1983; 

Tempel et al., 1988; Tempel, 1991a; Tempel & Espinoza, 1992; I. Vathy et al., 2003). Changes in 

MOR due to early life opioid exposure and subsequent behavioral consequences will be 

reviewed later in this manuscript. 

1.2.9 Anhedonia and the impact of early life stress 

Regions of the mesolimbic reward system are activated by both rewarding and aversive 

stimuli (Alcaro et al., 2007). This is reportedly due to the reward system’s evolutionary role in 
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determining whether a given stimulus is life-promoting or life-threatening. Neural circuits 

important for stress and negative affect symptoms thus overlap with those for reward. 

Nondopaminergic VTA activity, primarily GABAergic, contributes to increased anxiety and 

aversion (Cohen et al., 2012). Glutamatergic innervation of nondopaminergic neurons promotes 

anxiety and aversion behaviors while GABAergic projections promote anxiolytic behaviors 

(Jennings et al., 2013). VTA GABAergic signaling has been shown to underlie defense behavior 

in response to a threat stimulus and conditioned place aversion (Tan et al., 2012; Zhou et al., 

2019). VTA glutamatergic neurons may also contribute to defense behaviors (Barbano et al., 

2020). 

Extra-mesolimbic regions that receive reward information also play an important role in 

aversion signaling. The medial prefrontal cortex (mPFC) innervates both the NAc and amygdala 

to drive drug seeking and fear conditioning, respectfully. mPFC connections are divided into 

dorsal, prelimbic (PL), and ventral, infralimbic (IL), subregions with opposing command over 

reward and fear conditioning (J. Peters et al., 2009). PL projects to the NAc core and basolateral 

amygdala, promoting behavior and learning of both valences (Bonson et al., 2002). IL projects 

to the NAc shell and, indirectly, the central amygdala to inhibit reward/fear learning (Berretta 

et al., 2005). 

These aversion signaling pathways are activated during periods of chronic stress or 

anxiety, producing multimodal expression of depression behaviors; this can include anhedonia, 

or inability to feel pleasure (Pizzagalli, 2014). In rodents, dopamine-dependent changes in 

reward prediction, reward learning, and motivation can all independently contribute to an 

anhedonic phenotype (Der-Avakian & Markou, 2012). Depression-like phenotypes can also 
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present during cycles of drug abuse and withdrawal, commonly due to chronic physiological 

and psychological stress (Meye et al., 2015; Michaels et al., 2021; Zhu et al., 2016). Abstinence 

periods generate stress and depression that drive future drug use. Chronic drug use, including 

that of opioids, will also potentiate stress vulnerability (Blatchford et al., 2005). 

Several assays are commonly employed to delineate the individual components of 

depression-like behavior in rodents. Perhaps most common is sucrose intake and preference 

which measures consummatory changes (Papp et al., 1991). Rats that undergo repeated stress, 

including chronic unpredictable stress or social defeat, consistently exhibit anhedonia, inferred 

by a reduction in sucrose preference (Katz, 1982). At the molecular level, anhedonic rats have 

reduced dopamine signaling during reward tests (Krishnan et al., 2007; Valenti et al., 2011). 

Anhedonia can also be reflected in dopamine-dependent motivation for a conditioned reward, 

as measured by progressive ratio during which rewards require increasing effort (Der-Avakian & 

Markou, 2012). Chronic stress reduces dopamine function during sucrose reward responding 

(Bergamini et al., 2018). These deficits are reversed by pharmacological excitation of dopamine-

expressing neurons (L. Li et al., 2017). 

Another historical behavioral measure for depression-like behavior is the Porsolt forced 

swim test, which measures latency to immobility during an inescapable swim. While the 

interpretation of immobility as “despair” has been challenged, the efficacy of antidepressant 

medication in changing this behavior is well-documented (Becker et al., 2023). Changes in stress 

reactivity during forced swim test have also been shown to occur concurrently with anhedonic 

behaviors in rodents undergoing stress exposure (Hong et al., 2012). 



22 
 

 

Deficits in social interaction/play behaviors can also be used as an indicator of 

anhedonic behavior (Trezza et al., 2010). Changes in social play behaviors are impacted by 

manipulation of dopaminergic and opioidergic neurotransmission (Trezza & Vanderschuren, 

2009). More specifically, MOR agonism and antagonism inversely alter social play behaviors 

(Beatty & Costello, 1982; Niesink & Van Ree, 1989; Trezza & Vanderschuren, 2008). Disrupted 

sociability correlates with longer periods of addiction disorder and higher rates of relapse 

(Bakken et al., 2007). Reduced social interaction is observed in mice during prolonged 

abstinence from opioids (Goeldner et al., 2011; Lalanne et al., 2017; Lutz et al., 2014). 

Changes in typical grooming behaviors can also represent depression-like behavior. 

Opioid administration has been shown to reduce grooming behaviors in depressed rodents 

(Kalamarides et al., 2024). Abstinence from opioids, however, inversely increases grooming 

(Goeldner et al., 2011; Lalanne et al., 2017; Lutz et al., 2014; Schulteis et al., 1994). It is 

suggested that increased grooming is a compulsive coping mechanism for combating stress and 

anxiety (Kalueff & Tuohimaa, 2005). 

Social tests of familiarity and novelty increase Fos expression in brain regions governing 

social reward and aversion processing (Gómez-Gómez et al., 2019). This Fos expression is 

altered by early life stressors like maternal separation (Mejía-Chávez et al., 2021). Other forms 

of early life stress can also lead to anhedonic behaviors later in life. Low bedding and nesting 

(LBN), for example, leads to reduced sucrose preference and social play behavior (Bolton et al., 

2018; Molet et al., 2016). LBN generates maltreatment by rat mothers, including increased 

rough handling, shorter bouts of maternal care, and increased unpredictability in patterns of 

maternal behaviors (Molet et al., 2016; Rincón-Cortés & Sullivan, 2016). The mother-infant 



23 
 

 

relationship is integral to the early development of reward systems, likely due to the 

importance of pattern recognition to reward learning and the presentation of maternal care 

patterns. Postnatal stress, including that due to poor maternal care, increases sensitivity to 

aversive experiences later in life (Ventura et al., 2013). 

1.3 Impact of perinatal opioids on reward and anhedonia 

Chronic drug use and abuse is known to generate compulsive drug seeking, negative 

affect, and drug craving, outlined by neurochemical changes in the mesolimbic, amygdalar, and 

corticolimbic systems, respectfully (G. F. Koob & Volkow, 2010). George Koob and Norah 

Volkow posit that these aspects of drug use are cyclical and generate increasingly intense drug 

use, ultimately leading to addiction (Koob & Volkow, 2010; see Figure 1.2). Occasional drug use 

follows this proposed cycle with conscious and impulsive consumption. As drug use continues, 

individuals’ tolerance and dependence increase. The allostatic, or opposingly negative, 

response to the rewarding properties of drug use also increases (G. F. Koob & Volkow, 2016). 

Neuroadaptations in critical reward brain circuits, namely dysregulation of mesolimbic and 

corticolimbic systems, accompany continued drug use and consequent negative affect. These 

adaptations underlie tolerance development and drive the need for escalating doses to reach 

similar levels of pleasure and relief from negative emotional states (G. F. Koob & Volkow, 2016). 

Though adaptations in neurocircuitry may be attributed to a specific drug of abuse, the systems 

undergoing change are responsible for regulating natural reward, stress reactivity, and 

executive function. (G. F. Koob & Volkow, 2016). Predisposition, early life/adolescent drug use, 

and other forms of vulnerability contribute to the risk of transitioning from occasional drug use 

to addiction (G. F. Koob & Volkow, 2010, 2016; Kreek & Koob, 1998). Early life stress is also 



24 
 

 

well-characterized as a risk factor for altered reward neurocircuitry and behaviors (Hanson et 

al., 2021). Emerging evidence suggests that the drug and stress-induced impact of prenatal 

opioid exposure poses lifelong risks for behavioral disorders, including those that contribute to 

future drug use (Horn et al., 2018; see Table 1.1). Prenatal opioid exposure is also heavily 

associated with genetic and molecular changes that can alter reward and stress responses (see 

Table 1.2). 

1.3.1 Impact of perinatal opioids on reward behavior and circuitry 

Familial drug use positively correlates with use in future generations of both humans 

and rodents (Nielsen et al., 2012; Vermeulen-Smit et al., 2012; Yohn et al., 2015). This is 

concerning for drugs of abuse that are easily accessible, such as alcohol. By age 18, nearly 60% 

of teens will have had at least one drink, with many reporting binge drinking experience 

(Substance Abuse and Mental Health Services Administration (SAMHSA), 2016). Significant 

evidence has shown that genetic and environmental factors lead to multigenerational alcohol 

use (Cadoret et al., 1986). 

Despite the opioid crisis spanning nearly 30 years, little clinical data is available on 

multigenerational opioid use. Clinical communities must rely on meta-analyses of survey data, 

which is limited due to difficulties in maintaining longitudinal studies in drug abuse households. 

The few studies that do exist show that opioid and other drug use amongst adolescents has 

been linked to a familial history of opioid and alcohol use (Jedrzejczak, 2005; Russell et al., 

2015). In particular, children born to mothers with opioid misuse/dependency are more likely 

to be diagnosed with alcohol abuse or opioid misuse later in life, even if raised in a foster or 

adopted home (Elam et al., 2020; Griesler et al., 2019; Nygaard et al., 2020; Ornoy et al., 2010; 
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Vidal et al., 2012). These studies struggle to isolate opioid use as the main contributing factor to 

multigenerational drug use, due to highly common factors of multidrug use, low socioeconomic 

status/resources, and stress. Therefore, rodent models play a critical role in elucidating the 

impact of perinatal opioid use on future reward behavior and neurocircuitry. As previously 

discussed, variability in POE models has resulted in conflicting results, but common outcomes 

have also emerged over decades of work. 

Preference for drugs of abuse, especially opioids, is altered as a result of pre-, peri-, and 

postnatal opioid exposure in multiple species (Y. Chen, Du, et al., 2022; Gagin et al., 1997; 

Haydari et al., 2014; He et al., 2010; Smith et al., 2022; Timár et al., 2010; Torabi et al., 2017; 

Wang et al., 2017; L.-Y. Wu et al., 2009). Changes in opioid preference can also be manipulated 

by methadone, a long-acting opioid classically used during opioid maintenance therapy to 

reduce the negative effects of heroin and morphine (Chiang et al., 2015; Hovious & Peters, 

1985). Enhanced drug preference has also been reported for methamphetamines, 

demonstrating that the effects of POE extend to other drug types (Shen et al., 2016). Some 

evidence contradicts these findings and suggests there is no impact of POE on opioid 

preferences in adulthood (J. Jiang et al., 2011; Riley & Vathy, 2006; Yazdanfar et al., 2021). 

There is also conflicting evidence of POE’s impact on preference for sweetened solutions (Gagin 

et al., 1996; Torabi et al., 2017). Nonetheless, POE’s impact on hedonics, which is largely 

governed by opioid signaling, is well-characterized. 

 POE-induced changes in dopaminergic-dependent reward behavior can last into 

adulthood, as well. Adult POE rats increase operant self-administration of heroin, cocaine, or 

morphine (Glick et al., 1977; Ramsey et al., 1993). Other studies, however, have reported no 
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changes in cocaine, morphine, or sucrose self-administration as a result of POE (Riley & Vathy, 

2006; I. Vathy et al., 2007). There is also evidence that POE increases locomotor sensitization 

for morphine and methamphetamine in adulthood (Byrnes, 2005; Robinson et al., 2020; L.-Y. 

Wu et al., 2009). 

 POE’s reported effects on social reward are inconsistent. Our lab has shown that POE 

rats decreased social play and time socially interacting (Harder et al., 2023). Other evidence 

found that exposure to morphine from E8-E21 increased adolescent and adult social play, 

grooming, and approach behaviors (Buisman-Pijlman et al., 2009; Hol et al., 1996). These 

studies differ in that our protocol administers morphine across the entirety of pregnancy and 

post-birth, possibly extending the impact of morphine and limiting aggressive spontaneous 

withdrawal at birth. 

 A well-documented outcome of POE is site-specific changes in MOR expression across 

drug-related brain regions. Increases in MOR have been found in the NAc and CeA of POE rats, 

but decreases are reported in the spinal cord, amygdala, and thalamus (Chiou et al., 2003; 

Handelmann & Quirion, 1983; Kirby, 1983; I. Vathy et al., 2003). Some reports show changes in 

MOR expression are transient and return to control levels in post-adolescence (Bhat et al., 

2006; Tempel et al., 1988). POE-induced changes in MOR are also hormone-dependent in both 

adult male and female rats (Slamberová et al., 2003). Reductions in OPRM1, the gene encoding 

for MOR have also been found in conjunction with reductions in pain threshold (Chiang et al., 

2015). Long-acting opioid agonists, such as methadone and buprenorphine, that are prescribed 

in clinical OMTs produce similar negative outcomes in rats (Belcheva et al., 1998; Chiang et al., 
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2015; Kongstorp, Bogen, Steinsland, et al., 2020). It is, therefore, important that the potential 

risks of using these opioid alternatives continue to be considered. 

Some studies report changes in dopaminergic signaling components in POE rats. 

Gestational oxycodone or buprenorphine alters NAc D1 dopamine receptor expression in 

association with changes in adult social and drug responding, respectively (Chiang et al., 2014; 

Smith et al., 2022). Prenatal morphine increases the number of TH+ cells in the PVN of adult 

male rats, which may be related to changes in sexual reward (I. Vathy et al., 2000). POE-induced 

changes are also found in signaling that supports dopaminergic neurotransmission and reward 

learning processes. POE enhances local field potentials in NAc and BLA and increased HDAC5 in 

the VTA leading to increased reward processing during morphine CPP testing (Y. Chen, Wang, et 

al., 2022). POE rats also do not exhibit morphine-associated increases in coherence in VTA-NAc, 

mPFC-NAc, and mPFC-BLA circuits, suggesting that network plasticity during reward is impaired. 

Hippocampal LTP evoked by electrical stimulation is reduced by POE in both male and female 

rats, highlighting a possible mechanism by which POE reduces spatial or reward learning 

(Ahmadalipour et al., 2018; Sarkaki et al., 2008; Shen et al., 2016; Truchet et al., 2002). 

Additionally, perinatal methadone exposure reduces CB1R-mediated LTD and glutamatergic 

signaling in DLS of adolescent male mice that underlie cue-induced reward responding (Grecco, 

Muñoz, et al., 2022). 

1.3.2 Impact of perinatal opioids on stress and anxiety 

The psychobiological weight of opioid abuse during pregnancy on both mother and 

infant qualifies this experience as early life stress (Horn et al., 2018). Early life changes in opioid 

and HPA systems are linked to altered stress and drug-seeking behaviors later in life (Bruchas et 



28 
 

 

al., 2010; G. F. Koob, 2010; Pautassi et al., 2012). Parental stress exposure also increases the 

risk of stress and anxiety disorders in future generations (Bowers & Yehuda, 2016). Clinically, 

pregnant opioid-dependent moms undergo significant psychobiological stress that can extend 

into problematic maternal care, including reduced attentiveness, mood, and quality of support 

(Konijnenberg et al., 2016; Wachman et al., 2018). In rodent and nonhuman primate models of 

early life stress, offspring exhibit negative affect and increased stress reactivity due to stress-

induced maternal care deficits (Bolton et al., 2018; Coplan et al., 1996). Together, this suggests 

that the observed outcomes of POE parallel those reported in other preclinical early life stress 

models.  

Indeed, clinical data shows that maternal opioid dependency increases the risk of 

mental disorders, including anxiety and depression, in their children (Elam et al., 2020; Nygaard 

et al., 2020; Vidal et al., 2012). Opioid exposure at birth is also associated with behavioral 

disorders in young children and increases the risk of ADHD (Azuine et al., 2019). In one study, 

half of all NOWS infants were diagnosed with a mental disorder before age 5, and overall, were 

considered twice as likely to develop a conduct disorder or intellectual disability. They were 

also significantly more likely than non-NOWS children to express symptoms of stress 

hyperreactivity or emotional disturbance (Sherman et al., 2019). Increased anxiety and 

aggression are also found amongst the children of mothers who used methadone (de Cubas & 

Field, 1993). Perinatal opioid exposure reduces scores on the Vineland Social Maturity scale 

measuring social competence at 18 months and 3 years of age (Hunt et al., 2008). NOWS also 

produces higher testing scores for ADHD and autism spectrum disorder (ASD), especially in 

subscales related to social difficulties (Sandtorv et al., 2018). 
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History of morphine use in both or one rat parent can also lead to increased anxiety-like 

behaviors in male and female offspring (Byrnes, 2005; C.-Q. Li et al., 2014). Adolescent 

morphine use in females has even been reported to alter anxiety-like behaviors in grand-

offspring (F2) (Vassoler & Byrnes, 2021). Parental morphine use also leads to reduced IGF-2 and 

dendritic branch growth in the dentate gyrus. These changes were prevented by environmental 

enrichment (EE), reinforcing previous findings showing EE’s reduction of ELS-induced anxiety-

like behaviors in rats (Baldini et al., 2013; Francis et al., 2002). Some studies, however, report 

no effect of POE on basal or stress-induced corticosterone release in rats (Laborie et al., 2005; 

Rimanóczy et al., 2003; Slamberová et al., 2004). 

1.3.3 Sex differences in preclinical NOWS outcomes 

Sex-specific differences in drug abuse are well-characterized with females overall being 

more at risk for dependency and neurobiological changes that maintain drug use (Bobzean et 

al., 2014; Kokane & Perrotti, 2020). In humans, however, male infants displayed increased 

NOWS diagnosis risk and severity (Charles et al., 2017; Jansson et al., 2007; Jones et al., 2010). 

Sex-specificity of NOWS outcomes has become a larger focus of preclinical research in recent 

years, as past research has primarily focused on male subjects (Simmons et al., 2023). 

In reward research, female rats exposed to perinatal opioids are more likely than males to 

increase sensitization to heroin, morphine, alcohol, and even water (Y. Chen, Du, et al., 2022; 

Grecco, Haggerty, et al., 2022; Kvello et al., 2019). In some cases, locomotor reward behavior 

was enhanced (Y. Chen, Du, et al., 2022; Grecco, Haggerty, et al., 2022). In the case of alcohol, 

POE male rats, but not females, displayed increased aversion-resistant drinking compared to 

controls (Grecco, Haggerty, et al., 2022). 
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Several sex-specific outcomes of POE have been identified during stress and anxiety 

testing in rats. Female POE rats spent more time in the center of an open field test (OFT) or 

open arms of an elevated plus maze (EPM), indicating reduced anxiety (Y. Chen, Du, et al., 2022; 

Kvello et al., 2019). Similarly, female POE mice reduced stress-induced grooming responses 

during a sucrose splash test (Alipio, Brockett, et al., 2021). In contrast, POE males exhibit 

hyperactivity during OFT and decreased EPM open arm time (Alipio, Brockett, et al., 2021; 

Sithisarn et al., 2017). One study reported that POE females decreased OFT center time if 

exposed to prenatal buprenorphine, but both sexes decreased center time if exposed to 

morphine or methadone (H.-H. Chen et al., 2015). Despite the possible differences in sex-

specific sensitivity to various opioid agonists, POE appears to consistently alter anxiety-like 

behaviors in rats. 

When testing for acute stress responses, sex and age-specific changes emerge. POE 

males, but not females, increase acoustic startle responses and associated corticosterone 

release (K. L. Hamilton et al., 2005). These results were specific to adulthood; juvenile POE rats 

exhibited hyporeactivity to the test. Further, POE decreased immobility during forced swim test 

in adolescent females but increased immobility in adults; POE males did not display altered FST 

immobility (Y. Chen, Du, et al., 2022). 

1.4 Dissertation Aims 

Previous research investigating the impact of perinatal opioid exposure on the reward 

system of the brain has been limited to long-term changes in consumption and preference of 

narcotics and stimulants, including heroin, cocaine, and methamphetamine. A major gap in the 

literature is focused on POE-induced changes in alcohol consumption, despite the commonality 
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of its use in adolescence and adulthood. Additionally, previous studies have suggested that 

changes in reward-seeking for drugs of abuse do not extend to naturally occurring rewards. 

