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Abstract

The heightened incidence of opioid use during pregnhancy has resulted in unprecedented rates of
neonates prenatally exposed to opioids. Prenatal opioid exposure (POE) results in significantly
adverse medical, developmental, and behavioral outcomes in offspring. Of growing interest is
whether POE contributes to future vulnerability to substance use disorders. The effects of POE on
brain development is difficult to assess in humans, as the timing, dose, and route of drug exposure
together with complex genetic and environmental factors affect susceptibility to addiction.
Preclinical models of POE have allowed us to avoid methodological difficulties and confounding
factors of POE in humans. Here, we review the effects of maternal opioid exposure on the
developing brain with an emphasis on the neurobiological basis of drug addiction and on
preclinical models of POE and their limitations. These studies have indicated that POE increases
self-administration of drugs, reward-driven behaviors in the conditioned place paradigm, and
locomotor sensitization. While addiction is multifaceted and vulnerability to drug addiction is still
inconclusive in human studies of prenatally exposed infants, animal studies do provide a
noteworthy corroboration of negative behavioral outcomes.
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Introduction

The opioid epidemic has had disastrous consequences, particularly for women of
reproductive age (Azuine et al. 2019; Jantzie et al. 2020). Women aged 18-29 are at highest
risk for developing opioid use disorder, which correlates to increased rates of opioid use
during pregnancy (Forray 2016). While men still lead women in overall opioid use, this
gender gap has steadily been narrowing (Serdarevic et al. 2017). Women, furthermore,
progress more rapidly from casual use to drug dependence than men, and exhibit higher
rates of drug use and shorter drug free periods (Griffin et al. 1989; Brady and Grice 1993;
Westermeyer and Boedicker 2000). Together, this increases their vulnerability to substance
use disorders during their reproductive years.

Opioid use disorder (OUDSs) during pregnancy is a growing public health concern as both
opioids (such as oxycodone, morphine, codeine) and medications used to manage OUD
(such as methadone and buprenorphine) cross the placenta, subjecting offspring to the
effects of prenatal opioid exposure (POE) (Patrick et al. 2015; McQueen and Murphy-
Oikonen 2016; Feder et al. 2019). Most of the attention has focused on the development of
neonatal opioid withdrawal syndrome (NOWS), which affects 21-94% of neonates exposed
to opioids (McQueen and Murphy-Oikonen 2016). NOWS poses a serious threat to
newborns and is characterized by a diverse constellation of symptoms representing neonatal
neurobehavioral dysregulation due to opioid exposure. Predicting the severity of NOWS in
neonates is currently not possible, but commonly reported symptoms include respiratory
distress, tremors, emesis, seizures, irritability, feeding difficulties, and hypertonia after birth
(Ross et al. 2015). Collectively, NOWS results in significant neonatal morbidity and long-
term impairments, with established deleterious consequences in offspring during the
neonatal and childhood periods. For instance, motor and cognitive deficits as well as
inattentiveness and hyperactivity have been reported throughout childhood (Ornoy et al.
2001; Hunt et al. 2008). Despite these known costs, the rate of opioid use during pregnancy
has nearly quadrupled in the past ten years, ushering in an unprecedented number of babies
born with a history of POE (Jantzie et al. 2020).

Research investigating the long-term effects of POE is still in its infancy, but accumulating
evidence suggests that POE has detrimental effects on offspring that extends past the
neonatal period to adulthood. Of growing interest is how POE affects the developing brain
and impacts vulnerability to substance use disorders in adulthood. To date, we have
uncovered only one reported clinical study, which was on the development of substance use
disorders in Norwegian adolescents and young adults aged 17-21 years old with a prenatal
history of heroin and poly-drug exposure (Nygaard et al. 2017). This study found a
significantly higher risk of ongoing substance misuse or addiction in the risk group (n = 6,
13%) than in the non-exposed group (n = 1, 2%; chi-square = 4.2, p = .04). However, the
limitations of this study illustrate the difficulties with longitudinal clinical studies to
determine the long-term consequences of POE. Clinical studies of POE are confounded by
multiple variables including polysubstance use during pregnancy, maternal initiation and
duration of opioid use, and variable postnatal environmental exposures such as family
socioeconomic status, forced parental separation, and impaired maternal-infant bonding. The
great heterogeneity of study participants which encompass complex genetic, perinatal, and
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postnatal environmental factors limits assessments of the direct causal effects of POE in
human subjects (Nygaard et al. 2017). Animal models of POE, on the other hand, are able to
carefully control for prenatal and postnatal exposures, eliminating most of the confounds in
human studies. Admittedly, many animal models of POE have had design limitations
including initiation of opioids during pregnancy, which is rarely observed in clinical
practice; non-physiological maternal and neonatal opioid dosages; and maternal opioid
withdrawal during pregnancy. Still, animal models currently provide the most effective way
of studying the complex neurodevelopmental consequences of prenatal drug exposure and
have regularly been used to assess for the long-term effects of POE (Thompson et al. 2009).

While there are a paucity of clinical studies, some animal models of POE have suggested
long-lasting behavioral changes in drug-conditioned place preference, sensitization, and self-
administration in adulthood, warranting further exploration into the consistency of such
claims. Thus, in this review, we examine the effects of maternal opioid exposure on the
developing brain, the neurobiological basis of drug addiction, preclinical models of POE and
addictive-like behaviors later in life, and the limitations of these models in predicting
vulnerability to substance use disorders in humans; finally, we conclude with future
directions in the field.

2. Maternal opioid exposure and the developing brain: lasting

neurodevelopmental consequences

Clinical studies suggest that maternal opioid exposure has lasting neurodevelopmental
consequences on the growing fetus (Conradt et al. 2019; Welton et al. 2019). Neural
development is a protracted process that begins in the third week of gestation; differentiation
of neural progenitor cells extends through early adulthood in response to environmental
influences and genetically programmed events (Stiles and Jernigan 2010). The long
developmental period results in increased vulnerability to in utero insults during pregnancy.
Opioids, for instance, rapidly cross the placenta resulting in functional and structural
changes to the developing nervous system (Nekhayeva et al. 2005). Furthermore, neonatal
diffusion MRI studies have shown microstructural brain injury in major white matter tracts,
associated with prenatal methadone exposure (Monnelly et al. 2018). Still, little is known
about how these brain changes correspond to long-term neurological impairments in infants
exposed to opioids in utero.

Compared to other drugs of abuse, there are relatively few studies on the longitudinal
consequences of POE through adulthood (reviewed in Conradt et al., 2019 and Welton et al.,
2019). To compound this, many of these studies have shown inconsistent or equivocal results
due to polydrug use during pregnancy, complex environmental factors relating to drug abuse,
and heterogeneity in research assessment tools. For instance, in some studies, opioid-
exposed children under the age of 6 were shown to exhibit normal physical, cognitive,
language, sensory, and behavioral development (Messinger et al. 2004; Kaltenbach et al.
2018). In contrast, other studies have shown delays in motor skills and hand-eye
coordination, and problems with memory, hyperactivity, impulsivity, and attention in opioid-
exposed children of the same age group (Hans and Jeremy 2001; Hunt et al. 2008; Salo et al.
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2009; Konijnenberg and Melinder 2013, 2015; Melinder et al. 2013; Wahlsten and Sarman
2013; Welton et al. 2019). Additionally, the lack of uniformity in reporting study outcomes
and in adjusting for perinatal covariates adds another layer of difficulty in interpreting study
findings. For example, some studies report impairments in opioid-exposed children if scores
on various neurodevelopmental tests deviate from population norms, whereas others report
impairments if scores reside within population norms but are significantly lower than those
from age and gender-matched peers.