Early life stress research suggests that negative experiences during the postnatal period may 

globally alter reward behaviors and lead to stress or anxiety. Although altered anxiety-like 

behaviors have been reported in POE rodents, the presentation of symptoms of depression, or 

anhedonia, remains to be determined. 

 To build on a growing body of literature demonstrating the long-term consequences of 

POE, we have developed a model of morphine exposure that replaces the typically truncated, 

direct injection style used by the field. In challenging this status quo, our lab has attempted to 

generate a more biologically relevant model that mimics the use of opioids prior to and across 

pregnancy in addition to following postnatal breastfeeding recommendations at the clinical 

level. This model utilizes subcutaneous osmotic minipumps that administer morphine (or saline) 

at regular intervals across the day. Opioid concentrations can also be adjusted to accommodate 

tolerance and increase blood volume associated with pregnancy, which mitigates problems 

associated with implantable delivery. 

My dissertation research tests the hypothesis that perigestational opioid exposure 

during a critical period for dopaminergic and opioidergic development leads to future disrupted 

reward processing. We suggest that this disrupted reward manifests as changes in alcohol and 

sucrose self-administration. We also suggest that altered reward behavior is reflected in social 

interactions and acute stress response. These changes are precipitated not only by long-term in 

utero morphine exposure but also by changes in maternal behavior that have been reported in 

other studies of early life stress. Thus, we propose our overarching hypothesis that perinatal 
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exposure to morphine alters alcohol and naturally occurring reward behaviors in Sprague 

Dawley rats. Specifically, we hypothesize that POE leads to altered alcohol and sucrose self-

administration in males and females. We also hypothesize that POE generates anhedonic 

behaviors in both sexes. Lastly, we hypothesize that these changes are preceded by morphine-

driven fragmented and unpredictable maternal behavior during critical periods of development 

for the offspring. We will test these hypotheses with the following specific aims: 

Specific Aim 1: Investigate changes in alcohol and sucrose-driven reward behaviors in 

male and female rats perinatally exposed to morphine. In adults, chronic opioid use is linked 

to increased risk of drug overdose or dependence. Chronic opioid use in pregnant women leads 

to negative consequences for their offspring, including increased risk of developing a substance 

use disorder. This aim will utilize a clinically relevant model of perinatal opioid exposure (POE) 

in Sprague Dawley rats to 1) examine its impact on alcohol and sucrose self-administration in 

males and females. Furthermore, 2) we will characterize expression of µ-opioid receptors in 

critical reward brain circuits known to underlie the actions of morphine, alcohol, and sucrose 

administration. 

Specific Aim 2: Investigate anhedonic behaviors in male and female rats perinatally 

exposed to morphine and characterize maternal behavior in morphine-exposed rat dams. It is 

well-characterized that early life trauma leads to dysregulation of reward in humans and 

animals. Often, this type of chronic stress predicts the onset of depression and stress or anxiety 

disorders, which may contribute to future drug use. Healthcare professionals are increasingly 

recognizing the stress incurred by pregnant opioid-using moms and the need for mother-child 

dyad stress management and pair-bonding postpartum. This aim will 1) examine depression-
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like symptoms and acute stress reactivity, and 2) analyze behavior and brain activity associated 

with social interaction in adulthood. We will also 3) determine if anhedonic outcomes are 

related to fragmented or unpredictable maternal care due to chronic morphine use. 

These studies are the first to use a clinically relevant model of perinatal opioid 

exposure to study reward and anhedonia in rats. Our results demonstrate that perinatal 

morphine-induced changes in reward-related behaviors extend to both alcohol and naturally 

rewarding stimuli. This highlights the importance of continued longitudinal attention for 

NOWS children and early life screening for stress and depression. 
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Figure 1.1 Mesolimbic actions of mu opioid agonists and alcohol. DA, dopamine; LHb, 
lateral habenula; NAc, nucleus accumbens; RMTg, rostromedial tegmental nucleus; VTA, ventral 
tegmental area 
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Figure 1.2 Cycle of drug abuse 
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Perinatal opioid-related behavioral changes in reward & stress 

Subjects Opioid Exposure Outcomes Reference 

Clinical Evidence 

Humans Familial history of 
use 

↑ opioid misuse 

adolescent ♂ & ♀ 

(Russell et al., 
2015) 

Humans Maternal 
prescription opioid 
misuse 

↑ opioid misuse 

adolescent ♂ & ♀ 

(Elam et al., 
2020) 

Humans Maternal/Paternal 
prescription opioid 
misuse 

↑ opioid misuse 

age 12-17 ♂ & ♀ 

(Griesler et al., 
2019) 

Humans 
(mainly foster 
care/ 
adopted) 

Prenatal opioid/ 
polysubstance 
exposure 

↑ alcohol abuse disorder, 
ADHD, or depression 

age 17-22 ♂ & ♀ 

(Nygaard et 
al., 2020) 

Humans 
(1 adopted group, 
1 biological parent 
group) 

Prenatal heroin 
exposure 

↑ cognitive, social, or 
emotional disorders 

age 12-16 ♂ & ♀ 

(Ornoy et al., 
2010) 

Humans Maternal/Paternal 
heroin 
dependence 

↑ depression, ADHD, SUD 

age 6-18 ♂ & ♀ 

(Vidal et al., 
2012) 

Humans Prenatal opioid 
exposure 

↑ conduct disorder, 
emotional disturbance, 
ADHD 

children ♂ & ♀ 

(Azuine et al., 
2019) 

Humans NOWS diagnosis ↑ language/coordination 
delay, conduct disorder, 
ADHD, adjustment reaction, 
acute stress reactivity, 
anxiety, emotional 
disturbance, ASD 

age 0-5 ♂ & ♀ 

(Sherman et 
al., 2019) 

Humans Prenatal 
methadone 
exposure 

↑ anxiety, aggression, 
social rejection, depression, 
uncommunicative, ADHD 

children ♂ & ♀ 

(de Cubas & 
Field, 1993) 

Humans Prenatal opioid 
Exposure 

↓ social maturity 

age 18mo-3 ♂ & ♀ 

(Hunt et al., 
2008) 

Humans Prenatal opioid 
exposure 

↑ADHD, ASD 

age 6-14 ♂ & ♀ 

(Sandtorv et 
al., 2018) 



37 
 

 

Humans Prenatal opioid 
exposure 

↑ diagnoses of behavioral, 
emotional, developmental, 
speech, and visual disorders 

Age 2+ infants ♂ & ♀ 

(Hall et al., 
2019) 

Reward Preference 

Sprague Dawley 
rats 

Morphine (5-
10mg/kg/day, s.c.) 
E11-E19 

↓ morphine (10mg/kg, i.p.) 

P35 ♀ & n.c. ♂ 
↑ morphine (10mg/kg, i.p.) 

P65 ♂ & n.c. ♀  

(Y. Chen, Du, 
et al., 2022) 

Fischer rats Morphine 
(.75-12mg/day, 
s.c.) E12-E18 

↑ morphine (2mg/kg, s.c.) 

P70-84 ♂ & ♀ 

(Gagin et al., 
1997) 

Wistar rats Morphine (0.1-
0.4 mg/ml in 
sucrose) 
E0-P8 

↑ morphine (0.5 or 

0.7mg/ml, oral) P37-49 ♂ 

(Haydari et al., 
2014) 

Chicks Morphine (1mg/kg 
every other day) 
E5-E20) 

↑ morphine (1mg/kg, i.p.), 
P1 

(He et al., 
2010) 

Sprague Dawley 
rats 

Oxycodone 
(0.1mg/kg/inf SA) 
Pregestation to P0 

↓ extinction to oxycodone 

adult ♂, n.c. ♀ 

(Smith et al., 
2022) 

Wistar rats Morphine 
(5-10mg/kg/day, 
s.c.) 
E0-P21 
or E1-P0 
or P0-P21 

↑ morphine (1 or 3mg/kg, 

s.c.) P90-120 ♂ & ♀ 

(Timár et al., 
2010) 

Wistar rats Morphine (5-
10mg/kg twice 
daily, s.c.) 
E11-E18 then 
weaned off 

↑ morphine (0.3, 0.5, or 

0.7mg/ml, oral) P35-50 ♂ & 

♀ 

(Torabi et al., 
2017) 

Chicks Morphine 
(1mg/kg) 
E17 & E19 

↑ morphine (1mg/kg, i.p.), 
P1 

(Wang et al., 
2017) 

Sprague Dawley 
rats  

Morphine (2-
6mg/kg twice 
daily, s.c.) 
Pregestation to P0 

↑ morphine (1mg/kg, i.p.), 

P60 ♂ 

(L.-Y. Wu et al., 
2009) 
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Sprague Dawley 
rats 

Methadone 
(5-7mg/kg twice 
daily, s.c.) 
E3-E20 

↑ methadone (4mg/kg, 

s.c.), P64-71 ♂ 

(Chiang et al., 
2015) 

Sprague Dawley 
rats 

Methadone 
(5 mg/kg/day, i.p.) 
Pregestation to 
P22 

↑ morphine (0.5 mg/ml, 

oral) P85-90 ♂; n.c. 
methadone (0.5 mg/ml, 
oral) 

(Hovious & 
Peters, 1985) 

Sprague Dawley 
rats 

Morphine (2-
4mg/kg twice 
daily, s.c.) 
E3-E20 

↓ extinction to 
methamphetamine 

adult ♂ 

(Shen et al., 
2016) 

Chicks Morphine (1mg/kg 
every other day) 
E5-E8 

↓ morphine 
P1 sex N/A 

(J. Jiang et al., 
2011) 

Sprague Dawley 
rats 

Morphine (5-
10mg/kg twice 
daily, s.c.) 
E11-E18 

n.c. morphine (0.1, 0.3, 1, 3 
or 5mg/kg) 

P65 ♂ 

(Riley & Vathy, 
2006) 

Wistar rats Morphine 2-
7mg/kg/day, s.c.) 
Pregestation to 
P21 

n.c. morphine 

>P70 ♂ 

(Yazdanfar et 
al., 2021) 

Fischer rats Morphine (.75-
12mg/day, s.c.) 
E12-E18 

↑ saccharin 

P70-84 ♂ & ♀ 

(Gagin et al., 
1996) 

C57BL/6J mice Methadone 
(10mg/kg twice 
daily, s.c.) 
E0-P28 

↓ alcohol (20%, oral) 

P34-61 ♂, but not ♀ 

(Grecco, 
Haggerty, et 
al., 2022) 

Reward Self-Administration 

Sprague Dawley 
rats 

Morphine 
(.5mg/ml in 
.4mg/ml 
saccharin) 
E0-P0 

↑ morphine (0.04mg/kg) 

P90 ♀ 

(Glick et al., 
1977) 

Wistar rats Morphine 
(10mg/kg/day, 
s.c.) E7-E9 

↑ heroin (0.063mg/kg) & 
cocaine (0.125mg/kg) 

P70-84 ♂ 

(Ramsey et al., 
1993) 
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Sprague Dawley 
rats 

Morphine (5-
10mg/kg twice 
daily, s.c.) 
E11-E18 

n.c. sucrose (45mg pellets) 

P60-65 ♂ 
n.c. morphine (0.3, 1, 2 or 3 

mg/kg) P65-100 ♂ 

(Riley & Vathy, 
2006) 

Sprague Dawley 
rats 

Morphine (5-
10mg/kg twice 
daily, s.c.) 
E11-E18 

n.c. sucrose (45mg pellets) 

P60-65 ♂ & ♀ 
n.c. cocaine 

P65-95 ♂ & ♀ 

(I. Vathy et al., 
2007) 

C57BL/6J mice Methadone 
(10mg/kg twice 
daily, s.c.) 
E0-P28 

↑ alcohol (20%, oral) 

P34-61 ♂, but not ♀ 

(Grecco, 
Haggerty, et 
al., 2022) 

Locomotor Sensitization 

C57BL/6 mice 
(Oprm1 AA SNP) 

Morphine 
(10 mg/kg twice 
daily, s.c.) 
P1-P14 

↑ morphine (20mg/kg, s.c.) 

P84 ♂ & ♀ 

(Robinson et 
al., 2020) 

Sprague Dawley 
rats  

Morphine (2-
6mg/kg twice 
daily, s.c.) 
Pregestation to P0 

↑ morphine (1mg/kg, i.p.), 

P60 ♂ 

(L.-Y. Wu et al., 
2009) 

Sprague Dawley 
rats 

Buprenorphine 
(3mg/kg/day, s.c.) 
E3-E20 

↑ methamphetamine 
(2mg/kg, i.p.) 

P56-84 ♂ 

(Chiang et al., 
2014) 

C57BL/6J mice Methadone 
(10mg/kg twice 
daily, s.c.) 
E0-P28 

↑ alcohol (20%, oral) 

P34-37 ♀, but not ♂ 

(Grecco, 
Haggerty, et 
al., 2022) 

C57BL/6J mice Heroin 
(1.05 mg/kg/day,  
s.c.) 
E12, E15, & E18 

↑ heroin (0.7mg/kg, s.c.) 

P28 ♂ & ♀ 

(Kvello et al., 
2019) 

Sprague Dawley 
rats 

Morphine (5-
10mg/kg/day, s.c.) 
E11-E19 

↑ morphine (10mg/kg, i.p.) 

P65 ♀ & n.c. ♂ 

(Y. Chen, Du, 
et al., 2022) 

Social Reward 

Sprague Dawley 
rats  

Morphine (8-
16mg/kg/day, s.c. 
3 inf/day via 
minipump) 
Pregestation to P7 

↓ social play 

adolescent ♀ 
↓ social contact 

adolescent ♂ & ♀ 

(Harder et al., 
2023) 
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Wistar rats Morphine 
(10mg/kg/day, sc.) 
E8-E21 

↑ pinning social play 

P21 ♀ & ♂ 

(Buisman-
Pijlman et al., 
2009) 

Sprague Dawley 
rats 

Morphine 
(10mg/kg/day, 
s.c.) 
E8-E21 

↑ pinning social play and 
social grooming 
P21 
↑ social approach 
P21, P28, P90 

(Hol et al., 
1996) 

Stress & Anxiety 

Wistar rats Morphine 
(10mg/kg twice 
daily, s.c.) 
E11-E18 

n.c. stress induced plasma 
CORT 

adult ♂ & ♀ 

(Laborie et al., 
2005) 

Sprague Dawley 
rats 

Morphine (5-10 
mg/kg, twice daily, 
s.c.) 
E11-18 

↓ restraint stress-induced 
ACTH, n.c. in CORT 

adult ♂ 

(Rimanóczy et 
al., 2003) 

Sprague Dawley 
rats 

Morphine (5-10 
mg/kg, twice daily, 
s.c.) 
E11-18 

↓ restraint stress-induced 
ACTH, n.c. in CORT 

adult ♀ 

(Slamberová 
et al., 2004) 

Sprague Dawley 
rats 

Morphine (5-
10mg/kg/day, s.c.) 
E11-E19 

↑ OFT center time 

P25 ♀, but not P52 
↑ EPM open arm time 

P53 ♀ 
↓ FST immobility 

P32 ♀ 
↑ FST immobility 

P54 ♀ 

(Y. Chen, Du, 
et al., 2022) 

Wistar rats Morphine (5-
10mg/kg/day, s.c.) 
E11-E18 

n.c. FST immobility 
P46/47 

(Ahmadalipour 
& Rashidy-
Pour, 2015) 

C57BL/6J mice Heroin 
(1.05mg/kg/day,  
s.c.) 
E12, E15, & E18 

↑ OFT center time 

P28 ♀ 
n.c. OFT center time 

P28 ♂ 

(Kvello et al., 
2019) 
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C57BL/6J mice Fentanyl (10µg/ml 
in 2% saccharin, 
oral SA) 
E0-P21 

↓ EPM open arm time 

adolescent ♂ 
n.c. EPM open arm time 

adolescent ♀ 
↓ sucrose splash grooming 

adolescent ♀ 
n.c. sucrose splash 

grooming adolescent ♂ 

(Alipio, Haga, 
et al., 2021) 

Sprague Dawley 
rats 

Oxycodone (0.5 or 
2mg/kg/day) 
E8-E21 

↑ OFT distance traveled 

adult ♂ (low oxy group 
only) 

(Sithisarn et 
al., 2017) 

Sprague Dawley 
rats 

Buprenorphine 
(3mg/kg/day, s.c.) 
E3-E20 
 
Methadone 
(5-7mg/kg/day, 
s.c.) or morphine 
(2-4mg/kg/day, 
s.c.) E3-E20 

↓ OFT center time adult ♀ 
 
 
 
↓ OFT center time 

adult ♂ & ♀ 

(H.-H. Chen et 
al., 2015) 

Sprague Dawley 
rats 

l-alpha-
acetylmethadol 
(LAAM) (0.2 or 
1mg/kg/day) 
Pregestation-E10 

↓ CORT response to social 
isolation or LPS injection 
(both LAAM groups) 

neonatal ♂ & ♀ 
↑ CORT response to LPS 
(1mg/kg/day LAAM) 

adult ♂ & ♀ 

(K. L. Hamilton 
et al., 2005) 

ADHD, attention deficit hyperactive disorder; ACTH, adrenocorticotropic hormone; ASD, autism 
spectrum disorder; CORT, corticosterone; E(#), embryonic day; EPM, elevated plus maze; inf, 
infusion; i.p., intraperitoneal; LAAM, l-alpha-acetylmethadol; LPS, lipopolysaccharide; NOWS, 
neonatal opioid withdrawal syndrome; n.c., no change; OFT, open field test; oxy, oxycodone; 
P(#), postnatal day; SA, self-administration; s.c., subcutaneous; SUD, substance use disorder 

 

Table 1.1 Summary of perinatal opioid exposure-associated behavioral outcomes 
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Perinatal opioid-related molecular changes in brain reward systems 

Subjects Opioid Exposure Outcomes Reference 

Clinical Evidence 

Humans NOWS diagnosis PNOC SNPs associated with 
↑ risk of alcohol abuse 

full-term infants ♂ & ♀ 
 
COMT SNPs associated 
with ↑ risk of depression 

full-term infants ♂ & ♀ 

(Wachman et 
al., 2017) 

Humans NOWS diagnosis ↑ OPRM1 methylation 

infants ♂ & ♀ 

(Wachman et 
al., 2014) 

Humans Prenatal opioid 
exposure 

↑ OPRM1 methylation 

newborns ♂ & ♀ 

(McLaughlin et 
al., 2017) 

Humans Prenatal opioid 
exposure 

↑ plasma β-endorphin, β-
lipotropin, & met-
enkephalin 

newborns ♂ & ♀ 

(Panerai et al., 
1983) 

Mu Opioid Receptor Expression 

Sprague Dawley 
rats 

Morphine (2-
7mg/kg/day, sc., 
then via milk) 
Pregestation-P14 

↓ MOR density in 
striatum, thalamus, & 
amygdala 
P14 sex N/A 
n.c. MOR density in 
midbrain, NAc, hpc, or 
cortex 
P14 sex N/A 

(Chiou et al., 
2003) 

Albino rats Morphine 
(1µg/pup in 5µl 
PBS) 
P1-P7 

↑ MOR density in striatum 
& NAc 
~P180 sex N/A 

(Handelmann 
& Quirion, 
1983) 

Wistar rats Morphine 
(20mg/kg/day, sc. 
Twice or four times 
daily) 
E12-E21 

↓ MOR density in spinal 
cord 
P21 & P30 sex N/A 
↑ MOR density in spinal 
cord P60 sex N/A 

(Kirby, 1983) 
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Sprague Dawley 
rats 

Morphine (5-10 
mg/kg, twice daily) 
E11-E18 

↑ MOR density in NAc, 
PMCoA, CeA 

young adult ♂ 
↓ MOR density in BLA 

young adult ♂ 
n.c. MOR density in LA & 
BNST 

young adult ♂ 
n.c. MOR densities 

young adult ♀ 

(I. Vathy et al., 
2003) 

Sprague Dawley 
rats 

Morphine 
(2mg/kg/day, i.p.) 
E13-E20 

↑ MOR density 
P1 & P7 sex N/A 
↑ MOR mRNA 
P1 & P7 sex N/A 
n.c. MOR density or mRNA 
P14 & P28 sex N/A 
(all whole brain measures) 

(Bhat et al., 
2006) 