The few studies of older children prenatally exposed to opioids generally have shown
problems with cognition and attention (Ornoy et al. 2010; Nygaard et al. 2017). In a meta-
analysis of opioid-exposed children from birth to 12 years old, authors found impairments in
cognitive, psychomotor, and behavioral development compared with peers (Baldacchino et
al. 2015). In a case control study of children aged 5-12 years old with a history of POE,
higher levels of inattention, hyperactivity, and behavior problems were also reported (Ornoy
et al. 2001). Structural MRI studies of opioid-exposed youth aged 10-14 have further
suggested that opioids can induce lasting structural brain changes, with volumes of the basal
ganglia, thalamus, and cerebellar white matter reduced in school-aged children with POE
(Sirnes et al. 2017). Taken together, these studies suggest that early impairments observed in
children with POE may not resolve with age.

Notably, in the longitudinal case series of Norwegian children with a prenatal history of drug
exposure (primarily heroin) followed from birth to 21 years old, subtle impairments were
noted from infancy to early adulthood. At 1-4 years of age, these children had impulse and
attention related problems, weakness in visual-motor abilities, and scores significantly worse
than their peers on cognitive and motor tests (Moe 2002; Slinning 2004). Reports were
primarily based on the Bayley Scales of Infant & Toddler Development, McCarthy Scales of
Children’s Abilities, and behavioral questionnaires completed by primary caregivers,
preschool teachers, and clinical psychologists. At about 11.3 years old, these same children
were found to have lower neuroanatomical volumes than those of their peers (Walhovd et al.
2007). In a follow-up study at 17-21 years old, while these drug-exposed youths had
cognitive (Wechsler Abbreviated Scale of Intelligence) and fine-motor functions (Purdue
Grooved Pegboard Test) within the normal range compared to population norms, they scored
significantly worse than the non-exposed group. Interestingly, most of the study population
was adopted at an early age (e.g., younger than 1 year) and raised in a nurturing
environment, yet still displayed higher rates of inattention and behavioral problems from
school age to late adolescence than matched non-drug-exposed controls (Nygaard et al.
2017).

While the long-term effects of POE on pediatric development is unclear and no definitive
opioid effect has been established (Welton et al. 2019), overall these findings highlight the
vulnerability of the developing brain to opioids in utero, which may influence brain circuitry.
Thus, based on known neurobiological mechanisms involved in the development of
addiction, efforts have been made to study molecular and neurochemical changes in brain
circuitry in animal models of POE to provide insight into future vulnerabilities to drug
addiction.
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3. Neurobiological basis of addiction

Addiction is a neurobiological iliness whereby repeated substance use disrupts normal
reward circuitry via drug-induced neuroplastic changes (Di Chiara and Imperato 1988; Olive
et al. 2001). Despite differences in mechanisms of action and pharmacological effects, all
drugs of abuse share common actions on brain reward circuits (Nestler 2005). Most findings
support that addictive drugs share the common property of enhancing the mesolimbic
dopamine pathway, which plays a key role in addiction. This pathway originates with the
dopaminergic cell bodies in the ventral tegmental area (VTA) of the midbrain. The primary
targets of these dopaminergic axons are in the nucleus accumbens in the ventral striatum,
where activation of the mesolimbic pathway is accompanied by the perception of reward
(Adinoff 2004). With opioid use, mu opioid receptors (MORs) located on VTA inhibitory y-
aminobutyric acid (GABA)ergic interneurons enhance dopaminergic transmission in the
ventral striatum and medial prefrontal cortex to produce reward (Berrettini 2017). In this
way, MOR activation inhibits the tonic inhibition of GABAergic inhibitory interneurons,
which allows the release of dopamine into the ventral striatum and medial prefrontal cortex
to mediate reward. Molecular alterations in key regions involved in the mesolimbic
dopamine pathway following POE have been extensively reviewed in Byrnes and Vassoler,
2018, and Grecco and Atwood, 2020.

The use of high-performance liquid chromatography (HPLC) analysis to correlate behavioral
experiments with neurochemical evidence has provided valuable insight into vulnerability to
morphine-induced reward and dependence. Along these lines, Wu et al., 2018, used HPLC to
examine levels of dopamine and serotonin metabolites in the terminal regions of the
mesolimbic pathway. In rats with prenatal morphine exposure, administration of low-dose
morphine in adulthood increased the dopamine and serotonin turnover rates in the nucleus
accumbens, implying sensitivity to morphine (Wu et al. 2009). Conversely, co-
administration of morphine with dextromethorphan during pregnancy extinguished these
changes (Wu et al. 2009). Although the mechanism of dextromethorphan to reduce the
sensitivity of the mesocorticolimbic system is unknown, it is believed that
dextromethorphan, as a non-competitive antagonist at the glutamatergic N-methyl-D-
aspartate (NMDA\) receptors, inhibits NMDA receptor activation implicated in regulation of
reward in the mesolimbic pathway (Wroblewski and Danysz 1989; Trujillo and Akil 1990;
Church et al. 1994; Huang et al. 2003). These results suggest that following prenatal
morphine exposure, sensitivity of the mesocorticolimbic system to morphine may contribute
to higher liability to morphine-induced reward.

More recent work has established that POE results in long-lasting alterations in mMRNA
expression of the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor
(AMPAR), N-methyl-d-aspartate receptor (NMDAR), and the postsynaptic architecture of
postsynaptic density protein 95 (PSD-95) within the mesocorticolimbic system (Wu et al.
2018). In addition to the mesolimbic dopamine pathway, the glutamate systems AMPAR and
NMDAR are critical for opiate addiction and craving, and PSD-95 together with
glutamatergic NMDAR-mediated transmission has an important role in drug-dependent
synaptic plasticity (Kelley 2004; Yao et al. 2004). Previous reports have shown that prenatal
morphine exposure can alter the metabolism kinetics of NMDAR in the CA1 pyramidal
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neurons in the hippocampus, resulting in deficits in synaptic plasticity and the integration of
learning and memory (Yang et al. 2000, 2003). While the dopaminergic axons in the
mesolimbic dopamine pathway primarily project into the nucleus accumbens, they also
extend into the amygdala, bed nucleus of stria terminalis (BNST), lateral septal area, and
lateral hypothalamus, forming the cortico-basal-ganglia reward network (George and Michel
Le 2001; Hyman and Malenka 2001; Nestler 2001). Importantly, this highlights that drug-
induced neuroplastic changes have detrimental effects on learning, memory, and reward,
which are important components of addiction and contribute to the complexity of treating
addiction (Sesack and Grace 2010; Luscher 2016; Cooper et al. 2017). Relatedly,
accumulating evidence supports that glutamatergic input onto the mesolimbic system (e.g.,
AMPAR and NMDAR) and drug-induced changes in glutamate receptors impair reward-
dependent learning, which influences synaptic plasticity and the development of addictive
behavior (Wu et al. 2018). In a hallmark study, Wu et al., 2018, show that prenatal morphine
exposure downregulates gene expression of PSD-95, AMPAR(GIuR1-R4), and
NMDAR(NR1, NR2A-D) in the nucleus accumbens, VTA, and prefrontal cortex. AMPAR
expression levels, however, did vary in the prefrontal cortex. Nevertheless, these findings in
rats underscore that prenatal morphine exposure results in long-lasting glutamate
dysregulation and altered synaptic plasticity in the mesolimbic system, which might increase
vulnerability to the development of addiction later in life (Murray et al. 2007; Lane et al.
2008; Mickiewicz and Napier 2011; Russell et al. 2016). Though this study did not account
for sex-based differences, other studies have noted both sex- and strain-based differences in
neurochemical alterations in the mesolimbic dopamine pathway (Shoaib et al. 1995), which
remain to be studied in the context of POE.