Sprague Dawley 
rats 

Morphine (5-10 
mg/kg, twice daily) 
E11-E18 

↑ MOR density in CA1 

OVX adult ♀ 
↑ MOR density in CA3 
hormone-treated adult 

OVX ♀ 
↓ MOR density in CA3 

adult OVX ♀ 
↓ MOR density in DG 
hormone-treated adult 

GNX ♂, but not adult GNX 

♂ 

(Slamberová 
et al., 2003) 

Sprague Dawley 
rats 

Morphine 
(75mg pellet) 
Implanted at E16 

↓ DAMGO binding in 
whole brain 
P1-P8, but not P14 sex N/A 

(Tempel et al., 
1988) 

Sprague Dawley 
rats 

Morphine 
(75mg pellet) 
Implanted at E16 
(5mg/kg/day, s.c.) 
Postnatal 
treatment for 4 or 
8 days 

↓ MOR density in 
striatum, NAc, & amygdala 
in 4-day postnatal group, 
but not 8-day 

P4, but not P8 ♂ & ♀ 

(Tempel, 
1991b) 

Sprague Dawley 
rats 

Methadone 
(5-7mg/kg twice 
daily, s.c.) 
E3-E20 

↓ MOR mRNA in spinal 

cord P30 ♂ 

(Chiang et al., 
2015) 
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Sprague Dawley 
rats 

Buprenorphine 
(3mg/kg/day, s.c.) 
E3-E20 

n.c. MOR in NAc 

adult ♂ 

(Chiang et al., 
2014) 

Rats Buprenorphine 
(0.3, 0.6, or 
2.5mg/kg/day, s.c.) 
E6-E20 every other 
day 

↓ MOR density 

P1 ♂ & ♀ 

(Belcheva et 
al., 1998) 

Sprague Dawley 
rats 

Methadone 
(10mg/kg/day) 
Pregestation-P0 
 
Buprenorphine  
(1mg/kg/day) 
Pregestation-P0 

↓ MOR binding in 
cerebrum 

P1 & P7 ♂ but not P14, 
P21, P77 
 
↓ MOR binding in 
cerebrum 

P1, P7, P14 ♂ but P21 or 
P77 

(Kongstorp, 
Bogen, Stiris, 
et al., 2020) 

Mesolimbic Signaling 

Sprague Dawley 
rats 

Buprenorphine 
(3mg/kg/day, s.c.) 
E3-E20 

↓ D1R in NAc 

adult ♂ 
n.c. D2 or D3R in NAc 

adult ♂ 
↓ basal cAMP and D1R 
agonist-induced adenylyl 
cyclase activity in NAc 

adult ♂ 

(Chiang et al., 
2014) 

Sprague Dawley 
rats 

Morphine (0.1-0.3 
mg/ml in water, 
oral SA) 
E0-P21 

↓ striatal dopamine 
P12 & P30 sex N/A 
↑ striatal DOPAC 
P12 & P60 sex N/A 
↓ striatal DOPAC 
P30 sex N/A 
↑ met-enkephalin 
P0-P240 sex N/A 
↑ substance P 
P12, P20, & P240 sex N/A 
↓ TH mRNA in substantia 
nigra, but not VTA 
P7 sex N/A 

(Gorio et al., 
1996) 
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Sprague Dawley 
rats 

Oxycodone 
(0.1mg/kg/inf SA) 
Pregestation to P0 

↑ D1R density in NAc 

P55 ♂, but not P20 or P30 
n.c. D2R density 

P20 or P30 ♂, or P20-55 ♀ 
↓ microglial D1R volume 

P30 ♂ 

(Smith et al., 
2022) 

Sprague Dawley 
rats 

Morphine (5-10 
mg/kg, twice daily) 
E11-E18 

↑ TH expression in PVN & 
LC, but not LH 

P65-75 ♂ 
↓ TH expression in LC 

OVX P65-75 ♀ 

(I. Vathy et al., 
2000) 

Sprague Dawley 
rats 

Morphine (5-
10mg/kg/day, s.c.) 
E11-E19 

↑ local field potential in 
NAc & BLA 
↑ HDAC5 in VTA 
↓ morphine reward-
induced coherence of VTA-
NAc, mPFC-NAc, and 
mPFC-BLA circuits 

(all in adult ♂) 

(Y. Chen, Du, 
et al., 2022) 

C57BL/6J mice Methadone 
(10mg/kg twice 
daily, s.c.) 
E0-P28 

↓ CB1-mediated LTD & 
glutamatergic signaling in 
DLS, but not DMS 

adolescent ♂, but not ♀ 

(Grecco, 
Muñoz, et al., 
2022) 

C57BL/6J mice Fentanyl (10µg/ml 
in 2% saccharin, 
oral SA) 
E0-P21 

↑ ACC function 

P35-P45 ♂ & ♀ 
↓ primary somatosensory 
cortex (S1) function 

P35-P45 ♂ & ♀ 
↓ glutamatergic and 
GABAergic receptor 
mRNAs in ACC and S1 

P40 ♂ & ♀ 

(Alipio, Haga, 
et al., 2021) 

C57BL/6J mice Buprenorphine 
(5mg/kg/day) 
E7-P11 

↑ excitatory synapses in 
ACC & NAc 
↑ inhibitory synapses in 
PFC 

(Boggess et 
al., 2021) 
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Hippocampal Signaling   

Wistar rats Morphine 
(64mg/kg/day 
twice daily, s.c. 
during gestation, 
then reduced to 
3.2mg/kg/day post-
gestation) 
Pregestation-P10 

↓ CA1 LTD 

adult ♂ & ♀ 
 

(Sarkaki et al., 
2008) 

Wistar rats Morphine (5-
10mg/kg/day, s.c.) 
E11-E18 

↓ medial PP-DG LTP 

P50-57 ♂ & ♀ 
↓ BDNF 

P50-57 ♀ 
n.c. BDNF 

P50-57 ♂ 

(Ahmadalipour 
et al., 2018) 

Sprague Dawley 
rats 

Methadone (5-
7mg/kg/day, sc.) 
E3-E20 

↓ DG excitability 

P70 ♀, but not ♂ 
↑ DG sIPSC 

P70 ♀, but not ♂ 

(Gamble et al., 
2022) 

ACC, anterior cingulate cortex; BDNF, brain-derived neurotrophic factor; BLA, basolateral 

amygdala; BNST, bed nucleus of the stria terminalis; CA1, cornu ammonis 1; CA3, cornu 

ammonis 3; CB1, cannabinoid 1 receptor; CeA, central amygdala; COMT, catechol-O-

methyltransferase; D(#)R, dopamine receptor #; DAMGO, [D-Ala2, N-MePhe4, Gly-ol]-

enkephalin; DG, dentate gyrus; DLS, dorsolateral striatum; DMS, dorsomedial striatum; DOPAC, 

3,4-Dihydroxyphenylacetic acid; E(#), embryonic day; GNX, gonadectomized; HDAC5, histone 

deacetylase 5; hpc, hippocampus; inf, infusion; i.p., intraperitoneal; LC, locus coeruleus; LH, 

lateral hypothalamus; LTD, long-term depression; LTP, long-term potentiation; MOR, µ-opioid 

receptor; mPFC, medial prefrontal cortex; NAc, nucleus accumbens; NAS, neonatal abstinence 

syndrome; n.c., no change; OPRM1, opioid receptor mu 1; OVX, ovariectomized; P(#), postnatal 

day; PBS, phosphate buffer solution; PMCoA, posteromedial cortex of the amygdala; PNOC, 

preproprotein; PP, perforant path; PVN, paraventricular nucleus; S1, primary somatosensory 

cortex; SA, self-administration; sIPSC, spontaneous inhibitory postsynaptic current; SNP, single 

nucleotide polymorphism; VTA, ventral tegmental area 

 

Table 1.2 Summary of perinatal opioid exposure-associated molecular outcomes 
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2 PERINATAL OPIOID EXPOSURE ALTERS ALCOHOL-DRIVEN REWARD BEHAVIORS IN 

ADOLESCENT MALE AND FEMALE RATS 

2.1 Introduction 

Pregnant women are prescribed opioids at alarmingly high rates (approximately 9.5%-

41.6% in the U.S. alone), and it is currently estimated that a baby is born every 15 minutes with 

symptoms of opioid withdrawal (Desai et al., 2014; Winkelman et al., 2018). Rates of opioid 

abuse have also risen among adolescents, and among those seeking treatment, a family history 

of opioid abuse has been identified as a primary contributing factor (Palamar et al., 2018; 

Russell et al., 2015). Indeed, familial drug use positively correlates with use in future 

generations in both humans and rodents (Cadoret et al., 1986; Vassoler et al., 2016). 

Gestational opioid exposure in humans is associated with several adverse developmental 

outcomes that may further contribute to drug use, including cognitive deficits, reduced 

socialization, and increased anxiety (Azuine et al., 2019; Larson et al., 2019). This raises concern 

for drugs of abuse that are easily accessible, such as alcohol. Indeed, by the end of high school, 

nearly 60% of teens will have had at least one drink, with many having participated in binge-

level consumption (Johnston et al., 2020). 

Although chronic drug use has been shown to alter reward salience, limited research 

has explored the effects of gestational opioid exposure. Increased conditioned place preference 

for morphine was observed in adult male rats exposed to morphine during gestation, and adult 

male rats exposed to morphine for one week mid-gestation exhibited increased self-

administration of morphine compared to controls (Torabi et al., 2017; L.-Y. Wu et al., 2009). 

Comparable changes have been reported for prenatal opioid exposure and future use of 
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methamphetamines and cocaine, suggesting that changes in sensitivity to drug reward span 

multiple drug classes (Ramsey et al., 1993; Shen et al., 2016; I. Vathy et al., 2003). To date, 

however, it is unclear if this shift in reward sensitivity is limited to drugs of abuse or extends to 

natural rewards (Gagin et al., 1996; I. Vathy et al., 2007). 

Although these studies suggest that gestational exposure to morphine alters the reward 

value for drugs of abuse, the majority of these studies employed a truncated opioid exposure 

period, typically using a daily or twice-daily opioid injection paradigm for seven to ten days in 

mid to late gestation. Importantly, this administration paradigm fails to recapitulate the clinical 

profile of a late adolescent opioid user who typically begins illicit drug use prior to pregnancy 

(Grecco & Atwood, 2020; Harder & Murphy, 2019). Our studies address this limitation by 

employing a clinically relevant model in which morphine is intermittently administered prior to 

and throughout gestation. Morphine exposure is continued through the first week post-partum 

to replicate further the clinical use of supplemental opioid therapy that protects newborns 

from withdrawal (Abdel-Latif et al., 2006; Bogen & Whalen, 2019; Welle-Strand et al., 2013). 

Using our clinically relevant model, we investigated the impact of perinatal morphine 

exposure on alcohol consumption during adolescence and early adulthood. Our data reveal that 

perinatal morphine leads to effort-dependent changes in alcohol and sucrose consumption and 

suggest that opioid use during pregnancy alters the risk of drug abuse in the offspring. 
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2.2 Materials and Methods 

2.2.1 Subjects 

Female Sprague Dawley rats (age P60; Charles River Laboratories, Boston, MA) were 

used to generate male and female offspring perinatally exposed to morphine or sterile saline. 

Rats were co-housed in Optirat GenII individually ventilated cages (Animal Care Systems, 

Centennial, Colorado, USA) with corncob bedding in same-sex pairs or groups of three on a 

12:12 hour light/dark cycle (lights on at 8:00 AM). Food (Lab Diet 5001 or Lab Diet 5015 for 

breeding pairs, St. Louis, MO, USA) and water were provided ad libitum throughout the 

experiment, except during operant procedures. All studies were approved by the Institutional 

Animal Care and Use Committee at Georgia State University and performed in compliance with 

the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All efforts 

were made to reduce the number of rats used in these studies and minimize pain and suffering. 

2.2.2 Perinatal opioid exposure design 

Female Sprague Dawley rats were implanted with iPrecio SMP-200 microinfusion 

minipumps at postnatal day 60 (P60). Pumps were programmed to begin morphine or saline 

administration following one week of recovery from surgery. Initially, rats were administered 

10 mg/kg across three doses per day, with doses increasing weekly by 2 mg/kg/day until 16 

mg/kg/day was reached. One week after morphine initiation, females were paired with 

sexually-experienced males for two weeks to induce pregnancy. Morphine exposure to the 

dams continued throughout gestation. At approximately E18, pumps switched to twice-a-day 

dosing, as initial pilots using three-times-a-day dosing increased pup mortality early in life, 
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possibly due to respiratory depression. Dams continued to receive morphine after parturition, 

such that pups received morphine through their mother's milk (Figure 1a). From approximately 

E18 to P4, daily dosage was 10.67 mg/kg/day. Morphine dosage was decreased to 9.33 

mg/kg/day on P5 and again to 8 mg/kg/day on P6. On P7, morphine was removed. This protocol 

closely mirrors the clinical profile of a late adolescent female who develops an opioid use 

disorder. An essential part of this model is the administration of morphine prior to E15, the 

approximate date of μ-opioid receptor development in the fetal brain (Coyle & Pert, 1976). 

Pumps filled with sterile saline were used to generate control rats to account for the stress of 

surgery and pump refilling. 

2.2.3 Alcohol self-administration 

Male and female rats that received saline or morphine across gestation were weaned 

into reverse light conditions (12:12 hour dark/light; lights on at 8:00 PM) at P21 and aged to 

adolescence undisturbed. Beginning at P30, alcohol consumption was assessed using self-

administration of ethanol gelatin (10% ethanol, 8% Polycose, and 2.5% gelatin in tap water; 

(Peris et al., 2006) using either a conditioned place preference (CPP) or operant conditioning 

paradigm (Figure 1b). Consumption of ethanol gelatin generates blood and brain ethanol levels 

in Sprague-Dawley rats, comparable to other paradigms involving liquid delivery (Nurmi et al., 

1999). The protocol also avoids the necessity for alcohol-preferring rats that may exhibit 

different baseline expression of µ-opioid receptors (McBride et al., 1998). 

Conditioned place preference. Eighteen male (11 saline, 7 morphine) and sixteen female (9 

saline, 7 morphine) P30 rats were tested for CPP. Conditioned place preference (CPP) testing 

occured under red light in a two-compartment arena separated by an open door (Figure 2a). 
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Compartments were differentiated by bedding: one side contained white paper square 

bedding, whereas the other side had pelleted paper bedding (Teklad, Envigo, Indianapolis, IN); 

both types of bedding were distinct from the rats’ typical home-cage bedding. One hour before 

being placed in the CPP arena for a 20-minute pretest, rats were habituated to the testing 

room. Side preference (defined as >50% time spent) was determined and used to generate 

pseudorandom unbiased and counterbalanced alcohol-bedding type assignments. Rats 

exhibiting >70% preference for one side during the pre-conditioning test were excluded. Before 

CPP, rats were conditioned to alcohol in a home cage-like setting. During alcohol-paired 

sessions, one of two ad libitum water bottles was replaced with a jar of approximately 20g of 

ethanol gelatin in a cage that contained one of the two bedding types. Sessions without alcohol 

contained two water bottles and the other bedding type. Following two 24-hour pairings, rats 

received twice daily exposures separated by three hours using the following schedule: Days 3-4, 

6 hours; Days 5-6, 3 hours; Days 7-11, 1 hour. Order of alcohol/no alcohol sessions was 

randomly assigned and then alternated each day. Alcohol exposure time of day was balanced 

by alternating morning/afternoon:alcohol/no alcohol. Rats were single-housed during CPP 

conditioning but were otherwise group-housed. A post-conditioning test session was conducted 

on the 12th day. During the test, rats were placed in the center doorway, randomly facing an 

arena side/bedding type. Rats were recorded exploring the arena freely for 20 minutes. 

Preference scores were calculated by subtracting the time spent on the non-alcohol-paired side 

from the time spent on the alcohol-paired side. 

Noncontingent alcohol self-administration. Twenty-eight male (15 saline, 13 morphine) and 

twenty-five female (11 saline, 14 morphine) P30 rats were used in the noncontingent operant 



52 
 

 

sessions. Like CPP, rats were isolated in a new home cage with a jar filled with ethanol gelatin 

for two consecutive 24-hour sessions. Free access to ethanol gelatin was gradually reduced 

across the next 4 days to 1-hour daily sessions for 10 total days (Figure 3a). Ethanol 

consumption was measured in g/kg/hr. 

Operant procedures. During the last five days of noncontingent exposure, rats were trained to 

lever press in operant conditioning chambers (MED Associates, St. Albans, VT, USA) using light 

cues and negative reinforcement (80db white noise). Successful pressing of the “active” (versus 

inactive) lever was indicated by 5s termination of the chamber’s house light and white noise 

and a light turned on above the lever. After five days of lever training, gelatin rewards were 

paired with the reinforcement cues. All rats underwent ten days of 30-minute sessions where 

an active lever press earned an approximately 0.2-gram ethanol gelatin reward (Fixed Ratio 1; 

FR1), followed by ten days of FR3 in which three presses were required for rewards. On the 

final day, motivational breakpoints were determined using a progressive ratio (PR) in which 

requirements increase as each reward is achieved. Throughout operant conditioning sessions, 

lever press data from active and inactive levers was collected using time signatures to monitor 

activity levels, total consumption, consumption across time, and lever differentiation. Within 

the chambers, infrared beams at the front and back monitored activity during sessions. 

Accuracy during the operant session was defined as (active presses)/(active press during reward 

receipt + inactive presses). 

Relapse testing. Forced abstinence is a well-established assay used to measure the rewarding 

properties of alcohol after daily use is suspended (A. Lê & Shaham, 2002). Following breakpoint 

determination, rats were returned to their home cage for one day, one week, and two weeks of 
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abstinence. Following abstinence, gelatin consumption was measured in one FR3 operant 

session. Relapse was measured by a rat’s individual % change in alcohol consumed compared to 

their 10-day average during FR3. 

2.2.4 Sucrose Administration 

A separate cohort of rats was tested for noncontingent and subsequent operant natural 

reward behavior using 20% sucrose in tap water (Figure 4a). During home cage access, the 

sucrose mixture included 2.5% gelatin to mimic alcohol gel and prevent spillage. No one-day 

relapse test was administered due to five days-on/two days-off sucrose schedule. 

2.2.5 Immunohistochemistry 

Randomly selected littermates of rats used for reward behavior were sacrificed at 

postnatal ages 7, 14, and 30 to assess µ-opioid receptor (MOR) expression. Brains were 

collected via rapid decapitation and drop-fixed in 4% paraformaldehyde for 24 hours, followed 

by storage in 30% sucrose at 4°C until sectioning. Fixed tissue was sectioned coronally at 40-µm 

with a Leica SM2010R microtome and stored at -20°C in cryoprotectant-antifreeze solution 

(Watson et al., 1986). Forebrain and midbrain sections were processed for MOR 

immunoreactivity using standard techniques previously described (Fullerton et al., 2021; Harder 

et al., 2023). Free-floating sections were rinsed in potassium phosphate-buffered saline (KPBS), 

incubated in 3% hydrogen peroxide for 30 minutes, and rinsed again in KPBS at room 

temperature. Tissue was then incubated in rabbit anti-MOR primary antibody (Alomone Labs, 

Jerusalem, Israel; 1:7,500 for P7 and P14; 1:2,000 for P30) at room temperature for 1 hour, 

followed by 48 hours at 4°C. Primary antibody was rinsed using KPBS and incubated in 
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biotinylated donkey anti-rabbit IgG (Jackson Immunoresearch, West Grove, PA, USA; 1:600) for 

1 hour. After the tissue was rinsed with KPBS and sodium acetate (0.175M; pH 6.5), 

immunoreactivity was visualized using nickel sulfate 3,3′-diaminobenzidine solution (2 mg/10 

ml) and 0.08% hydrogen peroxide in sodium acetate buffer. After 20 minutes, tissue was rinsed 

in sodium acetate and KPBS and then mounted on gelatin-subbed slides, air-dried, dehydrated 

with increasing concentrations of ethanol, cleared with xylene, and cover-slipped. 

 For immunohistochemistry data, 16-bit grayscale images were captured using a 

QImaging Retiga EXi CCD camera and IPLab Image Analysis Software (BD Biosciences). The 

nucleus accumbens (NAc), medial habenula (MHb), and ventral tegmental area (VTA) were 

bilaterally imaged at 10× magnification (2-3 sections per rat, average of 4-6 values). The 

average grayscale pixel value within each region was recorded for each rat. 