Collectively, these neurochemical data suggest that POE affects neural development and
brain circuitry, which calls for studies to assess whether these data are functionally
correlated with impairments in opioid-induced reward and other markers of addictive-like
behavior in offspring.

4. Pre-clinical models of prenatal opioid exposure and vulnerability to

addiction

The alterations in brain neuropeptides involved in reward pathways suggest disruption in the
rewarding properties of drugs, though it is unclear if these alterations lead to addictive
phenotypes later in life. Therefore, recent and ongoing studies are examining different
addiction paradigms. In animals, opioid reward and vulnerability to addiction is measured
via drug self-administration, conditioned place preference, and locomaotor sensitization
paradigms.

Drug self-administration is the gold standard, in which animals are allowed free access to a
rewarding drug, testing an animal’s motivation for the drug (Spanagel 2017). On the other
hand, drug delivery in conditioned place preference, whereby animals spend more time in an
environment paired with a rewarding drug, or sensitization paradigms, whereby repeated
opioid exposure induces increased or sensitized locomotor activity, is not contingent on
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drug-seeking behavior (Kuhn et al. 2019). In this section we examine these three paradigms
specifically in preclinical models of POE (summarized in Table 1).

4.1. Self-Administration

Self-administration-based models of POE have greatly increased our understanding of the
molecular and neurobiological mechanisms of drug-related behavior (Spanagel 2017). Yet
studies examining how POE affects future drug self-administration in offspring are relatively
few. Most of these studies investigate morphine as the opioid of choice during pregnancy,
though the timing and route of exposure are considerably different between studies. For
example, Haydari et al., 2014, and Ramsey et al., 1993, allowed free access to morphine via
drinking water in pregnancy; additionally, Torabi et al., 2017, gradually tapered down the
dose of morphine during pregnancy to avoid sudden withdrawal, which often confounds
these analyses. In contrast, other investigators have more constrictive regimens of POE,
initiate drug exposure solely during pregnancy, and do not parse out the effects of maternal
opioid withdrawal.

In most of these studies, prenatal morphine exposure results in increased self-administration
of morphine (Glick et al. 1977; Hovious and Peters 1985; Riley and Vathy 2006; Haydari et
al. 2014; Torabi et al. 2017), depending on the dosage of morphine self-administered.
Collectively, the studies show that in utero morphine exposure facilitates the rate at which
morphine self-administrative behavior is learned. These works also support the hypothesis
that opioid exposure during pregnancy predisposes offspring to develop morphine-seeking
behavior compared to offspring of non-exposed dams. However, discordance between
prenatal and postnatal opioid exposure can give markedly different results (Hovious and
Peters 1985; Vathy et al. 2007). For example, prenatal methadone exposure enhances
morphine, but not methadone self-administration (Hovious and Peters 1985). Similarly,
prenatal morphine exposure results in increased cocaine self-administration in some studies,
but not in others (Vathy et al. 2007). These differences may be explained by differences in
the taste of drugs administered (e.g., sucrose supplementation with maternal opioid
administration), differences in the development of opiate receptors, and the characteristics of
the rewarding drug (e.g., reinforcement characteristics, potency, disposition,
pharmacokinetics) (Hovious and Peters 1985). Additionally, sex-based differences play a
key role in discrepancies in drug self-administration. Despite constant brain levels of
rewarding drugs, response of females to psychostimulants varies with their estrous cycle
(Vathy et al. 2007). This is consistent with reports of sex-based differences in addiction in
human studies (Griffin et al. 1989; Brady and Grice 1993; Westermeyer and Boedicker
2000).

Overall, the majority of these studies have limited environmental exposures to just prenatal
or perinatal drug exposure. However, it is also important to consider and control for other
etiological factors that play a role in drug dependence. For example, oral opiate self-
administration in offspring can be influenced by maternal housing conditions and
socialization (Alexander et al. 1981). Similarly, amphetamine and cocaine self-
administration can be enhanced by repeated tail pinching (Piazza et al. 1989) or emational,
but not physical, stress (Ramsey and van Ree 1990). Interestingly, Haydari et al., 2014,

Exp Neurol. Author manuscript; available in PMC 2022 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Abu and Roy

Page 8

showed that voluntary exercise in morphine-dependent mothers during pregnancy can reduce
morphine consumption in offspring. These findings are consistent with exercise activating
the same rewarding pathways as morphine (Greenwood et al. 2003), which in turn may lead
to neuroplastic changes in the mesolimbic reward pathway and decrease morphine
sensitivity in opioid dependent mothers during pregnancy (Smith and Lyle 2006; Hosseini et
al. 2009; Haydari et al. 2014). Future studies will need to further investigate environmental
cues that may influence later addiction as potential therapeutic targets.

4.2. Conditioned Place Preference

Self-administration of addictive drugs is arguably the most valid preclinical model of
addictive-like behavior. However, the conditioned place preference (CPP) paradigm to study
the rewarding and aversive effects of drugs is more commonly used due to its simplicity
(Lynch et al. 2010). Although there is much variation in the design and apparatuses used in
this model, the standard CPP paradigm consists of the repeated pairing of a distinctive
environment with the rewarding or aversive characteristics of the drug being tested (Gagin et
al. 1997). Increased time spent on the drug paired side correlates with a positively
reinforcing effect from the drug. The CPP paradigm confers important advantages, among
which is capturing aversion, which the self-administration paradigm lacks (Kuhn et al.
2019). Additionally, the drug of interest is not administered on testing day, which allows
determination of enduring neurobiological changes induced by the rewarding drug in the
absence of the massive neurotransmitter release with recent drug administration (Kuhn et al.
2019).

Opiate drugs and endogenous opiate peptides can induce CPP, whereas conditioning with

opioid antagonists results in conditioned place aversion (Mucha et al. 1982; Mucha 1987).
As POE results in long-term alterations in the reward circuitry, this has motivated studies

investigating the effect of POE on drug-associated CPP in adulthood.

Gagin et al., 1997, were the first to show that prenatal morphine exposure increases
preference for morphine in adulthood. Further studies have confirmed these findings (Gagin
etal., 1997; He et al., 2010; Riley and Vathy, 2006; Timar et al., 2010; Wang et al., 2017,
Wau et al., 2009). However, variations in maternal administration of opioids during
pregnancy has led to contention over an appropriate balance between 1) the physiological
relevance of models of maternal opioid use during pregnancy, and 2) the elimination of
confounders such as maternal withdrawal from POE. For instance, Gagin et al., 1997, used
slow-release emulsion to ensure continuous presence of the drug in circulation. In contrast,
others have used injection schedules, which result in fluctuations in drug levels and
introduce withdrawal between injections (Wu et al. 2009; Chiang et al. 2015). While
intermittent, repeated injections may more closely simulate drug abuse in pregnant women;
achieving constant drug levels in maternal circulation also has merit in simplifying
investigations of fetal opiate exposure, without the added complexity of maternal
withdrawal.

While most CPP models to test reward following POE utilize rats, expansion to other animal
models is necessary to validate findings. Notably, He et al., 2010, and Wang et al., 2017,
confirm increased preference to morphine following prenatal morphine exposure in chicks.
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He et al., 2010 additionally showed morphine CPP in chicks prenatally exposed to morphine
at both E9-12 and E17-20. The mechanism underlying these changes in drug-induced
reward at different embryonic periods may be due to changes in the density, affinity, or
distribution of opiate receptors following POE (Gagin et al. 1997; Vathy et al. 2003). For
instance, MORs display higher affinity to opioids in the late developmental stage of the
chick embryo (Geladopoulos et al. 1987). In agreement with this finding, many other studies
have found sensitivity to morphine reward in adulthood with maternal opioid use at various
timepoints throughout gestation. However, Riley and Vathy, 2006, have claimed there is no
sensitivity to morphine reward during mid-late gestation. These claims are based on failure
of escalating doses of the rewarding drug to produce dose-dependent CPP of morphing,
though the lowest dose morphine administration did induce CPP in offspring with prenatal
morphine exposure (Riley and Vathy 2006). Different sensitivities of CPP paradigms across
studies and alterations in maternal care (e.g., cross fostering procedures, maternal stress)
may have played a role in failure to obtain CPP at higher doses.

While most studies have shown prenatal morphine exposure can induce morphine CPP in
adulthood, other studies have concomitantly focused on extinguishing this propensity to
morphine-induced CPP. Both Chiang et al., 2015, and Wu et al., 2009, have shown that
dextromethorphan can attenuate drug-induced CPP in models of prenatal methadone and
prenatal morphine exposure, respectively. Notably, Wu et al., 2009, corroborated their
finding of increased preference to morphine following prenatal exposure with neurochemical
evidence showing increased dopamine turnover in the nucleus accumbens (Wu et al. 2009).
Their study highlights associations between molecular alterations in the mesolimbic
dopamine pathway with functional alterations in addictive-like behavior, following prenatal
exposure in rats. These functional changes are not likely the result of improved learning,
since deficits in learning and memory induced by prenatal morphine exposure have been
reported (Slamberova et al. 2001). Rather, this study, in accordance with the other studies
described in this section, suggests that offspring from opioid-addicted mothers may be more
sensitive to morphine-induced reward after postnatal morphine exposure.

4.3. Locomotor sensitization

In rodents, locomotor sensitization is another preclinical model of addiction, whereby
repeated, intermittent exposure to abused drugs results in augmented motor-stimulant
responses (Kalivas and Stewart 1991; Steketee and Kalivas 2011). Accordingly, in this
model, potentiation of drug-induced locomotion is commonly assessed via locomotor
activity (Kuhn et al. 2019). In preclinical animal models of addiction, sensitization correlates
with increased propensity to both drug self-administration and reinstatement of extinguished
self-administration (De Vries 1998; Valjent et al. 2010). However, the face validity of
locomotor sensitization in preclinical models is often questioned as sensitization in humans
is challenging to demonstrate (Kuhn et al. 2019). Still, others have posited that locomotor
sensitization corresponds to certain aspects of drug addiction such as compulsive drug-
seeking behavior (Robinson and Berridge 1993; Vanderschuren and Kalivas 2000; Vezina
and Leyton 2009; Valjent et al. 2010). Additionally, while animals and humans may differ in
the number of exposures that precede sensitization or abuse, the sensitization model is still
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an important model to aid in our understanding of the initial phases of drug intake that may
influence addiction (Vanderschuren and Pierce 2010).

The few preclinical studies of locomotor sensitization have all shown that exposure to
intrauterine opioids results in drug sensitization, consistent with previous reports of
alterations in brain reward circuitry (Wu et al. 2009; Chiang et al. 2013; Wang et al. 2017a;
Kvello et al. 2018; Robinson et al. 2019). These studies have been the most varied,
conducted in rats (Wu et al. 2009; Chiang et al. 2013), mice (Kvello et al. 2018; Robinson et
al. 2019), and chicks (Wang et al. 2017a). Collectively, major themes in these works have
centered on the ability of rewarding drugs to produce cross-sensitization and the influence of
sex and genetics in vulnerability to addiction.

Multiple studies have shown cross-sensitization to the neural and behavioral effects of drugs
of abuse, whereby sensitization to the locomotor responses of opioids can result in cross-
sensitization to the motor-activating effects of other drugs in addition to opioids (Kuhn et al.
2019). Thus, Chiang et al., 2013, used male rats to investigate whether prenatal exposure to
methadone, morphine, or buprenorphine could produce cross-sensitization to
methamphetamine. Interestingly, of all prenatal drug exposures, buprenorphine-exposed
animals had significantly increased rates of development of locomotor activity induced by
methamphetamine compared to other groups tested (Chiang et al. 2013). Molecular analysis
shows that downregulation of both mMRNA expression of D1R in the nucleus accumbens and
cAMP signals in these animals is involved in enhancing methamphetamine-induced
behavioral sensitization in prenatally buprenorphine-exposed offspring (Chiang et al. 2013).

While Chiang et al., 2013, only used male offspring in their studies, Kvello et al., 2018,
further highlighted sex-based vulnerabilities to addiction in their locomotor sensitization
studies in animals prenatally exposed to heroin. While the total run distance in female
offspring exposed to heroin was doubled compared with females exposed to saline, no
sensitized heroin-induced behavioral responses were observed in male adolescent offspring
exposed to heroin (Kvello et al. 2018). Collectively, these results imply increased
vulnerability to drug sensitization in adolescent female offspring. Of great concern, very low
heroin concentrations were sufficient to result in drug sensitization in females. That being
said, there has been much inconsistency in human data regarding sex-based addiction
vulnerabilities. Nevertheless, preclinical models appear to trend towards increased
vulnerability in females to the reinforcing effects of opiates during many phases of the
addiction process (Lynch et al. 2002; Timar et al. 2010).

Both genetic and environmental factors contribute to the complexity of addiction. To date,
very few studies have investigated the influence of genetics in combination with prenatal
drug exposure on vulnerability to drug addiction in adulthood. Recently, Robinson et al.,
2019, examined the impact of single nucleotide polymorphisms (SNP) in the MOR gene on
locomotor sensitization to morphine in offspring prenatally exposed to morphine. Authors
studied the OPRM1 A118G SNP, present in 25% of the human population; this adenine-to-
guanine substitution (A118G) results in the substitution of asparagine to aspartic acid in
exon 1 of the gene. In neonates, this SNP is reported to influence NOWS severity (Mague
and Blendy 2010). Interestingly, Robinson et al., 2019, have shown that early postnatal
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morphine exposure (corresponding to the third trimester of human pregnancy) alters the
development of adult morphine locomotor sensitization in a sex- and genotype-dependent
manner. Of all the SNPs examined, only the A118A SNP influenced locomotor sensitization.
Specifically, while A118A males exhibited enhanced locomotor sensitization to morphine,
females instead showed reduced locomotor sensitization (Robinson et al. 2019).
Collectively, these studies highlight the importance of investigating sex and genetic
variability in the development of locomotor sensitization to morphine.