2.2.6 Statistical analysis 

 All data met the requirements for parametric analyses (normality, homogeneity of 

variance). The effect of sex, treatment (morphine/saline), and day of schedule (where 

applicable) was assessed using two- or three-way mixed models ANOVA with an alpha level of 

p<0.05. Given that ANOVA testing cannot handle missing values, mixed models using 

Greenhouse-Geisser were implemented where outlier correction was necessary. Outliers were 

identified using GraphPad Prism’s ROUTS method. Post hoc testing was performed using 

Tukey’s or Sidak’s. Experiments involving repeated measures were not tested for daily 

individual group differences. No significant litter effects were observed; therefore, group data 

comprised multiple litters. GraphPad Prism 9.1.0 was used for all statistical analyses. 
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2.3 Results 

2.3.1 Conditioned place preference 

To determine if gestational morphine exposure altered reward salience, morphine (POE) 

or saline (CON) exposed rats were first tested for alcohol preference using CPP (Figure 2a). Our 

analysis showed a significant interaction between sex and treatment (Fsex*tx(1,29)=9.345, 

p=0.0048; Figure 2b). POE males spent, on average, 135 ± 74 secs in EtOH-paired bedding vs 

CON males (-74 ± 56) (p=0.064). In contrast, neither POE nor CON females formed a CPP for 

EtOH-paired bedding (p=0.328). Indeed, most POE females spent less time in EtOH-paired 

bedding, suggesting conditioned place aversion. POE male and female rats also exhibited more 

room entries, or movement between the two arena areas, than CON rats (Ftreatment(1,27)=8.687, 

p=0.0065; Figure 2c). POE males also significantly increased the number of room entries from 

pre- to post-conditioning (p=0.0031), suggesting increased searching for alcohol rewards. 

Alternatively, POE males may be displaying alcohol-associated locomotor hyperactivity. Post-

conditioning room entry counts for POE males were also significantly higher than those of CON 

males (p=0.0125). 

2.3.2 Alcohol Self-Administration 

The results from our CPP studies suggested that POE males exhibited an increased 

preference for alcohol compared to CON males. We next tested if daily consumption of alcohol 

differed between morphine and saline-exposed adolescent rats. All rats were introduced to 

alcohol under “free access” (FA) conditions (see Figure 3a for schedule). During FA, rats were 
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individually housed in standard cages and returned to their home cage at the end of the 

session. 

All rats showed an increase in alcohol consumption over time (F(7,632)=102.6, p<0.01; 

Figure 3b). We also noted a significant interaction between sex and treatment (F(1,97)=4.52, 

p=0.036). This effect was driven by females (Ftreatment(1,46)=4.19, p=0.04). From days 7-16, POE 

females consistently consumed, on average, 24% more EtOH than controls. Following free 

access, rats were trained to lever press for alcohol rewards. POE did not produce differences in 

lever press accuracy during training (Ftreatment(1,63)=2.072, p=0.155), but males were less 

accurate than females (Fsex(1,63)=5.050, p=0.028; Figure 3c). 

Across ten days of FR1, POE rats consumed significantly less alcohol than CON rats 

(Ftreatment(1,63)=6.424, p=0.01; Figure 4a). This reduced alcohol consumption continued through 

ten subsequent days of FR3 (Ftreatment(1,63)=4.805, p=0.03; Figure 4b). These differences were 

driven primarily by males (FR1: F(1,31)=7.595, p=0.0097; FR3: F(1,31)=4.697, p=0.03), with no 

differences in consumption observed in females (FR1: p=0.243; FR3: p=0.218). Following FR3, 

rats were tested using a progressive ratio (PR), an indicator of maximal effort for reward. 

Despite consuming significantly less alcohol under both FR1 & FR3 schedules, average PR values 

were similar across all groups with no effect of sex or treatment (Sex: p=018; Treatment: 

p=0.32; Figure 4c). 

We next assessed relapse drinking, which is characterized as compulsive alcohol-seeking 

behavior. In rats, repeated cycles of drinking and deprivation, or forced abstinence, will drive 

increases in self-administration and alcohol seeking (A. Lê & Shaham, 2002). Here, relapse 

severity was determined by comparing FR3 alcohol consumption to that displayed after 
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successive periods of forced abstinence (one day, one week, and two weeks). Our analyses 

showed no effect of sex or treatment in relapse potential, defined by consumption after 

abstinence compared to individual average FR3 consumption (Sex: p1day=0.668, p1week=0.99, 

p2weeks=0.554; Treatment: p1day=0.84, p1week=0.148, p2weeks=0.114; Figure 4d-f). However, 

interestingly, all POE females exhibited relapsed drinking behavior at both one week and two 

weeks, in contrast to the other groups. 

Children exposed to opiates across gestation are at an increased risk for developing 

attention deficit disorders; thus, we also assessed operant responding rates as an index of task 

focus (Azuine et al., 2019; Nygaard et al., 2016; Sirnes et al., 2018). We first examined the 

latency to first operant response. As rats tend to press the lever when first learning the task 

inadvertently, FR1 sessions were not analyzed. Overall, in FR3, males were faster to earn their 

first alcohol reinforcement than females, averaging 56.4s compared to 88.4s (Fsex(1,63)=10.87, 

p=0016; Figure 5a). This effect was independent of treatment (p=0.48). We also assessed 

accuracy, defined as the percentage of all lever presses that elicited a reward. Despite males 

displaying reduced accuracy during lever press training, they were more accurate in their lever 

pressing than females during FR3 (F(1,63)=6.865, p=0.01, Figure 5b). After one day of forced 

abstinence, POE rats were faster to earn rewards than CON rats (Fday*treatment(2,54)=4.043, 

p=0.02; One Day: p=0.034; Figure 5c). On average, POE rats earned their first reward in 37.3s 

while control rats earned theirs in 89.6s. Overall, males earned their first reward faster than 

females (Fsex(1,28)=12.06, p=0.0017). No significant treatment differences in first reward 

latency or accuracy were noted at one week or two weeks relapse testing (One Week: p=0.92; 

Two Weeks: p=0.807; Figure 5c-d). 
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As discussed above, POE rats consumed less alcohol across the majority of FR1 & FR3 

test days. We next examined if the reduced consumption compared to CON rats was consistent 

across the entire session or if there was a shift in response rates within each session. For this, 

reinforcements were binned into 5min periods. We found that the number of rewards earned 

was consistent between groups across 30min FR1 sessions (FR1: psex=0.69, ptreatment=0.306; 

Figure 5e). During FR3 sessions, there was an overall sex difference between males and females 

(Fsex(1,63)=4.392,p=0.401), but this was not the case within individual 5min bins (post hoc 

comparisons: all p>0.05; Figure 5f). No significant treatment difference in binned FR3 

reinforcements was found (p=0.16), suggesting that POE and CON rats do not differ in their 

attention to the operant task at the beginning or end of a session. 

2.3.3 Sucrose Self-Administration 

 We next assessed if the changes noted in alcohol-driven behaviors due to perinatal 

opioid exposure extend to natural rewards, specifically sucrose. Rats self-administered 20% 

sucrose solution under free access and operant conditions, similar to our alcohol testing 

paradigm (Figure 6a). No effect of treatment or sex was observed when rats were provided free 

access to sucrose (p=0.84; Figure 6b). Rats were next trained to lever press using white noise. 

CON rats were more accurate in lever pressing than POE rats (Ftreatment(1,32)=5.717, p=0.023; 

Figure 6c). However, POE rats reached control rats’ levels of accuracy by the end of training. 

Overall, female rats consumed significantly more sucrose than males across all FR1 sessions 

(Fsex(1,32)=63.51, p<0.0001, Figure 6d); CON female rats also consumed significantly more 

sucrose than POE females (Ftreatment(1,17)=4.617, p=0.046). During FR3 sessions, there was both 

a treatment and sex difference in that female rats continued to consume more sucrose than 
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males overall, while CON groups consistently consumed more than POE (Fsex(1,32)=56.24, 

p<0.0001, Ftreatment(1,32)=4.489, p=0.042; Figure 6e). Sucrose breakpoint, as measured by 

progressive ratio testing, was higher in females compared to males but not altered by POE 

treatment (Femaleaverage=49.9, Maleaverage=35.1; Fsex(1,32)=16.37, p=0.0003, 

Ftreatment(1,32)=2.872,p=0.099; Figure 6f). After one week of forced abstinence, POE rats trended 

towards increased relapse potential compared to CON rats, demonstrating higher increases in 

sucrose consumption compared to their average FR3 consumption (Ftreatment, 

(1,32)=3.793,p=0.06; Figure 6g). This was also observed following a subsequent two-week 

forced abstinence period (Ftreatment(1,32)=3.522,p=0.069; Figure 6h). Overall, these results 

suggest that daily motivation for sucrose is decreased in POE rats, as indicated by reduced 

consumption under free access conditions. Forced abstinence, however, may trigger 

compulsive consumption of sucrose for POE rats, as they consistently demonstrated increased 

lever pressing during relapse testing. Together with our alcohol self-administration data, these 

results suggest that gestational morphine reduces motivation for operant rewards. 

Interestingly, although POE females consumed more alcohol than controls during free access 

conditions, this did not extend to sucrose intake. 

 As with alcohol, we examined POE-induced changes in sucrose reward latency, press 

accuracy, and reinforcement rate. No significant differences in first sucrose reward latency 

were found during FR3 (psex=0.44, ptreatment=0.93; Figure 7a). In these sessions, press accuracy 

was not affected by POE but was higher in males than in females (ptreatment=0.087, psex=0.0019; 

Figure 7b). Similarly, groups did not differ in their first sucrose reward latency during relapse 

sessions (psex=0.16, ptreatment=0.31; Figure 7c), but males were overall more accurate than 
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females (psex=0.0276, ptreatment=0.16; Figure 7d). When analyzing sucrose reinforcement data in 

5min intervals, POE rats earn fewer rewards overall compared to CON during FR1 and FR3 (FR1: 

Ftreatment(1,32)=5.353, p=0.0273; FR3: Ftreatment(1, 32)=6.309, p=0.0173; Figure 7e-f). Groups do 

not, however, differ within individual 5min periods (post hoc comparisons: all p>0.05). 

Therefore, all groups exhibit a similar reduction in sucrose rewards achieved across the average 

operant session. 

2.3.4 µ-Opioid Receptor Expression 

 We next examined if the significant differences observed in alcohol self-administration 

were paralleled by changes in µ-opioid receptor protein (MOR). We used 

immunohistochemistry to identify MORs in key reward-associated brain regions at three 

developmental time points: P7, P14, and P30. 

No significant effect of treatment or sex on MOR expression was noted for P7 in the 

nucleus accumbens (NAc), medial habenula (MHb), or ventral tegmental area (VTA) (NAc: 

ptreatment=0.10, psex=0.07; MHb: ptreatment=0.19, psex=0.18; VTA: ptreatment=0.42, psex=0.15; Figure 

8a-c). At P14, increased NAc MOR was observed in POE females compared to CON females and 

POE males (Fsex*treatment(1,19)=13.42, p=0.0017; Figure 8d). There was no significant effect of 

treatment or sex in MHb or VTA MOR at P14 (MHb: ptreatment=0.67, psex=0.97; VTA: 

ptreatment=0.86, psex=0.06; Figure 8e-f). At P30, POE groups expressed significantly less MHb MOR 

than CON groups (Ftreatment(1,19)=4.848, p=0.0402; Figure 8h). No group differences in NAc or 

VTA MOR expression were found at P30 (NAc: ptreatment=0.30, psex=0.56; VTA: ptreatment=0.53, 

psex=0.79; Figure 8g, i). 
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2.4 Discussion 

The present studies were conducted to determine the impact of perinatal morphine 

exposure on alcohol and sucrose consumption in adolescent male and female Sprague Dawley 

rats. We report that maternal morphine exposure that begins before inception and continues 

after birth produces multiple sex-specific changes in alcohol-driven behaviors. Specifically, POE 

significantly altered CPP behaviors, including a preference for alcohol-paired cues and alcohol-

seeking locomotion in males but not females. In contrast, POE female rats consumed more 

alcohol compared to controls under free access conditions. This increase did not extend to 

operant conditioning sessions where additional effort was required to earn alcohol. Thus, in 

contrast to our hypothesis that gestational morphine exposure would increase alcohol 

consumption regardless of required effort, POE rats significantly reduced their alcohol 

consumption across FR1 and FR3 compared to controls. This was also true for our natural 

reward choice, sucrose. POE female rats consumed less sucrose than controls during FR1, and 

both sexes consumed less than controls during FR3. Unlike alcohol, free access consumption of 

sucrose did not differ between groups. POE rats did, however, display elevated relapse 

behaviors towards sucrose. 

Our data show that POE can induce both increases and decreases in alcohol 

consumption depending on the effort required to obtain the reward. These results are 

inconsistent with previous preclinical studies that report enhanced sensitivity and motivation 

for drugs of abuse after early life opioid exposure. For example, Timar et al. (2010) reported 

that pre-, peri, and postnatal morphine exposure (5-10mg/kg/day) increased preference for 

morphine in adulthood. Similar results were reported with shorter periods of prenatal exposure 
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(Gagin et al., 1997; Torabi et al., 2017; L.-Y. Wu et al., 2009). Other studies also report that 

POE’s effects extend to other drugs of abuse. Morphine exposure for only two days of gestation 

reportedly increases heroin and cocaine I.V. self-administration in adult male rats (Ramsey et 

al., 1993). Locomotor sensitization to 2g/mg doses of methamphetamine is also increased in 

Sprague Dawley rats with prenatal exposure to 4-12mg/kg/day of buprenorphine, highlighting 

the potential impact of clinically recommended long-acting opioid agonists. Most of these 

studies failed to examine changes in reward behavior across varying scenarios of drug 

exposure, limiting the ability to draw conclusions about the long-term effects of POE on reward 

processing in more dynamic or real-world contexts. In fact, the only existing study on alcohol 

use post-POE found that twice daily 10mg/kg doses of methadone from E0 to P28 increased 

operant self-administration but decreased conditioned place preference in male mice (Grecco, 

Haggerty, et al., 2022). Studies on selective breeding for alcohol consumption in rats have 

reported similar results as well, in that rats with a low preference for alcohol consume more 

when required to lever press (Ritz et al., 1989). In contrast, rats displaying high alcohol 

consumption during the two-bottle choice were less willing to work for alcohol rewards (Ritz et 

al., 1989, 1994). 

Our POE rats, especially females, exhibit similar behavior in that they consumed more 

alcohol than controls during noncontingent or “free access” sessions but less during operant 

conditioning sessions when effort was required. Importantly, decreased alcohol consumption 

during operant conditioning was not a result of impaired learning. Rather, our results suggest a 

disruption in motivation, which has been previously associated with both mesolimbic dopamine 

dysfunction and anhedonic phenotypes in rodents (Canonica & Zalachoras, 2022). For example, 
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chronic social defeat or restraint stress decreased operant response for sucrose rewards 

(Bergamini et al., 2016; Xu et al., 2017). Conversely, isolation stress increases noncontingent 

alcohol consumption and CPP, in addition to inducing anxiety and depression-like behaviors (J.-

S. Lee et al., 2021; Wukitsch et al., 2019). 

For our POE males, increased CPP for alcohol may indicate increased sensitivity to its 

rewarding effects. This coincided with increased chamber shuttling during testing. Shuttling 

behavior may be related to drug-seeking locomotion or, alternatively, general hyperactivity, as 

seen in rat models of ADHD (Wultz et al., 1990). Interestingly, children with prenatal opioid 

exposure are at an increased risk for ADHD (Azuine et al., 2019; Sandtorv et al., 2018; Sherman 

et al., 2019). 

POE females consistently elevated their alcohol consumption following one and two 

weeks without access. This relapse steadily increased as a function of time, suggesting that POE 

females may be more susceptible to losing control over compulsive drinking habits, a 

characteristic found in social drinkers with similar abstinent experiences (Ludwig et al., 1974). 

Drug abstinence can generate negative affect that drives stress-reducing relapse behavior (G. F. 

Koob, 2020). Negative affect is more prevalent in humans and rats exposed to perinatal opioids; 

therefore, their risk for relapse is greater (Bakhireva et al., 2019; N. C. F. Castro et al., 2021). 

 Several measures of alcohol behavior that were disrupted by POE were similarly 

disrupted for sucrose, a natural reward. Previous studies in rodents exposed to opioids have 

reported conflicting evidence. For example, sucrose consumption used for operant training was 

unaffected by POE in adult male and female rats (I. Vathy et al., 2007); however, others report 

an increased preference for saccharin in adult male and female rats exposed to morphine mid-
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gestation (Gagin et al., 1996). In contrast, Torabi et al. (2017) found that E11-P0 morphine 

exposure, followed by naloxone-precipitated withdrawal, decreased sucrose and increased 

morphine preference in adult male and female rats. In the present study, we observed no 

treatment differences for sucrose during free access; rather, it was not until effort was needed 

during operant conditioning that sucrose (and alcohol) consumption was decreased in POE rats, 

especially females. Compared to controls, POE rats demonstrated increased relapse for sucrose 

(and alcohol), suggesting that changes in reward-seeking behavior are not isolated to drugs of 

abuse. 

Perinatal morphine-induced changes in MOR in reward-associated brain regions are 

well-characterized. Here, we report that POE increased MOR expression by 37% in the nucleus 

accumbens (NAc) of P14 females compared to controls. These results are consistent with 

previous studies reporting increased NAc MOR expression and binding in adult males and 

females exposed to gestational opioids (Handelmann & Quirion, 1983; Vassoler et al., 2016; I. 

Vathy et al., 2003). NAc MOR is critical to the rewarding properties of alcohol in rats, and its 

pharmacological manipulation leads to changes in consumption behaviors (Barson et al., 2009; 

Hyytiä & Kiianmaa, 2001). Studies involving direct manipulation of MOR will be necessary to 

determine if these changes in opioidergic signaling drive our observed changes in 

alcohol/sucrose reward. 

Additionally, we found that medial habenula (MHb) MOR expression was decreased in 

POE rats at P30 compared to controls. The MHb has the highest region-specific expression of 

MOR in the brain and plays a significant role in the neural circuitry underlying opioid 

reward/aversion and social interaction (Allain et al., 2022; L.-J. Boulos et al., 2017; Gardon et 
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al., 2014; Mechling et al., 2016). Reduced MHb MOR supports our previous study reporting 

reduced social interaction in periadolescent POE rats (Harder et al., 2023). Genetic ablation of 

dorsal MHb neurons, where MOR is primarily localized, also reduces sucrose preference in mice 

(Contestabile et al., 1987; Gardon et al., 2014; Hsu et al., 2014). Again, studies directly 

manipulating MOR within the MHb will be necessary to show causality.  

Although changes in emotional states were not explicitly assessed, decreased 

motivation and preference for sucrose in rats are characteristics of anhedonia, or the inability 

to experience pleasure. Symptoms of depression are regularly reported in NOWS newborns and 

are thought to be produced by neuroendocrine and reward system changes (Hanson et al., 

2021; Horn et al., 2018; Nygaard et al., 2020; Vidal et al., 2012; Wachman et al., 2018). Animal 

models of early life stress, such as low bedding and nesting (LBN), generate similarly 

dysfunctional phenotypes (Bolton et al., 2018; Williams et al., 2022). LBN also produces 

fragmented and unpredictable maternal care that is thought to train offspring to recognize 

rewarding patterns poorly (Molet et al., 2016).  