5. Limitations of preclinical models in predicting vulnerability to

substance use disorders in humans

There is a major gap in our understanding of neuroadaptive processes that play a key role in
opioid dependence and withdrawal in neonates prenatally exposed to opioids (Le Merrer et
al. 2009; Robinson et al. 2019). Overall, animal studies have shown that intrauterine opioid
exposure dysregulates neural machinery underlying drug-seeking and drug-taking (Wu et al.
2009, 2018). Furthermore, they show that intrauterine opioid exposure may predispose
animals to increased locomotor sensitization, reward-driven behavior, and self-
administration of drugs, paralleling findings of other intrauterine drug exposures in animals
(Spano et al. 2007; Barbier et al. 2009; Slamberova et al. 2012; Wang et al. 2019;
Cantacorps et al. 2020). Although the exact mechanisms underlying this predisposition is
unclear, collectively, these studies suggest that prenatal opioid exposure increases drug-
reinforcement related behavior, independent of other environmental influences.

Thus, the question arises as to the translation of these animal studies in humans—
specifically, whether individuals prenatally exposed to opioids may have increased
vulnerability to substance use disorders. That is a complex and difficult research question to
answer, since drug addiction is a chronic, relapsing disease, strongly influenced by the
complex interaction of genetic, familial, environmental, and parental influences (see Figure
1). Thus, animal studies are inherently limited in their ability to distinguish the
consequences of in utero drug exposure from genetic and environmental influences in
addition to polysubstance use during pregnancy (Glantz and Chambers 2006; Spanagel
2017; Mller 2018). The limited number of studies of POE on drug self-administration, CPP,
and locomotor sensitization does not help to clarify long-term consequences, instead
preventing generalization of study findings. Furthermore, of the existing studies, major
limitations in the methodology of drug reward and/or motivation paradigms prevent
appreciation of the complex neurocircuitry involved in addiction (Everitt and Robbins 2016).
For instance, in animal models of locomotor sensitization, a single drug injection can induce
sensitization, whereas in humans, repeated exposures over a long period of time precede
drug abuse. As such, a major shortcoming of the locomotor sensitization model has been its
ability to provide information past the initial phase of drug intake, leaving questions
unanswered about the transition to substance use disorder (Vanderschuren and Pierce 2010;
Kuhn et al. 2019). Furthermore, neither this nor the CPP model allows for examination of
animal-driven behavior, and at high doses may produce results inconsistent with those that
would be seen in humans. Overall, careful attention needs to be given to these behavioral
procedures while testing for addictive-like behavior, as environmental stressors such as
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housing conditions, foot shock, restrain stress, and tail pinch influence self-administration,
CPP, and locomaotor sensitization, which may confound analyses (Alexander et al. 1981;
Piazza et al. 1989; Ramsey et al. 1993).

Whether these animal models measure addiction in itself is a major source of contention.
Some have argued that studying drug intake in animal models does not equate to studying
genuine addiction, which is marked by loss of control over drug use (Vanderschuren and
Ahmed 2013). Indeed, the DSM-V criteria for substance use disorder is based on impaired
control (e.g., using more substance than intended, difficulty restricting substance use), social
problems (e.g., neglecting social and professional responsibilities), risky use (e.g., drug use
in risky settings and continued drug use despite problems), and physical dependence (e.g.,
tolerance, withdrawal symptoms) (Hasin et al. 2013). Over the course of addiction, drug use
escalates from casual use to inappropriate abuse, whereby individuals lose control over drug
seeking and taking. Important consideration in modeling addiction-related behavior must be
given to incorporating DSM-V diagnostic criteria for substance use disorder (Kuhn et al.
2019). It is unknown whether animal models can meet all diagnostic criteria, or whether a
certain subset of these criteria is specific to humans. However, researchers have found some
behavioral equivalents. In rodents, some of these criteria are applied by measuring tolerance,
drug preference over nondrug rewards, resistance to punishment, increased motivation for
drugs, resistance to drug extinction, and impaired control or neurocognitive deficits
(Vanderschuren and Ahmed 2013). In this way, it is possible to quantitatively assess animals
meeting criteria for substance use disorders. Interestingly, the percentage of rats that meet all
diagnostic criteria has strong clinical correlation to the percentage of human drug addicts
that meet DSM criteria for substance use disorder (indicated by two or more symptoms in a
given year) (Deroche-Gamonet et al. 2004; Kuhn et al. 2019). That being said, this multi-
symptomatic approach is rarely used in animal studies of addiction, and findings from POE
studies have not been described in terms of diagnostic criteria but rather solely in terms of
behavioral measures. This creates difficulties in distinguishing casual from compulsive drug
use.

Even if these preclinical models of addiction hold true, results are still contingent on
initiation of drug use and, subsequently, whether alterations in brain circuitry from POE
predisposes towards addiction. For example, Chiang et al., 2013, found no changes in basal
locomotor activities in prenatally opioid-exposed offspring at adulthood. However, following
methamphetamine exposure, significant changes in locomotor sensitization were observed in
buprenorphine exposed offspring (Chiang et al. 2013). These results emphasize the role of
postnatal drug exposure, but like other studies have not been able to suggest whether
prenatally exposed offspring display increased propensity to initiate substance use. In
addition, it is increasingly important to recognize that drug addiction only occurs in
genetically susceptible individuals, despite prolonged drug exposure. This further
underscores the need to examine genetic, neural, and environmental factors that play a key
role in the development of addictive behavior (Vanderschuren and Ahmed 2013). For
instance, polysubstance use is common in mothers who abuse drugs during pregnancy,
which is an issue that has hardly been tackled in animal studies. Furthermore, the effect of
polysubstance use is not necessarily the sum of the consequences of each substance used,
but more likely represents an interaction. Even when polysubstance use is studied, the drugs
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used in experimental studies do not necessarily reflect the purity and composition of
illegally obtained drugs (Glantz and Chambers 2006). How this, as well as childhood
environmental exposures, affects study outcomes is unknown.

Once again, addiction is an accumulation of environmental risks and lower protective factors
in genetically susceptible individuals in a developmental and transactional fashion (reviewed
in Glantz and Chambers, 2006). Animal models of chronic opioid exposure have
demonstrated a genetic component to drug abuse etiology and have identified
neurobiological mechanisms underlying escalating and compulsive drug use (Adinoff 2004;
Berrettini 2017). As discussed previously, single nucleotide polymorphisms in the OPRM1
gene have also contributed different genetic profiles of drug susceptibilities. Additionally,
experimental models have shown significant vulnerability to later addictive-like behavior in
females (Lynch et al. 2002; Vathy et al. 2007; Timar et al. 2010; Kvello et al. 2018).
Furthermore, there is a strong genetic component of psychopathology, with parental
psychopathology associated with significantly higher rates of substance use disorders and
psychopathology in offspring (Wilens et al. 2002; Chassin et al. 2004; Elkins et al. 2004;
Whitesell et al. 2013).