Clinically, women undergoing opioid maintenance therapy (OMT) display suboptimal 

maternal behaviors that are associated with cognitive deficits in their children (Konijnenberg et 

al., 2015; Sarfi et al., 2011). During mother-child interactions, OMT moms exhibit significant 

reductions in several areas, such as sustained attention, mood, supportive presence, and 

responsiveness (Konijnenberg et al., 2016). These factors are critical for social and cognitive 

development that may alter future behavior in NOWS children (Larson et al., 2019). Fractured 

maternal behaviors may also be present in our morphine-exposed rat dams, as we have 

previously reported reduced nursing behavior during morphine infusions (Harder et al., 2023). 
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Our study is the first to report POE-induced changes in both alcohol and sucrose self-

administration in rats and does so using a clinically relevant opioid exposure model. Admittedly, 

our results are descriptive. However, they lay the foundation for future studies examining the 

impact of gestational opioids on reward. Clinical studies report an altered risk for alcohol use 

disorders amongst those born with POE or in families with a history of parental opioid use 

disorder (Elam et al., 2020; Nygaard et al., 2020; Vidal et al., 2012). These findings highlight the 

potential long-term effects of perinatal opioid exposures on reward-related behaviors and 

underscore the need for further research to elucidate the underlying mechanisms. By bridging 

preclinical and clinical insights, our study provides a critical step toward understanding and 

addressing the intergenerational impact of opioid use disorders. 
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Figure 2.1 Sprague Dawley rats are exposed to morphine or saline from conception to 
first postnatal week (a). Rats were tested for alcohol or sucrose preference using either CPP or 
free access followed by operant conditioning (b). Created with Biorender. 
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Figure 2.2 Alcohol conditioned place preference was assessed in P30 rats across twelve 
days (a). POE male rats showed a trending increase in time spent on the alcohol-paired side of 
the arena compared to CON males, indicating an increased preference for alcohol (b). This effect 
was only evident in POE males. Overall POE rats showed increased exploratory behavior as 
demonstrated by an increase in room entries (c). #Trending difference between POE males vs 
CON males; p=0.06. *Significant difference between POE males vs CON males, POE male pre- vs 
post-conditioning, POE males vs CON males post-conditioning, or POE vs CON rats; p<0.05. 
Graphs indicate mean ± SEM. Created with Biorender. 
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Figure 2.3 POE & CON rats were tested for alcohol preference across 65 days (a). POE 
female rats consumed more g/kg/hr of alcohol than CON females during free access (b). POE did 
not alter press accuracy during training, but male rats were overall less accurate than females 
(c). *Significant difference between POE females vs CON females; p<0.05. Graphs indicate mean 
± SEM. 

c) 

b) 
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Figure 2.4 POE rats consumed significantly less alcohol under both FR1 (a) and FR3 
schedules (b). Groups did not differ in breakpoint for alcohol as determined by progressive ratio 
schedule (c). There was no significant effect of treatment for relapse potential (d-f). *Significant 
difference between POE vs CON rats; p<0.05. Graphs indicate mean ± SEM. 

d) 

a) b) 

e) f) 

c) 
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Figure 2.5 During FR3, female rats took longer to earn their first reward than males (a) 
and were less accurate in their lever pressing (b). During relapse, POE rats were faster to earn 
their first reward than CON rats after one day forced abstinence, and males were faster than 
females across all three test days (c). There were no group differences in lever press accuracy 
during relapse testing (d). Average number of rewards earned over time, binned in 5min 
intervals, was generally similar between groups during FR1 (g) and FR3 (h). During FR3 sessions, 
males and females differed overall, but not within individual 5min periods. *Significant 
difference between POE vs CON rats. Graphs indicate mean ± SEM. 
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Figure 2.6 POE and CON rats were given daily intermittent access to sucrose and then 
transitioned to daily operant sessions to test consumption, breakpoint, and relapse. Our sucrose 
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consumption schedule takes place across 45 days; arrows indicate 2-day breaks in behavioral 
testing (a). No treatment effects were observed for sucrose consumption under free access 
conditions (b). CON rats were more accurate than morphine rats in their active lever press (AP) 
accuracy during training (c). This is also true when considering only the last five days of training 
where sucrose rewards were included. POE female rats consumed significantly less sucrose than 
CON females during operant conditioning session at FR1 (d) and showed a trending decrease at 
FR3 (e). CON rats also consumed more sucrose than POE rats. Female rats exhibited higher 
breakpoints for sucrose than male rats (f). POE rats showed a trending increase in sucrose 
relapse compared to CON after one week and two weeks forced abstinence (g-h). *Significant 
difference between POE vs CON rats, males vs females, or POE females vs CON females; p<0.05. 
#Trending difference between POE vs CON rats; p<0.08. Graphs indicate mean ± SEM. 
 



74 
 

 

 

Figure 2.7 During sucrose operant conditioning sessions, groups did not differ in their 
FR3 first reward latency (a). Male rats were more accurate in their lever pressing than females 
during FR3, but there were no significant differences between treatment groups (b). Latency to 
first reward after one and two weeks forced abstinence was not impacted by treatment or sex 
(c), but press accuracy was reduced in females compared to males (d). During FR1 and FR3, the 
average number of sucrose rewards earned, when binned into 5min intervals, was overall 
significantly different between POE and CON rats, but not within individual 5min periods (e-f). 
*Significant difference between POE vs CON rats, p<0.05. Graphs indicate mean ± SEM. 
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Figure 2.8 µ-Opioid receptor expression in nucleus accumbens (NAc; 1mm AP), medial 

habenula (MHb; -3mm AP), and ventral tegmental area (VTA; -5.2mm AP) at P7, P14, & P30. 
NAc MOR expression is elevated in POE female rats compared to CON female rats at P14, but no 
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other groups differences were observed across P7, P14, or P30 (a-c). MHb MOR expression is 
significantly lower in POE rats compared to CON rats at P30, but no differences were noted at 
P7 or P14 (d-f). No group differences were found in VTA MOR across P7, P14, or P30 (g-i). 
*Significant difference between POE females vs CON females, or POE and CON rats; p<0.05. 
Graphs indicate mean± SEM. 
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3 DISRUPTED MATERNAL BEHAVIOR IN MORPHINE-DEPENDENT PREGNANT RATS AND 

ANEDONIA IN THEIR OFFSPRING 

3.1 Introduction 

Across multiple decades, the United States has generally outpaced other nations in 

opioid use and related deaths, leading to a crisis that has only recently garnered the clinical 

attention it deserves (Pierce et al., 2021). One of the most significant at-risk groups for 

deleterious opioid consequences is pregnant women and their unborn children. Seven percent 

of women report using an opioid prescription during pregnancy, and of those women, one in 

five report misuse (Ko et al., 2020). As a consequence, between 2010 and 2017, the incidence 

rate of neonatal opioid withdrawal syndrome (NOWS) escalated across all races, income 

brackets, and insurance statuses from 4.0 to 7.3 in 1000 births (Hirai et al., 2021). While the 

immediate needs of these infants are well known and addressed in the hospital following 

delivery, the long-term behavioral and cognitive changes due to opioid exposure during 

pregnancy are understudied. 

 To address this gap in the literature, our lab has developed a novel perinatal opioid 

exposure (POE) model that administers daily pulsatile morphine to rat dams from before 

breeding to one week following parturition. Using this model, we have previously reported that 

gestational exposure to morphine reduces juvenile social play and alters both alcohol and 

sucrose intake during adolescence and early adulthood (Harder et al., 2023; Searles et al., 

2023). Parallel changes in oxytocin and μ-opioid receptor expression in brain regions key for 

social behavior and reward signaling were also observed, suggesting an overall shift in reward 

processing. Similar results have been reported following early life manipulations in other 
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models. For example, Molet et al. (2016) showed that housing rat dams and pups in 

impoverished environments for one week postnatally induced aberrant maternal behavior and 

anhedonia in male offspring. More specifically, male offspring that experienced early life stress 

had reduced sucrose preference and adolescent social play (Molet et al., 2016). 

As opioid use during pregnancy is considered an “early life stressor” and our POE rats 

displayed aspects of anhedonia in their reduced social play and operant response for sucrose, 

we predicted our POE rats would show alterations in other hallmarks of anhedonia, namely, 

sucrose preference, adult social interaction, and forced swim. Additionally, due to the reported 

interaction between maternal care deficits in early life stress models and changes in reward-

seeking behaviors and anhedonia in offspring, we also expanded upon our previously published 

analysis of maternal behavior to determine if POE induces suboptimal maternal care in more 

nuanced ways than simply gross time spent performing pup-directed actions (Bolton et al., 

2018; Molet et al., 2016). Maternal care observations were used to calculate fragmentation, 

defined as a reduction in maternal care bout length, and entropy, or unpredictability in 

maternal care.  

Based on the rationale above, the present study tested the hypothesis that perinatal 

morphine exposure leads to suboptimal maternal care, acting as an early life stressor and 

driving anhedonia in offspring. 

3.2 Materials and Methods 

3.2.1 Subjects 

Female Sprague Dawley rats (age P60; Charles River Laboratories, Boston, MA) were 

used to generate male and female offspring. POE and control offspring were weaned at P21 
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into Optirat GenII individually ventilated cages (Animal Care Systems, Centennial, Colorado, 

USA) with corncob bedding in same-sex pairs or groups of three on a 12:12 hour light/dark cycle 

(lights on at 8:00 AM). Food (Lab Diet 5001 or Lab Diet 5015 for breeding pairs, St. Louis, MO, 

USA) and water were provided ad libitum throughout the experiment, except during maternal 

behavior recording and operant procedures. All studies were approved by the Institutional 

Animal Care and Use Committee at Georgia State University and performed in compliance with 

the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All efforts 

were made to reduce the number of rats used in these studies and minimize pain and suffering. 

3.2.2 Perinatal opioid exposure design 

Female Sprague Dawley rats were implanted with iPrecio SMP-200 microinfusion 

minipumps at postnatal day 60 (P60). Pumps were programmed to begin morphine or saline 

administration following one week of recovery from surgery. One week after morphine 

initiation, females were paired with sexually-experienced males for two weeks to induce 

pregnancy. Morphine (or saline) exposure continued throughout gestation. Rats were initially 

administered 10 mg/kg across three doses per day, with doses increasing weekly by 2 

mg/kg/day until 16 mg/kg/day was reached. At approximately E18, pumps switched to twice-a-

day dosing, as initial pilots using three-times-a-day dosing increased pup mortality early in life, 

possibly due to respiratory depression. Dams continued to receive decreasing doses of 

morphine up to P7. This protocol closely mirrors the clinical profile of a late adolescent female 

who develops an opioid use disorder, becomes pregnant, and continues using opioids 

throughout pregnancy. An essential part of this model is the administration of morphine prior 

to E15, the approximate date of μ-opioid receptor development in the fetal brain (Coyle & Pert, 
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1976). Pumps filled with sterile saline were used to generate control (CON) rats to account for 

surgery and pump refilling stress. See Figure 1 for the overall dosing and testing schedule. 

3.2.3 Maternal behavior analysis 

Rat maternal behaviors were observed on P2, P4, and P6 twice daily for 1hr: 2hr after 

lights on (prior to morphine infusion) and 6hr after lights on (after morphine infusion). 

Following morphine cessation at P7, maternal behavior was observed once daily on P8, P10, 

P12, and P14, 4hr after lights on. All sessions were recorded for offline analysis. The following 

measures were scored: nursing, licking/grooming pups, nest building, self-grooming, returning 

pups to the nest, and time spent off nest. Time spent on individual behaviors was recorded and 

used to calculate behavior bout length to determine levels of fragmentation. A shorter average 

bout length for a type of behavior indicates higher fragmentation. Pattern analysis of behaviors 

was performed to calculate an entropy value, representing the predictability of behaviors. High 

predictability, where one behavior expectedly follows another, would be represented by a low 

entropy value. Calculation of entropy is described in depth by Molet et al. (2016). 

3.2.4 Sucrose preference test 

 At P40, POE and control rats were tested for sucrose preference using a 1% sucrose 

solution during their dark phase. On day 1, rats were individually housed, and their water 

bottles were replaced with two 200mL bottles of 1% sucrose for 24hr. On day 2, their water 

was returned for 6hr and then replaced with one water bottle and one sucrose bottle for 18hr. 

On day 3, rats were water-deprived for 12hr and then provided one water bottle and one 

sucrose bottle for 12hr. The positions of the bottles were counterbalanced. After 12hr of two-
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bottle-choice, the experimental water/sucrose bottles were removed, and rats were returned 

to their original home cages. Each day, all bottles were weighed pre- and post-ingestion to 

determine volume (mL) consumed. 

3.2.5 Forced swim test 

 Adult (P60) POE and control rats were tested for stress reactivity using the forced swim 

test (FST) (Victoria et al., 2014). An 80x200mm cylinder was filled with 25°C water deep enough 

that rats could touch the bottom while at the surface. All rats were given a 5min pre-swim one 

day prior to FST. On testing day, rats were placed in the water for a 5min FST; time immobile 

and latency to immobility were determined using ANY-Maze™ behavioral tracking software 

(Stoelting Co., Wood Dale, IL). Blood samples were collected from the saphenous vein into 

EDTA-hematology tubes (BD from Fisher Scientific) at four intervals relative to the FST to 

measure corticosterone levels: baseline (-60min), stress (5min), peak (30min), and recovery 

(75min). Blood samples were centrifuged at 3000 rcf at 4°C for 15 min, and plasma 

corticosterone was measured with ELISA (DetectX Corticosterone Multi-Format Kit, K014-H; 

Arbor Assays, Ann Arbor, MI). Correlation coefficients were measured against known standards 

(r2 > 0.98). Inter- and intra-assay CVs were below 12%. 

3.2.6 Social interaction test 

At P73, POE and control rats were isolated for 24hr, then reunited with their cage mates 

in their original home cage. Behavior was recorded for 10min for offline analysis; time spent 

interacting, defined as sniffing, grooming, chasing, or playing, was measured. 
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3.2.7 Immunohistochemistry 

Ninety minutes following the social interaction test, one cohort of rats was sacrificed to 

assess forebrain and midbrain Fos and tyrosine hydroxylase (TH) expression. Rats were 

transcardially perfused with 0.9% sodium chloride saline containing 2% sodium nitrate followed 

by 4% paraformaldehyde fixative. Brains were extracted and stored in 4% paraformaldehyde at 

4°C overnight, then transferred into 30% sucrose until sectioning. Fixed tissue was sectioned 

coronally at 25-µm with a Leica SM2010R microtome and stored at -20°C in cryoprotectant-

antifreeze solution (Watson et al., 1986). Free-floating sections were rinsed in potassium 

phosphate-buffered saline (KPBS), incubated in 3% hydrogen peroxide for 30 minutes, and 

rinsed again in KPBS at room temperature. Tissue was then incubated in mouse anti-c-Fos 

primary antibody (Abcam Inc., Cambridge, MA, USA.; 1:10,000) overnight at room temperature. 

Tissue was then rinsed and incubated in biotinylated donkey anti-mouse IgG (Jackson 

Immunoresearch, West Grove, PA, USA; 1:600) for 1 hour. Secondary antibody was amplified 

with avidin-biotin solution for 1 hour. After tissue was rinsed with KPBS and sodium acetate 

(0.175M; pH 6.5), immunoreactivity was visualized using nickel sulfate 3,3′-diaminobenzidine 

solution (2 mg/10 ml) and 0.08% hydrogen peroxide in sodium acetate buffer. After 20 minutes, 

tissue was rinsed in sodium acetate and KPBS. Tissue was then blocked with 5% normal donkey 

serum (VWR, Inc., Pittsburgh, Pennsylvania, USA) for 1 hour at room temperature and 

incubated in sheep anti-TH primary antibody (Fisher Scientific, Inc., Palatine, IL, USA; 1:1000) 

for 1 hour at room temperature followed by 24 hours at 4°C. Primary antibody was rinsed using 

KPBS and incubated in donkey anti-sheep AlexaFluor 555 secondary antibody (Fisher Scientific, 

Palatine, IL, USA; 1:200) for 1.5 hours at room temperature. Tissue was rinsed and mounted on 
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gelatin-subbed slides, air-dried, and cover-slipped with ProLong Diamond Antifade Mountant 

(Fisher Scientific, Inc., Palatine, IL, USA). 

 16-bit images were captured using a Keyence BZ-X700 microscope and software for 

immunohistochemistry quantification. Subregions of the medial prefrontal cortex (mPFC), 

nucleus accumbens (NAc), habenula, amygdala, and ventral tegmental area (VTA) were 

bilaterally imaged at 10x magnification (2-3 sections per rat, average of 4-6 values). Fos+ cells 

were detected automatically using ImageJ software and then manually validated. Total number 

of Fos+ cells was averaged to produce a mean number per rat per region. In VTA sections, TH 

immunoreactivity was used to determine if Fos+ cells were dopaminergic. 

3.2.8 Statistical analysis 

All data met the requirements for parametric analyses (normality, homogeneity of 

variance). The effects of sex, treatment (morphine/saline), and session (where applicable) were 

assessed using two- or three-way mixed model ANOVA with an alpha level of 0.05. Given that 

repeated measures ANOVA cannot handle missing values, mixed models using Greenhouse-

Geisser were implemented where outlier correction was necessary. Outliers were identified 

using GraphPad Prism’s ROUTS method. Post hoc testing was performed using Tukey’s or 

Sidak’s. Experiments involving repeated measures were not tested for daily individual group 

differences. No significant litter effects were observed; therefore, group data comprised 

multiple litters (6 control/7 POE for maternal behavior; 2 control/2 POE for offspring 

behaviors). GraphPad Prism 9.5.1 was used for all statistical analyses. 
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3.3 Results 

3.3.1 Maternal Care 

To determine if opioid use during pregnancy produced suboptimal maternal care, we 

first determined whether maternal care fragmentation differed between POE and CON dams as 

reflected by mean bout length of each behavior. Our analysis identified significant interactions 

of treatment and session for nursing bout length (Ftreatment*session(9,83)=2.53, p=0.01; Figure 2a). 

Post-hoc analysis showed that the mean bout length for nursing was significantly shorter in POE 

dams compared to CON at P2 PM and P4 PM assessments when circulating levels of morphine 

were high. To assess for patterns when morphine was present or absent, we also grouped data 

by category: low levels of morphine (P2-P6 AM), high levels of morphine (P2-P6 PM), and no 

morphine (P8-P14). Overall, the average nursing bout length was shorter for POE than CON 

during morphine highs (PM) (Ftreatment*session(2,21)=5.57, p=0.01; Figure 2b). No differences were 

noted during low morphine (AM) or no morphine (P8-P14). Interestingly, CON rat mothers 

displayed significantly longer nursing bouts in the afternoon (when POE morphine levels were 

high) compared to P8-P14 (no morphine). Although mean licking/grooming bout length was 

longer in POE dams across the majority of timepoints examined, these differences were not 

significant (Figure 2c). Similarly, no significant differences were noted in bout length when data 

were grouped by morphine level (Figure 2d). Bouts of self-grooming behavior were significantly 

different in POE rats compared to CON (Ftreatment*session(9,88)=2.03, p=0.04; Figure 2e). No 

significant differences in self-grooming behavior were noted when data were grouped by 

morphine level (Figure 2f), although bout length for POE dams was consistently longer than 

CON. 
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There was no significant treatment effect for off-nest mean bout length (Figure 2g-h). 

Following morphine cessation at P8, POE dams displayed a trending increase (p=.07) in their 

off-nest bout length compared to CON. However, no significant interaction of treatment and 

session was observed (Figure 2g). No treatment effects were observed in nest building mean 

bout length (Figure 2i-j). 

We also assessed total time spent performing each behavior across the three morphine 

levels. There were significant treatment and session effects on total time spent nursing as well 

as a significant session x treatment interaction, with all dams nursing the most during morning 

sessions and POE dams nursing less than CON dams, especially in the morning when morphine 

levels were low (Fsession x treatment(2,22)=6.919, p=0.0047; Ftreatment(1,11)=5.388, p=0.0405; 

Fsession(2,22)=159.4, p<0.0001; Figure 3a). There was a significant effect of session but no 

treatment effect on licking/grooming pups (Fsession(1.160,12.76)=36.62, p<0.0001; Figure 3b). 

For self-grooming, there were significant main effects of session and treatment, with POE dams 

spending more time self-grooming than controls and both groups spending less time self-

grooming during afternoon sessions (when morphine levels were high for the POE dams) 

(Fsession(1.511,16.62)=13.48, p=0.0007; Ftreatment(1,11)=9.759, p=0.0097; Figure 3c). For time off-

nest and nest building, there were significant effects of session and no effect of treatment (Off 

Nest: Fsession(2,22)=19.57, p<0.0001; Ftreatment(1,11)=1.355, p=0.2690; Figure 3d; Nest Building: 

Fsession(1.038,11.42)=10.56, p=0.0070; Ftreatment(1,11)=1.504, p=0.2456; Figure 3e).  