It has been suggested that while drug involvement, abuse, and dependence are more
associated with biological and psychiatric factors, the initiation of drug use is heavily
dependent on social and environmental factors (Glantz and Chambers 2006; Burstein et al.
2012; Zimi¢ and Juki¢ 2012). Even children who do recover from early functional
impairments are still at increased risk for later cognitive and behavioral problems
exacerbated by familial and environmental factors (reviewed in Glantz and Chambers 2006).
Contributing childhood environmental exposures include forced parent-child separation,
high-crime neighborhoods, neighborhood and household violence, passive drug exposure,
child maltreatment, and parenting attitudes (Glantz and Chambers 2006). For instance,
although the majority of children with drug-abusing mothers reside in the same household,
they are at high risk of forced parental separation as a result of parental incarceration, drug-
related parent death, or drug exposure in children (Nair et al. 1997; Pilowsky et al. 2001).
Indeed, mothers who abuse drugs during pregnancy often continue drug use after the child is
born, subjecting offspring to significant postnatal drug exposures which also play a role in
maternal-infant interactions (Johnson et al. 2002; Schuler et al. 2002; Pulsifer et al. 2004).
Continued passive exposure to drugs from drugs smoked in the presence of a child (e.g.,
marijuana, cocaine) or living in a home where drugs are stored and processed (e.g., home-
based methamphetamine labs) contribute to periodic placement of these children in other
homes by child protective services (Glantz and Chambers 2006). This forced separation has
been linked with a number of adverse outcomes, including psychopathology and increased
rates of substance abuse (Zlotnick et al. 1999). Families affected by drug abuse are also
more likely to experience high levels of domestic conflict (Dunn et al. 2002), which is often
exacerbated by living in neighborhoods with high rates of crime, poverty, and substandard
housing (Luthar and Cushing 1999). Children living in these environmental conditions have
been reported to be more likely to use illegal drugs, with some reports indicating that these
neighborhood characteristics more heavily influence propensity to drug addiction than their
mother’s attributes (e.g., psychiatric illness) (Brook et al. 2001).
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Additionally, individual variability in temperament and cognitive function also contributes to
increased susceptibility to substance use disorders in adolescence and adulthood. Difficult
temperament, frequently observed in prenatally exposed children, has been linked with poor
parenting practices, which predisposes towards emotional dysregulation, deficits in attention
and impulse control, sensation seeking, and psychological disorders—all of which are drug
abuse vulnerability factors (Young Mun et al. 2001; Dalley et al. 2007; Belin et al. 2008).
While it may be possible to parse out individual influences of POE alone from the multiple
genetic and environmental risk factors, vulnerability to drug abuse is likely the potentiation
of POE and maladaptive environmental settings. It must be noted that at every step in the
development of addiction, protective factors may offset negative behavioral changes that
predispose towards the development of a substance use disorder (Glantz and Chambers
2006). For instance, in many cases a nurturing home environment and positive attention can
promote resilience in children, which may help mitigate the adverse consequences of POE
(Lewis et al. 2004). That being said, more often than not children of mothers who use
opioids while pregnant continue to face multiple negative environmental exposures
throughout their childhood.

Together, these various risk factors add to the complexity of predicting vulnerability to
addiction in human studies of prenatally opioid-exposed infants. As such, we are unable to
disprove or verify reported findings of in utero drug exposure in preclinical studies in
humans. Animal studies have thus been the only way to understand dysregulation in the
neural reward circuitry underlying drug-seeking in the absence of the multiple genetic and
environmental confounders in human studies. Collectively, these studies of drug self-
administration, conditioned place preference, and locomotor sensitization have been pivotal
in our understanding of the neurobiological factors underlying drug addiction. While it is
unknown whether in utero opioid exposure substantially increases vulnerability to drug
abuse in offspring, these preclinical studies point to increased vulnerability beyond having
substance abusing parents (Glantz and Chambers 2006). At the very least, these studies have
presented negative neurodevelopmental findings with POE, consistent with human studies.

6. Future Directions

Here, we have reviewed the literature on animal models of prenatal opioid exposure (POE),
paying specific attention to studies assessing vulnerability to addiction later in life. While it
is difficult to generate definitive conclusions based on the limited number of studies, the
available literature indicates that POE may dysregulate neural reward circuitry that may
confer susceptibility to drug use in animal models. Overall, we have highlighted that
vulnerability to addiction is a complex interaction of genetic and environmental factors. This
has limited interpretation of findings in animal studies of POE and has made investigations
of the long-term effects of POE in humans particularly challenging. Additionally, we have
assessed the merit of animal models of POE in measuring addiction; indeed, loss of control
is pathognomonic of substance use disorders in DSM-V criteria, but hardly recapitulated in
animal models. From here, we provide a brief discussion on 1) measures to prevent
substance use during pregnancy and/or limit fetal drug exposure, 2) considerations for
improving animal models of POE, and 3) current strategies underway to predict propensity
towards addiction.
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6.1. Measures to prevent substance use during pregnancy and/or limit fetal drug

exposure

First and foremost, progress in this field will require increased measures to reduce substance
use during pregnancy and to limit fetal drug exposure, while preventing fetal drug
withdrawal. Although treating substance use disorders is difficult and marked by high rates
of relapse, drug prevention efforts may be more successful in pregnant women who abuse
drugs compared to non-pregnant, drug-abusing females because of some concern over
possible harm to the developing fetus (Glantz and Chambers 2006). Volkow and Boyle,
2018, have reviewed many of these interventions, which are based on epidemiological data
of both adverse and protective risk factors in the development and maintenance of substance
use disorders. While this does not imply that prevention programs are more likely to result in
drug abstinence during pregnancy, a decrease in drug use, even with some degree of relapse,
may result in less harm to the fetus than continued drug abuse during pregnancy, though this
has not been verified. In drug-abusing women, the main focus has been to limit abrupt
opioid reduction, which is associated with increased central nervous stress in the fetus,
stillbirth, and fetal death, rather than to encourage abstinence (Park et al. 2012). Hence, the
rationale behind opioid-agonist maintenance therapies has been to minimize the fluctuations
in maternal serum opioid levels with repeated use of short-acting opioids (e.g., heroin) in
order to reduce repeated intoxication and withdrawal to the fetus (Jones et al. 2008).
However, these therapies have several disadvantages, among which are continued fetal drug
exposure as well as the risk of fetal drug withdrawal. As discussed previously, though
buprenorphine is gaining popularity over methadone due to its availability in office-based
settings, diminished risk of overdose, and decreased rates of abrupt withdrawal (Park et al.
2012; Stover and Davis 2015), animal models of POE have shown significantly adverse
effects in buprenorphine-exposed offspring compared to offspring prenatally exposed to
morphine (Chiang et al. 2013). Thus, there has been a shift in focus to investigations of non-
pharmacological therapies in pregnant women to both limit fetal drug exposure and prevent
fetal drug withdrawal.

To date, very few preclinical models (summarized in Table 2) have investigated maternal
interventions that influence behavioral outcomes in prenatally opioid-exposed infants.
Promising non-pharmacological strategies have included passive immunization with
monoclonal antibodies and anti-drug abuse vaccinations, which work by creating immune
complexes that trap substances of abuse in circulation, preventing them from crossing the
blood brain barrier (reviewed in Volkow and Boyle, 2018). Excitingly, monoclonal
antibodies targeting heroin’s first metabolite, 6-acetylmorphine (6-AM), have been
demonstrated to reduce the distribution of active heroin metabolites in the fetal brain and
prevent hyperactivity and drug sensitization in adolescent female offspring prenatally
exposed to heroin (Kvello et al. 2018). Future studies on non-pharmacological interventions
will need to focus on ensuring the production of long-lasting monoclonal or polyclonal
antibodies, using booster injections to prolong antibody effects, and combining
immunotherapy with behavioral interventions to collectively lower the risk of fetal drug
exposure and withdrawal (Molkow and Boyle 2018).
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6.2. Considerations for improving animal models of POE

Additionally, improving current animal models of POE will be crucial in elucidating
neurobiological mechanisms that contribute to addiction-related behaviors. Throughout this
review we have discussed limitations of animal models of POE. The most notable are
whether these models mirror human addiction and the failure of these models to account for
the complex interaction of genetic predispositions and environmental conditions.

The validity of these animal models in studying addiction is often contended, as human
addiction is marked by loss of control over drug use (Vanderschuren and Ahmed 2013); this
phenomenon is lacking in many animal models. However, this limitation can be addressed
by utilizing multi-symptomatic training paradigms, which incorporate DSM-V diagnostic
criteria for substance use disorders; or behavioral/demand curve economics, which allows
for the identification of multiple components of motivation for drug-taking within a single
session (Kuhn et al. 2019).

Recent advancements in genetic technology have further provided a variety of ways to
introduce genetic variability into rodent models. For instance, the availability of
heterogeneous stock rats, which represents a genetically random mosaic of founding animal
chromosomes due to multiple generations of recombination, has presented a model which
more accurately reflects genetic and behavioral heterogeneity in the human population
(Woods and Mott 2017). Other approaches to understanding the genetic differences that may
contribute to certain phenotypic traits in animal models are reviewed in Kuhn et al., 2019.
Additional consideration must be given to the effect of adverse environmental exposures
following POE, which reflect those commonly experienced by humans, such as forced
maternal-child separation, stress, trauma, and passive drug-exposure. Overall, understanding
this balance between genetic and environmental factors is crucial to inform about the
individual differences predisposing towards drug abuse and substance use disorders.

6.3. Current strategies underway to predict propensity to addiction

We conclude by briefly discussing emerging strategies to predict propensity towards
addiction. Pharmacogenetics, for example, has a key role in informing how genetic factors
influence drug response and toxicity. What continues to be missing in our current
understanding of the factors predisposing to addiction is an assessment of interpersonal
genetic and environmental variation (reviewed in Hurd and O’Brien, 2018). Candidate gene
studies and genome-wide association (GWA) analyses can be used to identify genetic
influences on drug abuse and dependence with the added advantage of discovering novel
genetic variants and biomarkers that associate with particular phenotypes (Mroziewicz and
Tyndale 2010). For instance, GWA studies have implicated genes involved with cell
adhesion, enzymatic activities, and transcriptional regulation in dependence phenotypes
(Ishiguro et al. 2008; Uhl et al. 2008; Mroziewicz and Tyndale 2010). In addition to
genetics, increased awareness of the epigenetic mechanisms induced by both intrauterine
opioid exposures and adverse childhood exposures is of great importance in advancing our
understanding of individual vulnerability to addiction. Such knowledge and integration of
both genetic and epigenetic data can provide a strong biological foundation of the
development of addiction (Hurd and O’Brien 2018).
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A focus on biomarkers that have high predictive and explanatory power would also greatly
contribute to classifying individuals with different propensities towards addiction into
biologically-based categories (Kwako et al. 2018; Volkow and Boyle 2018). Neuroimaging
has the great potential to facilitate our identification of addiction biomarkers by providing a
multidimensional representation of human functioning, including cue reactivity, impulsivity,
and cognitive control, that relate to addiction (reviewed in Garrison and Potenza, 2014).
These biomarkers represent molecular or biochemical alterations that can be objectively
scored and assessed as an indicator of disease diagnoses, pathology, or pharmacologic
response (Naylor 2003; Wang et al. 2016). The development and advancement of “omics”
research in particular has ushered in a number of proteomic and metabolomic approaches
that can be used to facilitate our understanding of the underlying etiology of drug addiction
(reviewed in Wang et al., 2016). Indeed, many have argued that metabolic dysregulation
following the first instance of narcotic drug use contributes to the initiation step of addiction
(reviewed in Ghanbari and Sumner, 2018). Thus, mapping metabolic perturbations can
improve our knowledge of addiction profiles and provide clinically relevant biomarkers
(Ghanbari and Sumner 2018). The view of addiction as an overall metabolic disturbance
brings up the exciting possibility of reducing the risk of intrauterine opioid exposure through
nutritional interventions. For instance, in the same way that folic acid supplementation
during pregnancy has been used to reduce neural tube defects in neonates and probiotic
administration following chronic opioid exposure has been used to attenuate gastrointestinal
pathology exacerbated by bacterial metabolites (Ghanbari and Sumner 2018; Zhang et al.
2019), identifying metabolic disturbances in individuals with a history of POE may provide
targeted nutritional interventions to mitigate adverse intrauterine opioid exposures and
concomitant environmental risk factors.

7. Conclusion

Ultimately, much work remains to be done in terms of characterizing the genetic and
environmental factors underlying vulnerability to addiction in individuals with prenatal
opioid exposure (POE). Improving our current animal models of POE as well as our
paradigms for assessing addictive-like behavior will be imperative in providing robust
preventative and therapeutic measures moving forward. Future studies should also be
directed towards identifying non-pharmacological therapies to limit fetal drug exposures and
withdrawal, as well as towards identifying biomarkers in the development of addiction using
pharmacogenetic, neuroimaging, and metabolomic approaches.
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Key Points:

One consequence of the opioid epidemic has been an increased number of
neonates with prenatal opioid exposure (POE), which results in significantly
adverse medical, developmental, and behavioral outcomes in offspring.

Of growing interest is whether POE contributes to later vulnerability to
substance use disorders.

Overall, animal studies have suggested that POE dysregulates neural
machinery underlying drug-seeking and drug-taking, and may predispose
animals to increased locomotor sensitization, reward-driven behavior, and
self-administration of drugs.

How these findings relate to increased vulnerability to addiction in opioid-
exposed infants is an incredibly complex question, and likely the result of the
complex interaction of genetic, familial, environmental, and parental
influences.

Animal studies have greatly enhanced our understanding of the molecular and
neurobiological mechanisms of drug-related behavior, but improving animal
models of POE and addiction paradigms will be essential to providing robust
preventative and therapeutic measures against the adverse effects of POE.

Future research will need to be directed towards developing non-
pharmacological therapies to limit fetal drug exposure and withdrawal as well
as towards developing effective strategies to determine propensity to
addiction.
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Maternal exposures Childhood Events Individual Addiction
during pregnancy and Exposures Variability
= Genetics (e.g.. = Polysubstance use = Medical issues = Temperament = Tolerance
OPRM1 SNP) = Purity/composition of drug = Parent-child separation = Psychopatholog; = Withdrawal symptoms
= Sex (females) = Opioid mai = Soci ic status = Anti-sociality = T drug use for T periods of
therapies = Neighborhood = Cognitive/behavioral time
= Infection (HIV, STDs, = Violence dysregulation = Difficulty restricting
hepatitis) = Substance-abusing parents = 1 time devoted to
= Passive drug exposure procuring/consuming drugs
= Child maltreatment = Neglect of
= Parenting attitudes social/professional activities
= Parental psychopathology = Continued drug use despite
knowledge of consequences

Figure 1. Complexity of predicting vulnerability to addiction in individuals prenatally exposed to
opioids

Vulnerability to addiction depends on the complex interaction between genetic and
environmental conditions. Each of these factors differentially affects an individual’s
predisposition to substance use disorders. Additionally, protective factors throughout a
child’s lifetime can greatly offset adverse behavioral effects of prenatal opioid exposure.