To determine if overall attention to pups is altered by chronic morphine, we categorized 

measures of total time spent nursing, licking/grooming, and carrying of pups as “pup-directed 

behavior”. We observed that POE moms spent significantly less time focused on their pups 



86 
 

 

compared to CON (Ftreatment (1,11)=2.37, p<0.01; Figure 4a). This was particularly evident when 

morphine levels were high. Overall, across all sessions, the mean total percentage of time 

directed towards pups was 86.6% for CON versus 65.4% for POE, a 24.5% decrease. 

We next used paired behavioral pattern analysis to calculate an entropy, or 

unpredictability, score; this score reflects the likelihood of one behavior mode following 

another. POE dams were less predictable (higher entropy) when morphine was low and more 

predictable when morphine was high (Ftreatment*session(2,32)=3.96, p=0.03; Figure 4b-c). No 

significant differences were noted as a function of time for CON dams. Interestingly, POE dams 

were more unpredictable during morphine withdrawal (Low; AM) than they were following a 

morphine infusion (High; PM) or after morphine termination (None; P8-P14). This suggests that 

morphine abstinence/withdrawal in the morning leads to unpredictable behavior, while 

morphine “intoxication” in the afternoon mutes behavioral variability and increases 

predictability. 

3.3.2 Sucrose Preference 

Our maternal behavior analysis results suggest that POE dams display disrupted 

maternal care that varies in fragmentation and predictability. Disrupted maternal care has been 

previously associated with anhedonia or depressive-like behavior in the offspring. Thus, to 

assess anhedonia in our POE offspring, rats born to either CON or POE dams were tested for 

their preference for sucrose using two-bottle choice and stress reactivity using the forced swim 

test. 

No effect of sex was observed in sucrose preference, so data were combined. Compared 

to CON, POE rats showed a decreased preference for sucrose (Ftreatment(1,19)=6.24, p=0.02; 
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Figure 5a; 78.6% CON versus 71.4% POE, 9.2% decrease). POE and CON rats consumed similar 

amounts of sucrose during habituation, suggesting that preference was unrelated to caloric 

intake (Figure 5b). 

3.3.3 Acute Stress Reactivity 

Approximately two weeks following the sucrose preference test, adult POE and CON rats 

underwent the forced swim test (FST). We observed no significant effect of treatment on either 

time spent immobile or latency to immobility (Figure 6a-b). Blood corticosterone levels were 

determined at baseline, immediately after FST, and 30- and 75-min post-test. There was a 

significant interaction between treatment and sex (Ftreatment*sex(1,21)=4.73, p=0.04; Figure 6c). 

POE males exhibited higher plasma corticosterone levels immediately after and 30-min post-

FST compared to CON males (Ftreatment(1,28)=10.29, p<0.01). No effect of treatment was 

observed in females. Overall, FST-induced corticosterone release was higher in females than in 

males (Fsex(1,21)=65.44, p<0.01). 

3.3.4 Adult Social Interaction 

Our lab has previously reported reduced juvenile play in POE female rats (Harder et al., 

2023). Adult POE and CON rats were assessed for time spent socially interacting to determine if 

social aversion extends later into life. POE rats spent significantly less time interacting with cage 

mates compared to CON (Ftreatment(1,18)=9.27, p<0.01; 382s CON versus 341s POE, 10.7% 

decrease; Figure 7a). Females overall spent less time interacting with their cage mates than 

males (Fsex(1,18)=11.10, p<0.01; 380s Male versus 335s Female, 11.8% decrease). 
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Next, we examined Fos expression in a cohort of rats 90 min after the social interaction 

test. Positive cell counts were conducted in seven brain regions associated with social reward 

and aversion (Figure 7b). The number of Fos+ cells in an additional four regions averaged less 

than 10 and were excluded from our analysis: basolateral amygdala, central amygdala, lateral 

habenula, and medial habenula. Expression of Fos was significantly higher (86% increase) in the 

prelimbic cortex (PL) of POE rats compared to CON, but not in anterior cingulate (ACC) or 

infralimbic (IL) cortices (Ftreatment(1,11)=5.164, p=0.04; Figure 7c-e). The number of Fos+ cells was 

also 93% higher in the medial amygdala (MeA; p=0.04; Figure 7f). 

 Fos expression within the mesolimbic circuit was greater in POE rats than CON rats. 

Specifically, Fos expression was significantly higher in the NAc core (NAcC), NAc shell (NAcS), 

and VTA of POE rats compared to CON (NAcC: Ftreatment(1,12)=19.72, p<0.01; NAcS: 

Ftreatment(1,12)=30.18, p<0.01; VTA: Ftreatment(1,12)=13.57, p<0.01; Figure 7g-i).  

Dopaminergic signaling within the VTA is critical for encoding reward, while 

nondopaminergic signaling, from either GABAergic or glutamatergic interneurons, modulates 

dopamine activity to dampen reward encoding. Thus, we examined whether the observed Fos+ 

cells in the VTA were co-localized with the dopaminergic marker tyrosine hydroxylase (TH). 

Treatment has no significant effect on dopaminergic Fos+ cell counts in both POE and CON 

groups, with the majority of Fos+ cells negative for TH (Figure 7j). 

3.4 Discussion 

The present study aimed to determine the effects of perinatal morphine on maternal 

care and anhedonia in the offspring. POE dams displayed longer bouts of pup- and self-

grooming prior to morphine infusions, which may indicate morphine withdrawal. In the present 
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study, the dosage of morphine was gradually decreased over roughly 10 days surrounding birth 

to minimize severe spontaneous withdrawal in both dams and pups. Consistent with this, POE 

dams did not display overt signs of withdrawal, such as wet dog shakes or teeth chattering. At 

P8, the first full day without morphine, longer bouts of self- and pup-grooming were observed 

in POE dams. Increased grooming is indicative of withdrawal and is suspected to be a 

compulsive coping mechanism for abstinence-induced stress or anxiety (Goeldner et al., 2011; 

Kalueff & Tuohimaa, 2005; Lalanne et al., 2017; Lutz & Kieffer, 2013; Schulteis et al., 1994). POE 

dams also had longer off-nest bouts at P8. As with increases in grooming at this timepoint, this 

measure could reflect social avoidance previously reported to accompany rodent opioid 

withdrawal (Ozdemir et al., 2024). Together, these data suggest that our POE dams did 

experience withdrawal, which would induce additional stress for both the dam and her 

offspring. 

Overall, our results indicate that gestational opioid exposure induces suboptimal 

maternal care as POE dams exhibited shorter average bouts of nursing, particularly following 

morphine administration. These results are consistent with our previous study reporting 

decreased time spent nursing and increased time licking/grooming pups in POE litters, 

particularly after the dam receives morphine (Harder et al., 2023). Interestingly, control dams 

exhibited longer bouts of nursing during P2-P6 afternoon “high morphine” observations than 

P8-P14 midday observations. This may be explained by decreases in nursing bout length that 

occurs in the five days after birth; however, hour-to-hour circadian variation in nursing bout 

length has not been studied (Lapp et al., 2023). Nursing behavior is necessary for offspring, 

providing both nutritive value and maintenance of body temperature, thus avoiding 
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hypothermia associated with morphine withdrawal (Belknap, 1989; Eriksson & Rönnbäck, 

1989). Clinically, both breastfeeding and skin-to-skin contact, even during ongoing opioid 

maintenance therapy, improves infant health and reduces the need for direct pharmacological 

treatment in newborns (Abdel-Latif et al., 2006; Atwood et al., 2016; Demirci et al., 2015; 

Holmes et al., 2016; Kocherlakota, 2014; MacMillan et al., 2018; Patrick et al., 2016; Pritham, 

2013; Short et al., 2016; Welle-Strand et al., 2013). Thus, our observation of fragmented 

maternal care by POE dams, vital for pup survival, is of particular concern for the long-term 

outcomes of POE offspring. 

Compared to CON dams, POE dams varied in the predictability of their maternal 

behavior, such that morning care (prior to morphine) was less predictable than afternoon care 

(following morphine). The unpredictability leading up to the morphine infusion may signal 

reward anticipation or withdrawal; in contrast, the increased predictability of maternal care can 

be explained by a significant reduction in the different types of behaviors displayed during high 

levels of morphine. Indeed, during sessions of high morphine levels, POE dams spent 

significantly less time performing actions that were directed towards pups and more time self-

grooming or off-nest. Additionally, the notably broader range in unpredictability scores of the 

POE dams across all morphine levels (ranging from 0.2 to 1.6 compared to 0.9 to 1.3 for CON) 

highlights the variability of morphine-exposed dams. This high level of variability would disrupt 

the pups’ ability to predict maternal care across the first postnatal week and likely hinder 

reward processing later in life (Novick et al., 2018). 

Unpredictable and fragmented maternal care produces postpartum stress that is 

associated with increased depression, anxiety, and anhedonia in the offspring at both clinical 
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and preclinical levels (Bolton et al., 2018, 2018; Coplan et al., 1996; Levis et al., 2022; Spadoni 

et al., 2022). In rodents, this is characterized by reduced engagement with rewarding stimuli. 

For example, suboptimal care induced by resource scarcity reduces socialization and sucrose 

preference in Sprague Dawley rats (Bolton et al., 2018; Molet et al., 2016). Here, we report 

adolescent POE rats have reduced preference for sucrose and spend less time socially 

interacting with cage mates in adulthood. These results and our previous findings of reduced 

juvenile play suggest POE may promote anhedonia in the offspring (Harder et al., 2023). These 

behavioral changes likely result from a combination of indirect drug exposure (through the 

placenta and postnatal milk) and receipt of suboptimal maternal care. 

 In the present study, POE males had higher levels of CORT following the FST, consistent 

with previous data reporting increased corticosterone release during stress response to 

lipopolysaccharide in males but not females following prenatal opiate exposure (K. L. Hamilton 

et al., 2005). Interestingly, despite this sex-specific physiological response to the acute stressor, 

we found no treatment differences in behavioral response to the FST. Previously in our lab, we 

have reported a male-specific reduction of corticosterone release following adult FST when a 

single dose of morphine was given on the day of birth, indicating that chronic versus acute 

morphine exposure in early life may have opposing effects on stress reactivity (Victoria et al., 

2014). Furthermore, the literature regarding the impact of gestational opioid exposure on FST 

performance seems to highlight the importance of testing age in the consistency of results. For 

example, Ahmadalipour & Rashidy-Pour (2015) reported prenatal morphine exposure did not 

impact FST performance at P46, while Chen et al. (2022) reported prenatal morphine exposure 

in females decreased immobility in the FST at P32 yet increased immobility at P54. Thus, 
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additional FST at multiple timepoints may better elucidate the impact of our POE model on 

acute stress reactivity across the lifespan. 

 Gestational morphine resulted in reduced social interaction in adults in the current 

study, consistent with our previous report of reduced social play behavior in adolescent POE 

females and reduced time spent together in POE males and females (Harder et al., 2023). In line 

with our findings, low sociability and social avoidance have been reported in rodents following 

chronic opioid use in adulthood (Goeldner et al., 2011; Lalanne et al., 2017; Lutz & Kieffer, 

2013). However, contrary to our findings, Hol et al. (1996) showed that social play, grooming, 

and approach behaviors were increased in adolescent and adult rats with prenatal morphine 

exposure. Notably, the opposing directionality in sociability following early life morphine 

exposure is likely due to inconsistent dosing timelines, which has contributed to many other 

experimental outcome discrepancies in the field, particularly regarding reward behavior 

(Grecco & Atwood, 2020). More specifically, previous studies examining the long-term impact 

of gestational morphine exposure on social play typically administered daily injections of 

morphine within a truncated period, typically E8-21, or utilized extended dosing regimens that 

extended until weaning (Buisman-Pijlman et al., 2009; Hol et al., 1996). 

In humans, exposure to opioids in utero reduces socialization, coinciding with cognitive 

deficits and increased anxiety that augment social disorders (Azuine et al., 2019; Larson et al., 

2019). Gestational exposure to morphine also reduces social competency scores in infancy and 

early childhood, increasing the risk of developing ADHD and autism spectrum disorder (Hunt et 

al., 2008; Sandtorv et al., 2018). Social response in rodents has been altered via 

pharmacological manipulation of MOR or dopaminergic neurotransmission, highlighting the 
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roles of these systems in social behavior (Beatty & Costello, 1982; Niesink & Van Ree, 1989; 

Trezza & Vanderschuren, 2008, 2009). Opioidergic and dopaminergic brain regions implicated in 

social reward show elevated Fos expression following social testing; aberrant functional 

connectivity in rats that received poor maternal care and early life stress has also been reported 

(Bolton et al., 2018; Gómez-Gómez et al., 2019; Mejía-Chávez et al., 2021). We found 

significantly elevated Fos expression in the VTA and NAc in POE rats compared to CON, 

especially females, the majority of which was nondopaminergic. While aversive stimuli can 

trigger dopaminergic signaling as an associative learning response, nondopaminergic VTA 

signaling promotes feelings of anxiety and underlies defensive behavior (Barbano et al., 2020; 

Cohen et al., 2012; Tan et al., 2012; Zhou et al., 2019). Together with our data, this suggests 

that POE decreases sociability in a familiar setting during adulthood and increases 

nondopaminergic activity in the mesolimbic pathway that typically contributes to aversion. 

Reduced responses to natural rewards, such as social interaction and sucrose, are a 

hallmark of anhedonic behavior and are often accompanied by changes in opioidergic or 

dopaminergic signaling (Der-Avakian & Markou, 2012; Kringelbach & Berridge, 2016; Nestler & 

Carlezon, 2006). Previous studies have reported activation of the μ-opioid receptor (MOR) in 

the habenula suppresses depression-like behavior. Specifically, Park et al. (2024) found that 

DAMGO activation of MOR attenuated aversion and decreased immobility in the forced swim 

test following acute traumatic stress in rats. Similarly, Bailly et al. (2023) reported that optical 

stimulation of MOR+ habenular neurons increased both avoidance behavior and immobility in 

the tail suspension task. These findings, along with our previous report of reduced MOR in the 

MHb of POE rats, suggest that perinatal morphine reduces MOR-mediated inhibition of 
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habenula neurons, thus facilitating depressive-like behavior (Searles et al., 2023). This lack of 

opioid inhibition and currently reported nondopaminergic VTA activation following social 

interaction identify two independent cellular pathways through which POE-induced alterations 

in neural signaling promote an anhedonic phenotype. 

In summary, we demonstrate that perinatal morphine, which is known to alter 

preference and motivation for drugs of reward, produces a decreased preference for both 

sucrose solution and social stimulation. We also show that, in males, POE generates 

hypothalamic-pituitary-axis hyperactivity during acute stress. These results highlight underlying 

depression-like symptoms that are produced by the physical and psychological stress of drug 

exposure in both rodent models and clinical populations. Further, we show that morphine 

exposure across pregnancy generates fragmentation and inconsistency in maternal care that 

has been demonstrated in other models of early life adversity to contribute to anhedonia. 

While not directly measured, we believe the changes in maternal care induced by morphine 

also contribute to our previously reported changes in alcohol consumption. Future studies will 

aim to directly manipulate maternal care through cross-fostering and elucidate the extent to 

which the observed anhedonic profile of POE offspring is driven by suboptimal maternal care. 

Additionally, future analysis correlating offspring measures with the severity of maternal care 

deficits can further delineate the influence of drug use and rearing conditions on offspring 

outcomes. 
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Figure 3.1 At P60, female Sprague Dawley rats are implanted with subcutaneous pumps 
to deliver morphine (or saline) prior to breeding through postnatal day 7 (P7). Maternal 
behavior was monitored at P2, P4, and P6 twice daily (before and after a scheduled infusion of 
morphine). Following morphine termination at P7, maternal behavior was observed once a day 
on P8, P10, P12, and P14. In adolescence, POE and CON rats were assessed for anhedonic 
behavior using sucrose preference test. Adult POE and CON rats were assessed for stress 
reactivity using FST and social behavior using social interaction test. Created with Biorender. 
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Figure 3.2 Maternal behavior was assessed for differences in bout length and 
unpredictability. Specifically, we measured nursing (a-b), licking/grooming of pups (c-d), self-
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grooming (e-f), off-nest time (g-h), and nest building (i-j). Red arrows indicate when dams 
received a bolus of morphine. *Significant difference: Nursing (CON vs POE P2 PM and P4 PM; 
CON vs POE high morphine level; CON high vs none), Licking/Grooming (CON vs POE P6 PM and 
P8), Self-Grooming (CON vs POE P8); #Statistical trend (p<0.08): Off-Nest (CON vs POE P8; POE 
high vs none). Graphs indicate mean ± SEM. 
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Figure 3.3 Total time dams spent in each behavioral state was analyzed across morphine 
levels for nursing (a), licking/grooming of pups (b), self-grooming (c), off nest (d), and nest 
building (e). *Significant difference: Total Time Nursing (CON vs POE low morphine levels), Total 
Time Self-Grooming (CON vs POE low and high morphine levels). Graphs indicate mean ± SEM. 
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Figure 3.4 POE dams spent less time performing pup-directed behaviors (nursing, 
licking/grooming, carrying) compared to CON (a). POE dams also exhibited increased entropy, or 
unpredictable behavioral patterns, when circulating morphine levels were low, and decreased 
entropy when morphine levels were high (b-c). Red arrows indicate when dams received a bolus 
of morphine. *Significant difference: %Pup-directed behavior (CON vs POE); Unpredictability 
(CON vs POE low and high morphine levels). Graphs indicate mean ± SEM. 
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Figure 3.5 Adolescent offspring were measured for sucrose preference using two-bottle 
choice for 1% sucrose solution vs water. POE rats exhibited a significant decrease in their 
sucrose preference compared to CON during testing (a). This result was not due to differences in 
sucrose consumption during reward habituation (b). *Significant difference between POE vs 
CON sucrose preference. Graphs indicate mean ± SEM. 
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Figure 3.6 Adult POE and CON performance in the forced swim test (FST). Depression-like 
behavior, as measured by time spent immobile and latency to immobility, was similar between 
treatment groups (a-b). HPA reactivity, as measured by plasma corticosterone levels across four 
key timepoints relative to the test, indicated that POE males had an increased stress response to 
FST, specifically immediately following and at peak (30-min post-test) measures. Female rats 
exhibited similar corticosterone levels across FST (c). *Significant differences between CON vs 
POE stress corticosterone and CON vs POE peak corticosterone. Graphs indicate mean ± SEM. 
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Figure 3.7 Adult POE and CON rats were tested for social interaction time as a measure 

of anhedonic behavior. Dual-housed rats were isolated for 24 hours and then reunited with cage 
mates. POE rats significantly reduce their social interaction time compared to CON rats. Female 
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rats also spent less time with their cage mates overall (a). Rats were sacrificed 30-min post-test 
to determine cellular activity levels in brain regions governing social reward and aversion (b). 
Post-social interaction Fos expression was unchanged in the anterior cingulate cortex (ACC; c), 
increased in the prelimbic cortex (PL; d), unchanged in the infralimbic cortex (IL; e), and 
increased in the medial amygdala (MeA; f) in POE rats. POE sex-specifically increased Fos+ cell 
counts in nucleus accumbens core and shell, as well as ventral tegmental area (NAcC, NAcS, 
VTA; g-i). Percentage of Fos+ cells in the VTA that were nondopaminergic was comparable 
across groups (j). *Significant differences: Social Interaction Time (CON vs POE; males vs 
females); PL Fos (CON vs POE); MeA Fos (CON vs POE); NAcC Fos (POE females vs all other 
groups), NAcS Fos (CON males vs POE males; CON females vs POE females), VTA Fos (POE 
females vs all other groups). Graphs indicate mean ± SEM. 
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4 DISCUSSION 

4.1 Summary: Perinatal exposure to morphine leads to long-term changes in reward-

directed behaviors 

It is clear that despite widespread use of opioid therapy strategies, pregnant women 

with an opioid use disorder and their exposed offspring are subject to a spectrum of negative 

outcomes. For newborns, these outcomes pose risks well into adulthood that contribute to 

disordered social behavior and increased propensity for drug use. Multigenerational drug use is 

indeed present in both humans and controllable animal models, where factors of drug access, 

rearing behavior, at-home stress, and multidrug use can be independently examined. To 

appropriately address the neurodevelopmental impact of perinatal opioids on future reward 

behavior, preclinical investigations must recontextualize these seemingly confounding variables 

as unavoidable components of NOWS diagnoses. In doing so, we aim to examine their 

contributions to reward from a broader perspective. Clinical studies confirm that attempting to 

isolate perinatal drug exposure through adoption does not rescue the enduring impact of 

NOWS. Instead, the medical community encourages increasing the nurturing aspects of 

motherhood following childbirth to improve infant outcomes. It is believed that suboptimal 

maternal care produced by the stress of maternal opioid use directly contributes to the 

developmental trajectory of NOWS patients. 