This complicates both animal and human studies investigating susceptibility to addiction.
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Summary of preclinical models assessing addictive-like behavior following prenatal opioid exposure

T by 1 mg/kg qlwk
MET: 5 mg/kg, s.c. at G3, then 7 mg/kg, s.c.

sensitization in prenatally BUP-
exposed animals

Exp Neurol. Author manuscript; available in PMC 2022 May 01.

Species | Opioid Exposure Age at Testing Reported Findings Reference
Effects on Self-Administration

Rats MOR: 0.4 mg/mL p.o., tapered to 0 from PN90 @ T MOR self-administration (Glick et al. 1977)
PN1-P14
D: PG-PN14

Rats MET: mg./kg, i.p. PN85 & 1 voluntary MOR consumption No | (Hovious and Peters
D: PG-PN22 difference in voluntary MET 1985)

consumption

Rats MOR: 10 mg/kg, s.c. (G7-G9), then free PN63 o 1 cocaine and HER self- (Ramsey et al. 1993)
access drinking administration
D: G7-birth

Rats MOR: 5 mg/kg, s.c. (G11, G12) then 10 PNG65 & T MOR self-administration at (Riley and Vathy
mg/kg, s.c. (G12-G18) 1mg/kg No effect on MOR self- 2006)
D: G11-G18 administration at 0.3, 2, or 3 mg/kg

Rats MOR: 0.1-0.4 mg/mL p.o. (G1-birth), PN37 & 1 voluntary MOR consumption (Haydari et al. 2014)
tapered to O from (PN1-PN8)
D: G1-PN8

Rats MOR: 2 mg/kg, s.c. T by 1 mg/kg qlwk to 4 PN49 ¢ Delayed extinction and stronger (Shen et al. 2016)
mg/kg (final dose) drug-primed reinstatement of MA
D: G3-20 self-administration

Rats MOR: 5 mg/kg, s.c. (G11-13) then 10 PN35 g and @ 1 voluntary MOR consumption (Torabi et al. 2017)
mg/kg, s.c. (G14-G18) tapered to 0 (G19-
G22
D: G11-birth

Effects on Conditioned Place Preference (CPP)

Rats MOR: 0.75-12 mg/kg, s.c. PN70 ¢ and @ * CPP to MOR (Gagin et al. 1997)
D: G12-G18

Rats MOR: 5 mg/kg, s.c. (G11, G12) then 10 PN65 & 1 CPP to MOR at 0.1 mg/kg s.c. (Riley and Vathy
mg/kg, s.c. (G12-G18) No difference in CPP to MOR at 2006)
D: G11-G18 0.3, 1, 3, and 5 mg/kg, s.c.

Rats MOR: 2 mg/kg, s.c. 1 by 1 mg/kg qlwk until | PN60 & T CPP to MOR (Wu et al. 2009)
birth
D: PG-birth

Rats MOR: 5 mg/kg, s.c. (G1-2) then 10 mg/kg, PN90 & and ? T CPP to MOR (Timér et al. 2010)
s.c. (G3-PN21)
D: G1-PN21

Chicks MOR: 1 mg/kg/egg weight PN1 (sex T CPP to MOR in E9-12 and E17- | (He etal. 2010)
D: E5-8, E9-12, E13-16, or E17-20 unspecified) 20 groups

Rats MET: 5 mg/kg, s.c. (G3), then 7 mg/kg, s.c. PN64 & T CPP to MET (Chiang et al. 2015)
(G4-G20).
D: G3-G20

Rats MOR: 2 mg/kg, s.c. 1 by 1 mg/kg qlwk to 4 PN49 ¢ Delayed extinction and stronger (Shen et al. 2016)
ma/kg (final dose) drug-primed reinstatement of MA
D: G3-20 CPP

Chicks MOR: 1 mg/kg/egg weight PN1 (sex * CPP to MOR (Wang et al. 2017a)
D: E17-E20 unspecified)

Effects on Locomotor Sensitization

Rats MOR: 2 mg/kg, s.c. PN60 & T MOR-induced behavioral (Wu et al. 2009)
1 by 1 mg/kg qlwk sensitization
D: PG-birth

Rats MOR: 2 mg/kg, s.c. PN56 & T MA-induced behavioral (Chiang et al. 2013)
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Species | Opioid Exposure Age at Testing Reported Findings Reference
BUP: 3 mg/kg s.c.
D: G3-G20
Chicks | MOR: 1 mg/kg egg weight PN1 (sex 1 locomotor activity during the (Wang et al. 2017a)
D: E17-E20 unspecified) MOR CPP posttest phase
Mice MOR: 10 mg/kg s.c. Adult ¢ and ¢ T MOR-induced locomotor (Robinson et al.
D: PN1-PN14 sensitization in OPRM1 Al118A & 2019)
| MOR-induced locomotor
sensitization in A118A ¢
Mice HER: 1.05 mg/kg s.c. PN28 ¢ and ¢ 1 heroin-induced hyperactivity and | (Kvello et al. 2018)

D: G12, G15, G18

drug sensitization in adolescent @

Abbreviations: G (gestation day); E (embryonic day); PG (pre-gestation); PN (postnatal day); D (duration); i.p. (intraperitoneal); s.c.
(subcutaneous); p.o. (oral); g (every); BUP (buprenorphine); MOR (morphine); MET (Methadone); HER (heroin); MA (methamphetamine)
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Summary of interventions used to prevent addictive-like behavior in preclinical models of prenatal opioid

exposure
Intervention POE Timing of Intervention Reported Findings Reference
Model

mADb targeting HER s.c. mAb injections on G11 (50 mg/kg), | HER-induced hyperactivity, and (Kvello et al.

heroin’s first G14 (10 mg/kg), and G17 (10 mg/kg), { HER-induced drug sensitization 2018)

metabolite, 6- and single s.c. HER injections (2.5 compared with adolescent ? offspring

acetylmorphine (6- mmol/kg) on G12, G15, and G18. prenatally exposed to HER

AM)

Dextromethorphan MET MET injection (5 mg/kg, s.c. at G3; then | CPP to MET (4 mg/kg, s.c.) compared  (Chiang et al.
7 mg/kg, s.c. G4-G20) followed by DEX with adult o' offspring prenatally 2015)
injection (3 mg/kg, s.c. G3-G20) exposed to MET

Dextromethorphan MOR Both DEX and MOR injections (2 mg/kg,  { CPP to MOR (1 mg/kg, i.p.), (Wu et al. 2009)
s.c. 1 by 1 mg/kg q1wk) initiated during | MOR-induced behavioral sensitization,
mating and continued throughout | dopamine and serotonin turnover rates
pregnancy until birth of pups in nucleus accumbens

compared with adult ' offspring
prenatally exposed to MOR

Exercise MOR Free access to running wheel G1-PN1 | voluntary consumption of MOR (Haydari et al.
compared to & offspring from sedentary ~ 2014)
morphine-dependent mothers.

Exercise MOR Swimming (30-45 min/day, 3 days per | voluntary consumption of MOR (Torabi et al.
week) on G11-18. compared to & and @ offspring from 2017)

sedentary morphine-dependent mothers

Abbreviations: G (gestation day); PN (postnatal day); s.c. (subcutaneous); mAb (monoclonal antibody); DEX (dextromethorphan); MOR
(morphine); MET (methadone); HER (heroin).
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