 Data presented in Chapters 2 and 3 demonstrate that POE alters reward behaviors 

towards both drugs (alcohol) and naturally rewarding stimuli (sucrose, social interaction). POE 

increased preference for alcohol in males and noncontingent, or free, intake in females. 

Interestingly, POE rats later consistently displayed decreases in self-administration during 



105 
 

 

operant conditioning, where learned behavior was required to earn rewards. This attenuation 

in alcohol reward was not due to a diminished ability to learn the task. Next, we found that 

both preference and intake of sucrose under similar exposure conditions (free access, fixed 

ratio schedules) were reduced by POE. This study is the first to uncover perinatal opioid-

induced changes in alcohol or sucrose consumption in rats. 

POE rats that displayed a reduced preference for sucrose during adolescence also spent 

less time socially interacting with cagemates as adults. This outlines a lifelong blunted response 

to naturally rewarding stimuli in POE rats. Our lab previously reported that POE rats reduce 

socially rewarding play behavior across adolescence (ages P25-45; Harder et al., 2023); 

therefore, reductions in social behavior are present at multiple life stages. During adult social 

interactions, nondopaminergic mesolimbic brain activity was increased in POE rats, as shown by 

Fos expression, pinpointing brain regions contribution to their social avoidance. 

In humans, early life opioid exposure consistently leads to an increased risk of 

depression, stress, and/or anxiety disorders. This includes hyperreactivity to acute stress and 

increased emotional disturbance. POE-related changes in rodents have been thoroughly studied 

with mixed results. Differences in anxiolytic vs anxiogenic responses to stressful stimuli are 

often sex and age-dependent, and findings are inconsistent across multiple studies. We found 

that male POE rats displayed elevated HPA response to forced swim stress. Other studies have 

shown similar changes in corticosterone release in POE rats faced with an immunological 

challenge (lipopolysaccharide, LPS) in adulthood (K. L. Hamilton et al., 2005). Hyperreactivity of 

the HPA axis is a biomarker for depression; thus, the simultaneous presentation of reduced 

engagement with naturally rewarding stimuli and elevated acute stress response supports our 
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overall characterization of an anhedonic phenotype in these rats wherein their ability to 

experience pleasure normally is diminished (Stetler & Miller, 2011). 

It is well-established that responses to these reward stimuli are influenced by MOR 

signaling. Several methods of modeling perinatal opioid exposure in rodents show that chronic 

exposure to exogenous opioids during early development will permanently change MOR 

expression or function, leading to differences in sensitivity to rewarding and aversive stimuli. 

Indeed, our POE rats exhibited reduced MOR expression during adolescence in the medial 

habenula, demonstrating a lasting effect of POE in a region associated with reward/aversion 

processing. 

Our POE paradigm improves on previous approaches to modeling human use of drugs 

across pregnancy, where exposure is typically not continuous throughout gestation. Clinical 

practices and post-birth diagnoses are designed around continuous opioid use throughout the 

natal period, which our model recapitulates. In addition, by not implementing cross-fostering, 

we were able to analyze maternal behaviors during and after a period of opioid use. We found 

that rat dams undergoing morphine exposure showed reduced care for their pups and 

increased grooming behaviors, potentially as a display of stress coping. Fragmentation in 

nursing bouts and altered predictability in care patterns disrupt offspring’s earliest 

opportunities to hone prediction error. This outcome alone has been shown to generate 

anhedonic behaviors in rodents (Kangas et al., 2022; Molet et al., 2016; Spadoni et al., 2022). 

Potential changes in these aspects of maternal care have not been previously analyzed in POE 

rodent models. 
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4.2 Perinatal exposure to morphine alters alcohol reward 

Manipulation of opioidergic systems can either promote or diminish alcohol 

consumption. In fact, one of the few clinically-approved medications for treating alcohol use is 

naltrexone, a µ-opioid receptor antagonist. POE, across several rodent-based paradigms, 

consistently alters MOR density in brain regions associated with drinking behavior. Despite this, 

only one study, published during the time of the present work, has addressed the potential 

impact of POE in rodents on alcohol consumption. In that study, female mice receiving daily 

injections of methadone from E0 to P28 increased their intake and locomotor sensitization to 

alcohol while males displayed decreased conditioned place preference (CPP) (Grecco, Haggerty, 

et al., 2022).  

 In the present study, male POE rats increased their CPP for alcohol, indicating an 

increased sensitivity to alcohol reward. Within the CPP arena, POE males significantly increased 

their chamber shuttling from pre- to post-conditioning. Self-administration of alcohol during 

the conditioning phase may have led to increases in this behavior, with POE rats actively 

seeking alcohol reward. This result is consistent with Grecco et al. (2022) who reported that 

perinatal methadone increases alcohol-induced locomotion during conditioning sessions in 

mice. Room switching was higher for our POE rats compared to controls, regardless of 

demonstrated alcohol preference. Similar two-chamber shuttling has been reported in ADHD-

like spontaneous hypertensive rats (SHRs), a rodent model for attention-deficit hyperactive 

disorder (ADHD) (Watterson et al., 2015). This behavior is dose-dependently reduced with 

Ritalin, a clinical treatment for ADHD (Wultz et al., 1990). Our observed increases in room 

shuttling, suggestive of ADHD, is consistent with previous studies reporting that individuals with 
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prenatal opioid exposure or NOWS diagnosis are more likely to develop ADHD in early 

childhood or adolescence (Azuine et al., 2019; de Cubas & Field, 1993; Nygaard et al., 2020; 

Sandtorv et al., 2018; Sherman et al., 2019; Vidal et al., 2012). The use of black and white 

bedding materials prevented accurate measurement of locomotor behavior with automated 

tracking software. In the present study, locomotor behavior could not be reliably recorded. 

Future studies will be necessary to determine if POE induced hyperlocomotion during alcohol-

seeking and alcohol-drinking conditions. 

For POE males, alcohol intake during intermittent free access was not different from 

control males but was comparatively decreased during operant conditioning. Unlike other drugs 

of abuse, rats are likely to titrate their alcohol responses to avoid the aversive properties of 

intoxication, reaching a level of satiety within a short period of time. POE males experiencing 

enhanced rewarding effects of alcohol may reach satiety sooner, and therefore, reduce their 

consumption. Routine sampling of blood alcohol levels in future studies will determine if 

potential changes in alcohol metabolism influence intake. Alternatively, leptin signaling, which 

has a dampening effect on reward and promotes satiety, could be measured in POE rats. 

Leptin’s relationship with alcohol, specifically, is unclear, but NOWS patients exhibit higher 

levels of the leptin receptor gene, LEPR, which may contribute to altered feeding behavior 

(Bach et al., 2021; Yen et al., 2019). 

For females, POE did not affect alcohol CPP. Interestingly, their alcohol intake during 

free access was increased compared to controls; during operant conditioning, alcohol intake 

decreased, similar to POE males. While these results would appear contradictory, it has been 

previously reported that instrumental responding specifically can be impaired by chronic stress, 
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which we hypothesize is a primary feature of our POE model. Similarly, rodent models of 

chronic social defeat and restraint stress also reduce operant responding (Bergamini et al., 

2016; Xu et al., 2017). Conversely, chronic isolation or restraint stress increases alcohol CPP and 

noncontingent consumption in mice (J.-S. Lee et al., 2021); these increases coincide with 

exacerbated anxiety and depression-like behaviors. 

It has also been reported that rats may alter their intake of alcohol depending on the 

effort requirements of an experimental design. In a study comparing selectively-bred male rat 

strains, only alcohol-preferring Wistar rats (P rats) outperformed other strains across multiple 

operant reward requirement ratios (1, 2, 4, 8, 16, 32) (Ritz et al., 1994). “High alcohol drinking”, 

or HAD, rats, genetically selected for their high alcohol consumption during noncontingent 

scenarios, did not differ from non-preferring (NP) rats during operant testing. NP rats also 

displayed higher breakpoints for alcohol than HAD rats. Similarly, ALKO Alcohol Accepting (AA) 

rats bred for their high alcohol consumption during two-bottle choice consumed less alcohol 

(8%) than control Sprague Dawley rats at multiple fixed operant ratios (Ritz et al., 1989). 

Together, these studies suggest that alcohol preference is not always a predictor of 

reinforcement in rats. 

POE may provide tolerance to the inherent aversive properties of oral alcohol 

administration, specifically during the acquisition period (noncontingent free access or CPP 

conditioning). For POE females, aversion-resistance manifests as increased alcohol 

consumption. For POE males, CPP increases. Future studies should assess for aversion-resistant 

drinking in our rats, as it is reported that perinatal methadone exposure in male mice increases 

quinine-adulterated alcohol drinking (Grecco, Haggerty, et al., 2022). Generally, rats, including 
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Sprague Dawleys, require several weeks of intermittent or 24-hour alcohol access to reach 

chronic, stable “maintenance” intake (Cuitavi et al., 2021; Quintanilla et al., 2012, 2016). Our 

rats do not stabilize their consumption until reaching operant conditioning. Unlike other 

studies, we did not employ noncontingent intermittent access or two-bottle choice for several 

weeks to dramatically escalate daily intake. Therefore, we may have missed the opportunity to 

demonstrate potential for tolerance in our POE and control rats, where increasing amounts of 

alcohol would be necessary to reach the same level of satiety. 

POE and control rats were tested for relapse potential using forced abstinence, a 

protocol designed to mimic the human experience of voluntary or mandated abstinence from 

alcohol (Martin-Fardon & Weiss, 2013; Reichel & Bevins, 2009). Following abstinence, we 

measured the consumption of alcohol after successively increasing periods of no access without 

using cue or context extinction. Expected increases in drinking are based on the alcohol 

deprivation effect (ADE) that can be produced with repeated periods of forced abstinence. 

Abstinence can span hours to weeks and reliably increase alcohol intake (A. Lê & Shaham, 2002; 

Sinclair & Li, 1989) It is also proposed that ADE-like effects will drive increased saccharin intake 

(Sinclair & Bender, 1978; Sinclair & Li, 1989). 

Unlike controls, male and female POE rats consistently consumed more alcohol after 

one and two weeks of abstinence. This was relative to their stabilized FR3 intake. POE females 

also progressively increased this relapsed consumption across one-day, one-week, and two-

week periods, suggesting that relapse susceptibility may be abstinence duration-dependent. 

Stress or anxiety produced by drug abstinence exacerbates relapse potential, driving individuals 

to alleviate negative emotional states given the opportunity (G. F. Koob & Volkow, 2010; 
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Solomon & Corbit, 1974). Protracted alcohol abstinence is in part driven by alterations in 

corticotropin-releasing factor (CRF) systems and accompanied by elevated anxiety-like 

behaviors (Valdez et al., 2002). Early life adversity and stressful life experiences are strongly 

associated with relapse and alcohol use in humans, especially women, but their effects in rats 

remain unclear (Simpson & Miller, 2002; Van Dam et al., 2014). Stress history in rats does not 

disproportionately affect female rat alcohol intake post-abstinence (Carvalho et al., 2022; 

Moench & Logrip, 2021). Timing of adverse experiences relative to glucocorticoid system 

development in males and females may underlie sex differences in relapse potential. For 

example, sex differences in vulnerability to stressful experiences are associated with 

testosterone levels during HPA axis development (Schwarz et al., 2012). However, stress in 

adulthood (following HPA axis development) can also sex-specifically alter glucocorticoid 

sensitivity and relapse for alcohol (Logrip & Gainey, 2020). The implications of early life stress 

will be discussed later in this chapter, but the direct impact of suboptimal maternal care in our 

POE rats should, in the future, be examined for its association with changes in relapse-related 

intake of alcohol. 

Clinical treatment of alcohol relapse and dependence with naltrexone and nalmefene, 

both MOR antagonists, warrants exploration in the context of early life opioid exposure (Niciu & 

Arias, 2013). Acute naltrexone has been shown to be more effective in individuals who exhibit 

high-risk characteristics, such as family history of drug use (King et al., 1997). High-risk 

individuals also present diminished basal opioid activity and central opioid pathways that are 

more sensitive to ethanol (Gianoulakis, 1998). 
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4.3 Perinatal exposure to morphine alters sucrose reward 

Previous studies examining the impact of gestational opioid exposure on consumption 

of sweetened solutions are contradictory. For example, daily injections of morphine during mid-

gestation (E11-18) did not affect sucrose intake in adult male or female Sprague Dawley rats 

during operant conditioning (Riley & Vathy, 2006; I. Vathy et al., 2007). Decreased preference 

to 32% sucrose was reported in adolescent rats exposed to morphine during mid-to-late 

gestation (E11-P0) and naloxone-precipitated withdrawal (Torabi et al., 2017). However, this 

study is challenging to interpret, as precipitated withdrawal may exaggerate biological 

outcomes and high-dose sucrose is a poor tool for measuring hedonic value. In contrast, Gagin 

et al. (1996) reports that mid-gestation morphine increases saccharin preference in adult male 

and female Fischer rats. The dearth of studies investigating these naturally rewarding 

sweeteners is surprising considering that endogenous opioid systems are well-established 

contributors to both homeostatic and hedonic values of food stimuli in both humans and 

rodents (Berridge, 2000; Bertino et al., 1991, 1991; D. C. Castro & Berridge, 2014). Agonism and 

antagonism of MOR signaling produce increases and decreases, respectively, in feeding and 

positive affective reactions to sucrose (Berridge, 2000; Cleary et al., 1996; Eikemo et al., 2016; I. 

Morales et al., 2020; Papaleo et al., 2007). 

To our knowledge, we are the first lab to extensively study the impact of POE on sucrose 

reward. In doing so, we report that changes in reward behaviors towards drugs of abuse 

(alcohol) are not distinct from naturally rewarding stimuli. Similar to our alcohol experiments, 

adolescent POE rats consumed less sucrose than controls during operant conditioning sessions. 

For alcohol, we suspect that decreased consumption may be related to differences in reward 
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efficacy, wherein increased reward value would drive POE rats to consume less and reach 

satiety sooner. Sucrose intake is a strong predictor of alcohol intake in both rats and humans 

(Eiler et al., 2005; Kampov-Polevoy et al., 1999; A. D. Lê et al., 2006). Alternatively, POE rats 

may be less motivated to consume alcohol than controls, but this outcome is not supported by 

similar breakpoint measurements between treatment groups.  

Reduced operant responding may also represent an anhedonic state, in which rodents 

are less motivated to perform or have difficulty learning instrumental tasks (Der-Avakian & 

Markou, 2012; Xu et al., 2017). Indeed, during sucrose lever press training, POE rats were 

statistically less accurate than controls. This difference was not observed in alcohol operant 

training but may still represent changes in reward learning. In humans, NOWS is strongly 

associated with depression, cognitive disorders, and even delays in motor coordination 

development (Nygaard et al., 2020; Ornoy et al., 2010; Sherman et al., 2019). These outcomes, 

together with increased risk for ADHD, may contribute to differences in school performance for 

NOWS children and, here, in learned task performance (Fill et al., 2018; Nygaard et al., 2016; 

Oei et al., 2017; Rees et al., 2020). In rats, POE can produce memory impairments in association 

with spatial learning, novel object recognition, and avoidance retention (Ahmadalipour et al., 

2018; Gamble et al., 2022; Nasiraei-Moghadam et al., 2013). Sucrose lever press accuracy in our 

POE rats was different from controls after training, but future experiments testing for lever 

choice reversal or extinction may be useful in addressing the impact of POE on instrumental 

learning. 

POE also induced an upward trend in relapsed sucrose intake in both males and females 

compared to controls. This was true after both one and two weeks of abstinence. Therefore, 
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week-long breaks in regular reward access appear to elicit POE-induced differences in both 

alcohol and sucrose. We did not directly measure physiological withdrawal from alcohol or 

sucrose in our rats, but these negative affect phases of the relapse cycle are related to 

increased basal ACTH, plasma corticosterone, and ventral tegmental or amygdalar CRF (Grieder 

et al., 2014; G. Koob & Kreek, 2007). These measurements should be recorded in future studies 

during abstinence periods to determine the impact of stress on augmented relapse. 

As mentioned earlier, disrupted operant responding (FR1/FR3) towards both alcohol and 

sucrose suggests an anhedonic phenotype in our POE rats. To characterize this, we broadened 

our studies to include depression-like behavior analysis. First, we observed reduced sucrose 

preference in both male and female adolescent POE rats. To our knowledge, this is the first 

report of POE-induced changes in two-bottle choice (2BC) preference test using noncaloric (1%) 

sucrose. Sucrose lacks inherent aversion; therefore, reduced preference during sucrose 2BC 

suggests an attenuated ability to feel pleasure. This is consistent with previous studies showing 

that low sucrose preference is a hallmark of anhedonic profiles in rodents. 

Caloric or sweetening additives in our jello shots may have contributed to changes in 

alcohol intake in our POE rats. By design, jello shot mixtures are intended to increase the 

palatability of alcohol for rodents. In our initial CPP pilot studies using intraperitoneal injection 

of alcohol, we found consistent aversion to alcohol in all groups. This did not occur when rats 

orally self-administered the jello shot mix. Given changes in intake and preference of sucrose at 

caloric and hedonic concentrations, respectively, it remains possible that sweetening additives 

to alcohol jello shots affected our results. A considerably longer intermittent alcohol protocol 

would be needed to replace the advantages of jello shot vehicle and still overcome alcohol’s 
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taste aversion. We believe this barrier to throughput has prevented other researchers from 

tackling POE’s effects on alcohol in rats. However, the elimination of palatable additives may 

delineate differences in preference for alcohol and sucrose in POE rats. When primed with 

morphine (2.5mg/kg), Sprague Dawley rats are preferentially motivated to consume sweetened 

ethanol (6%) over water, but not water sweetened with sucrose (5%) (Stromberg et al., 1997). 

This suggests that opioid signaling may have a disproportionate impact on sucrose over alcohol. 

How morphine withdrawal or history of morphine use would impact this test is unclear. 

4.4 Anhedonia phenotype characterized by increased acute stress response and reduced 

social engagement 

NOWS patients are more likely to exhibit depression, anxiety, or emotional disorders, 

which may contribute to future drug misuse (Azuine et al., 2019; de Cubas & Field, 1993; Hall et 

al., 2019; G. Koob & Kreek, 2007; Ornoy et al., 2010; Sherman et al., 2019; Vidal et al., 2012). 

Comorbidity of depression-like behavior and increased drug intake has been reported in rats 

exposed to prenatal morphine (Y. Chen, Du, et al., 2022). Our results showing reduced sucrose 

preference in male and female POE rats suggest that our gestation-spanning protocol produces 

anhedonia. To further assess if our POE model induced an anhedonic phenotype, adolescent 

rats tested for sucrose preference were later tested for sociality using the social interaction 

test. They were also tested for depression-like behavior using the forced swim test (FST). In a 

subgroup of rats, we measured blood corticosterone (CORT) at four timepoints during the test 

to capture the inverted-U of its release. 

We found differences in either latency to immobility or time spent immobile between 

treatment groups, suggesting that POE did not induce a depressive-like state. However, FST did 
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significantly elevate CORT levels in POE males immediately following the test and again at 

30min post-swim (peak) compared to controls. This suggests that morphine administration 

across gestation induces HPA hyperreactivity to acute stress. No treatment differences were 

observed in CORT levels at baseline or following recovery (60 min post-swim). 

Evidence on the impact of perinatal morphine on CORT and stress reactivity is mixed. 

Prenatal morphine injections (E11-E18) did not impact CORT release in adult rats exposed to 

either ether or restraint stress (Laborie et al., 2005; Rimanóczy et al., 2003; Slamberová et al., 

2004). In contrast, prenatal exposure to the long-acting opioid, l-alpha-acetylmethadol (LAAM), 

decreased CORT response to immunological challenge (LPS) at P18 but increased CORT levels in 

adults under the same conditions (K. L. Hamilton et al., 2005). Age-specific changes in FST-

evoked immobility have also been reported in POE rat with decreases at P32 and increases at 

P54 in females with no change in males (Y. Chen, Du, et al., 2022). This study also reported 

anxiolytic effects of POE in both adolescence and adulthood during open field (OFT) and 

elevated plus maze (EPM) tests. Other studies report that prenatal buprenorphine/methadone 

(E3-E20) or perinatal fentanyl exposure (E0-P21) increase anxiety-like behaviors during OFT and 

EPM (Alipio, Haga, et al., 2021; H.-H. Chen et al., 2015). Perinatal fentanyl also reduced sucrose 

splash test grooming, a sign of negative affect, in adolescent females. These conflicting results 

are likely due to differences in the opioid administration paradigm used, including gestational 

age at onset, type of opioid administered, and age of behavioral testing. Clinical data report 

more consistent findings, with NOWS diagnosis leading to increased risk for stress-related 

disorders and increased acute stress reactivity in NOWS patients aged 1-5 (Sherman et al., 

2019). Increased salivary cortisol has also been reported in NOWS infants (Rodriguez et al., 
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2020). The mechanism(s) whereby NOWS impacts HPA axis-regulated stress responses later in 

life remains unclear. 

In our previous study, we found that POE reduces juvenile social play in females and 

increases time not in contact in both sexes (Harder et al., 2023). Adolescent POE males and 

females also exhibited fewer nape attacks and pins during play. As adults, Sprague Dawley rats 

rarely show nape attacks or pining behaviors with cagemates; therefore, we focused our 

analysis on social interaction. Following 24 hrs of isolation, rats were assessed for time spent 

interacting with their cagemate (sniffing, chasing, grooming, and playing); time not in contact 

served as an inverse measure. Here we report that our POE rats spent significantly less time 

socially interacting with cagemates, preferring to spend time alone (not in contact). In our 

earlier study, we found that changes in adolescent play time were associated with differences 

in oxytocin (OT) expression (Harder et al., 2023). Altered OT signaling is associated with social 

deficits in patients with autism spectrum disorder and ADHD, both of which are more common 

in individuals born with NOWS (Levi-Shachar et al., 2020; Sandtorv et al., 2018; Zhang et al., 

2017). Social disorders are also more likely in children and teenagers born with NOWS, with 

deficits in social maturity detectable in NOWS patients as young as 18 months old (de Cubas & 

Field, 1993; Hunt et al., 2008; Ornoy et al., 2010). What is unclear is if reductions in sociability in 

NOWS infants are due to gestational opioids, or due to challenges associated with concurrent 

reductions in emotional maturity and cognitive development. 

Based on previous studies demonstrating a critical role for oxytocin in social behavior 

(Burkett et al., 2016; Ferguson et al., 2001; Takayanagi et al., 2005), we hypothesize that POE 

reduces OT signaling in key brain regions in adulthood. These studies are currently underway. It 
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is likely that OT also plays a role in other reward deficits observed in our POE rats. OT release in 

the central amygdala is associated with depression-like behavior in adult Wistar rats (Ebner et 

al., 2005), and circulating levels of OT are reduced in humans with major depressive disorder 

(Frasch et al., 1995). Reductions in cagemate interactions in our adult rats demonstrate a 

potentially lifelong impact of POE on social reward. Avoidance and antisocial behaviors are 

reported in young people with a history of NOWS, but no longitudinal studies have explored 

this outcome in adults. 

4.5 Mesolimbocortical control of reward and aversion through opioid-sensitive signaling 

Several studies have elucidated the impact of chronic opioid administration during 

development on the structure and function of opioid neural circuits (Hauser & Knapp, 2018). In 

the context of drug abuse, brain regions associated with reward express µ-opioid receptor 

(MOR), the primary target of morphine and its derivatives, and are understandably of 

considerable interest. Presently, we report that POE decreased medial habenula (MHb) MOR 

expression in adolescent rats. MHb contains one of the highest region-specific concentrations 

of MOR in the rodent brain and is commonly associated with aversion signaling (Bailly et al., 

2023; L. J. Boulos et al., 2020). Downstream habenular signaling to GABAergic neurons of the 

rostromedial tegmental area (RMTg) and ventral tegmental area (VTA) maintains a 

hyperpolarizing gate preventing dopamine release (Matsui & Williams, 2011). Reducing 

habenular MOR lowers the inhibitory actions of endogenous opioids in this region. Therefore, 

disinhibition of dopamine release during social engagement is affected. In mice, knockout of 

habenular MOR significantly reduces social preference for both familiar and novel conspecifics 

(Allain et al., 2022). Genetic ablation of dorsal MHb neurons, where MOR is primarily localized, 
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also reduces sucrose preference in mice (Contestabile et al., 1987; Gardon et al., 2014; Hsu et 

al., 2014). In our study, POE did not alter MOR in the VTA and only transiently (at P14, but not 

P30) in the nucleus accumbens (NAc). In perinatal opioid exposure research, site-specific 

changes in MOR density are commonly reported despite variability in POE model drug choice 

and length of exposure; however, the results are often contradictory, with reports that POE 

increases, decreases, or does not affect MOR in the nucleus accumbens and adjacent striatal 

subregions (Chiang et al., 2014; Chiou et al., 2003; Handelmann & Quirion, 1983; Tempel, 

1991b; I. Vathy et al., 2003). 

To begin elucidating brain regions implicated in social reward that may be impacted by 

perinatal morphine, we used Fose expression as a proxy for neural activity. Previous studies on 

early life adversity (LBN) have reported increased activation in amygdalar and prefrontal cortex 

subregions during social play (Bolton et al., 2018). Our POE studies generated similar results; 

during adult social interactions, medial amygdala (MeA) and prelimbic (PL) cortex were more 

active in POE rats. A trend toward increased activity was also observed in the basolateral 

amygdala (BLA). No significant changes in neuronal activity were detected in the anterior 

cingulate cortex (ACC), infralimbic (IL) cortex, or central amygdala (CeA). Medial and lateral 

habenula regions showed very low levels of Fos and were not analyzed. Mesolimbocortical 

dopamine signaling plays a prominent role in encoding reward behaviors, so we also probed 

Fos expression in VTA and nucleus accumbens core/shell (NAc/NAcS). All three regions showed 

higher Fos expression in POE females compared to controls. As female social behavior was not 

disproportionately affected by POE in the current study, the findings of increased Fos are 
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unclear. However, social deficits in adolescent POE females were more severe (Harder et al., 

2023). 

In combination with cell-type identification, we also found that, in the VTA, the majority 

of Fos+ cells were nondopaminergic. This was true in both POE and control rats. VTA GABAergic 

and glutamatergic interneurons modulate dopaminergic activity in association with aversion, 

depression, and stress (Barbano et al., 2020; Cai & Tong, 2022; M. Morales & Margolis, 2017; 

Root et al., 2014; Tan et al., 2012; van Zessen et al., 2012). Nondopaminergic VTA information 

also contributes to aversion signaling in the habenula and nucleus accumbens (Qi et al., 2016; 

Root et al., 2014). Fast-scan cyclic voltammetry would be useful for determining if mesolimbic 

dopamine flux is altered by elevated nondopaminergic activity during social behavior. 

The role of the mesolimbic system in rewarding behaviors is well-established. VTA 

production and output of dopamine to striatal, prefrontal, and amygdalar regions is critical to 

encoding reward events (G. F. Koob & Volkow, 2016; Terauchi et al., 2023). These connections 

are opioid sensitive and, therefore, vulnerable to change due to experiences with chronic 

morphine exposure (G. F. Koob & Volkow, 2010; Pitchers et al., 2014). Elevated 

nondopaminergic activity may be related to VTA interneuron reductions in dopamine release to 

NAc. This would be evident in recordings of hypothetically reduced nucleus accumbens activity. 

However, we observed POE-associated increases in both NAcC and NAcS Fos expression, 

especially in females. Thus, increased NAc Fos expression may relate to nondopaminergic 

inputs. Glutamatergic VTA projections to the NAc drive social avoidance, fear, and anxiety-like 

behavior (McGovern et al., 2024; Qi et al., 2016). Glutamatergic VTA interneurons are MOR-

sensitive, but it is unclear if VTA-NAc populations are as well (McGovern et al., 2023). POMC 
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neurons of the arcuate nucleus release β-endorphin directly to NAc subregions, meaning that 

during pleasurable events, reduced dopamine input from the VTA would not prevent opioid 

signaling (Mansour et al., 1988; Song & Choi, 2023). Indeed, intra-NAc infusion of opioid 

agonists and antagonists to either core or shell alters social interactions in rats (Trezza et al., 

2011). Nucleus accumbens also receives glutamatergic and GABAergic input from mPFC regions 

that underlies reward and avoidance behaviors (Bossert et al., 2012; Britt et al., 2012; A. T. Lee 

et al., 2014). 

The amygdala is traditionally associated with early life stress memory and fear 

conditioning. The MeA, in particular, receives dopaminergic input from the VTA that is 

associated with bonding in humans (Atzil et al., 2017). In rats, MeA is associated with social and 

sex rewards (Hodges et al., 2019; Holder et al., 2010). Social isolation stress reduces social 

interaction and MeA synaptophysin expression, a marker of synaptic plasticity, suggesting that 

this region is sensitive to chronic stress and influences future social behaviors. 

In the present study, we observed elevated Fos expression in the PL and IL of POE rats. 

PL activity increases during fear experiences and excites the central amygdala via the BLA (Kapp 

et al., 1979; LeDoux, 2000). PL-NAc projections are associated with emotional aversion (Long et 

al., 2024). In contrast, IL projects to intercalated neurons of the amygdala to suppress fear and 

the NAcS to promote extinction of conditioned behaviors (J. Peters et al., 2009). Increased PL 

activity in our POE rats suggests that this behavior promotes aversion signaling. MOR in the PL 

is required for morphine sensitization and linked to suppression of physiological stress 

responses (Fassini et al., 2014; C. Jiang et al., 2021). POE-induced changes in mPFC MOR may 

contribute to changes in reward behaviors and are so far unexplored by the field. Moreover, 
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subregions of the amygdala are sensitive to MOR signaling and have extensive connectivity with 

reward and aversion areas of the brain (Reeves et al., 2022). Amygdalar subregions included in 

this experiment and others, such as the bed nucleus of stria terminalis (BNST), should be 

included in future MOR expression analyses. 

4.6 Maternal care deficits contribute to changes in reward-directed behaviors in rats 

Opioid-using mothers experience stress from caring for their newborns while 

overcoming drug dependence (Velez & Jansson, 2008). Caring for NOWS infants is considerably 

more stressful and challenging due to the symptoms associated with opioid withdrawal. 

Specifically, these infants have a unique combination of excessive crying, irritability, 

gastrointestinal stress, and disorganized behavior. Societal stigmas associated with maternal 

opioid use further exacerbate maternal stress and negatively impact the quality of both self-

care and offspring rearing. Clinicians believe that stress and suboptimal maternal care worsen 

negative outcomes in NOWS children (Wachman et al., 2018). Preclinical rodent models also 

suggest that poor maternal care is detrimental to pup health, with models of early life stress in 

rats reporting fragmented and unpredictable behavior that is linked to increased 

developmental disorders in offspring. 

Although some studies report no impact of buprenorphine or fentanyl on maternal care, 

others have shown that morphine exposure during and after pregnancy reduces nursing and 

pup licking (Alipio, Haga, et al., 2021; Cruz et al., 2010; Kongstorp, Bogen, Stiris, et al., 2020). 

Our lab previously reported that POE dams spend less time nursing their pups compared to 

controls, especially during periods of high circulating morphine (Harder et al., 2023). Previous 

studies examining the impact of POE on maternal behavior have traditionally measured total 
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time spent. However, more recent studies have applied a more detailed analysis approach, 

examining individual bout lengths of each behavior (fragmentation) and the patterns in 

behavior sequences (entropy). Here, we report that, compared to controls, POE dams reduced 

their time spent nursing during periods of low circulating morphine and “fragmented” their 

nursing into smaller bouts when morphine levels were high. This suggests that peaks and 

troughs of morphine exposure across the day can significantly alter nursing behaviors that are 

vital to pup survival. Entropy, a measure of behavioral unpredictability, was also altered in POE 

dams depending on the circulating levels of morphine in their system. Specifically, prior to a 

scheduled bolus of morphine, POE dams were unpredictable in their care patterns compared to 

controls. During this time, they engaged in significantly more self-grooming. We also observed 

non-significant increases in time off their nest. In contrast, after receiving morphine, POE dams 

became more predictable. During morphine highs, POE dams exhibited lower overall pup 

attention compared to controls, characterized by spending less total time nursing or 

licking/grooming their offspring. Therefore, when dams became more predictable, their 

maternal care remained deficient. Control rats did not vary in their behavioral predictability. 

Together, our data suggest that morphine introduced an unstable environment for POE pups. 

Similar patterns of fragmentation and entropy have been reported in models of chronic 

early life adversity (ELA) and are associated with negative affect in offspring. Low bedding and 

nesting (LBN) stress is a model of simulated poverty that alters maternal care and reduces 

offspring engagement with sucrose and social rewards (Molet et al., 2016). LBN-induced 

unpredictability also reduces response bias during probabilistic reward task, which is predictive 

of anhedonia in rodents, nonhuman primates, and humans (Kangas et al., 2022). Stress-related 
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CeA activation increased in LBN offspring during social play, illustrating that fragmented and 

unpredictable care alters the encoding of naturally rewarding stimuli (Bolton et al., 2018; Fraser 

et al., 2024). Unstable bonding between rat pups and their mothers may lead to deficits in 

social bonding later in life. 

Repeated cross-fostering, another model of ELA, destabilizes maternal care and 

increases sensitivity to aversive stimuli and FST immobility in offspring. These changes were 

associated with reduced dopamine signaling in the mPFC (Ventura et al., 2013). Unstable 

maternal care may also contribute to our observed changes in acute stress response. Although 

we did not observe changes in FST immobility, CORT levels induced by FST were elevated in POE 

males. 

Importantly, patterns of maternal care are rewarding for offspring and provide 

opportunities to hone neural circuits implicated in prediction error during early development. 

We believe that our observations of fragmented and unpredictable maternal behavior by POE 

dams support our model’s clinical relevance. NOWS severity and hospitalization length are 

associated with both higher stress in mothers and dysfunction in parent-child bonding 

(Bakhireva et al., 2019). This bonding at early ages is crucial for cognitive development, and 

humans and rats exposed to unpredictable maternal care exhibit poor cognitive performance 

(E. P. Davis et al., 2017). Unpredictable maternal sensory signaling (auditory, visual, tactile) is 

also associated with reduced effortful control, or capacity for emotional and behavioral 

regulation, in five-year-old children (Holmberg et al., 2022). Further, self-reported childhood 

experiences of unpredictable parenting consistently predicted symptoms of depression, 

anxiety, and anhedonia in adults (Spadoni et al., 2022). These studies have helped shift clinical 
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recommendations for families experiencing opioid dependency and NOWS towards increasing 

mother-child bonding by rooming dyads together, increasing skin-to-skin contact, and 

swaddling (Atwood et al., 2016; Holmes et al., 2016; MacMillan et al., 2018; Patrick et al., 

2016). Rescue of dam-pup bonding in our POE rats may serve to be protective against the 

changes in reward and aversion behaviors that we have so far reported. Measuring stress levels 

and reward response in the dams may also elucidate a therapeutic target for their behavior. 

Glucocorticoid or mineralocorticoid receptor-mediated suppression is a clinical treatment for 

stress that may relieve hypothetically high baseline HPA-axis activity in dams, although mixed 

results have thus far been reported (Barroca et al., 2021). 

Alternatively, OT has been strongly implicated in maternal behavior and may also 

provide a therapeutic option (Lesse et al., 2017). Increases in maternal mesolimbic circuit 

activity produced by offspring suckling are blocked by OT antagonism (Febo et al., 2005). This is 

likely associated with dopamine release during these interactions (Byrnes et al., 2002; Hansen 

et al., 1993). This suggests that administration of OT in our POE rats during periods of reduced 

nursing may increase this behavior. Further, OT administration in POE offspring may alleviate 

symptoms of anhedonia produced by drug withdrawal and fragmented maternal care (Ebner et 

al., 2005). 

4.7 Future directions to improve outcomes for children born to opioid using moms pre- and 

post-birth 

Clinicians report success following the implementation of the “Eat, Sleep, Console” 

method that encourages consistent bonding experiences between mother and child (Blount et 

al., 2019). Breastfeeding is continued despite ongoing maternal opioid maintenance therapies 
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which, in part, supplements pharmacological intervention for offspring (Pritham, 2013). These 

practices have been shown to shorten the length of hospitalization and promote an 

environment of positivity that reduces maternal stress and fights societal stigmas surrounding 

NOWS diagnosis (Abdel-Latif et al., 2006; Demirci et al., 2015; Kocherlakota, 2014; Short et al., 

2016; Welle-Strand et al., 2013). Ultimately, improving maternal care is a successful therapeutic 

route that should receive more attention. Clinical and preclinical data, including our own, 

demonstrates that failure to provide adequate rearing increases the likelihood of depression, 

anxiety, and stress later in life. 

Specific targeting of stress and depression with OT is a promising avenue for improving 

parent-child bonding and post-infancy anhedonia. Low peripartum levels of OT have been 

reported in new mothers that show dampened reward circuit activation in response to infant 

cues (Strathearn et al., 2009). Intranasal OT improves offspring protective behaviors in mothers 

with postpartum depression, but its effectiveness in treating negative mood remains unclear 

(Mah et al., 2015; Thul et al., 2020). Plasma OT is also reduced in drug-addicted mothers who 

exhibit low attachment scores with their newborns, further supporting OT therapy as 

particularly beneficial for opioid-using mothers (Light et al., 2004). Last, OT treatment reduces 

symptoms of opioid withdrawal, as well as withdrawal-associated depression and anxiety, when 

used in combination with group therapy (Naderi et al., 2020). Therefore, OT may also be 

rehabilitative for mothers undergoing maintenance therapy by attenuating drug craving during 

and after pregnancy and improving maternal-infant bond. Supplemental OT therapy may also 

be useful to NOWS patients experiencing depression, as plasma levels are negatively correlated 
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with anxiety and depression severity in patients with major depressive disorder (MDD) 

(Scantamburlo et al., 2007). 

The effectiveness of OT in treating drug- and stress-induced negative affect is supported 

by preclinical data. Both acute and chronic OT administration effectively reduce stress 

responses in rats (Manbeck et al., 2014; Windle et al., 1997, 2004), but its potential use in 

reversing behaviors modified by gestational opioid exposure is unknown. There is evidence that 

OT limits drug use in rats by engaging mesolimbic dopamine circuitry. For example, intra-NAc 

injection of OT reduces the rewarding effects of morphine, while systemic OT antagonist 

administration augments morphine tolerance (Kovács et al., 1984; Sarnyai et al., 1988). ICV OT 

also reduces alcohol self-administration by blocking VTA-NAc dopamine signaling (S. T. Peters et 

al., 2017). Given this evidence, exploring whether OT can mitigate the long-term behavioral and 

neurochemical alterations induced by perinatal opioid exposure represents a promising avenue 

for future research. Understanding these mechanisms could pave the way for developing novel 

OT-based interventions to address substance use disorders and their intergenerational 

consequences. 

The need for more clinical studies focused on the long-term outcomes associated with 

neonatal opioid withdrawal syndrome is abundantly clear. To date, analysis of drug and alcohol 

use in offspring of opioid-using mothers is virtually nonexistent. The difficulties in maintaining 

longitudinal studies with NOWS patients pose an obvious challenge; however, growing 

attention brought on by rising opioid-related deaths in the United States has generated 

momentum in building larger cohorts of NOWS patients. Improvements in ICU outcomes for 

newborns in recent years are tied to both standardization of nonpharmacological protocols and 
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increased follow-up care for families (Jilani & Giroir, 2020). Prioritizing long-term research 

efforts and leveraging these advances will provide critical insights into the developmental 

trajectories of NOWS patients. Such studies are essential for informing evidence-based 

interventions aimed at mitigating the intergenerational impact of opioid use disorders. 
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