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Abstract
The devastating impact of opioid abuse and dependence on the individual, family, and

society are well known but extremely difficult to combat. During pregnancy, opioid drugs

and withdrawal also affect fetal brain development and newborn neural functions, in addi-

tion to maternal effects. Neonatal Abstinence Syndrome/Neonatal Opioid Withdrawal

Syndrome (NAS/NOWS) rates have drastically increased in the US in the past decade.

Solutions to this complex problemmust be multi-faceted, which would be greatly enhanced

by a translational, multidisciplinary understanding. Therefore, this mini-review incorporates

biomedical, clinical, and policy aspects of opioid use during pregnancy. We review the

known roles for endogenous opioids in mediating circuit formation and function in the

developing brain, discuss how exogenous opioid drug use and addiction impact these processes in animal models and

humans, and discuss the implications of these data on public policy. We suggest that some current policy initiatives produce

unintended harm on both mothers and their children and delineate recommendations for how legislation could better contribute to

addiction recovery and increase neural resilience in affected children.
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Overview

The use and abuse of opioid drugs have recently reached
historic levels, despite some of these compounds being
known about and used for over two centuries. This is
likely due to the position of opioid drugs at the intersection
of two undertreated and inter-related medical problems—
drug addiction and chronic pain.1 The creation of synthetic
analogs exhibiting 100–1,000-fold higher potency has also
contributed substantially to this public health crisis.2

Several recent reviews have focused on the uniquely pow-
erful current role for opioid drugs—both legal and illegal—
in producing overdose deaths, physical dependence, and
long-term health and societal impacts. The developmental
impact of opioid use during pregnancy has received less
research attention, despite data demonstrating early
expression and function of opioid drug targets during

neural development. There has been a steady increase in
opioid use in people aged 18–25; this obviously includes
women of child-bearing age.3 There has been a drastic rise
in Neonatal Abstinence Syndrome/Neonatal Opioid
Withdrawal Syndrome (NAS/NOWS) in the US since
2004.4 Moreover, pregnant womenwith opioid use disorder
often struggle with other co-occurring antenatal medical
and neuropsychiatric conditions—particularly anxiety,
major depression, and post-traumatic stress disorder—
and are at increased risk for postpartum depression.5

They are also at increased risk for using other substances
with abuse liability, including marijuana, nicotine, and
cocaine.6 Solutions to this complex problem must be
multi-faceted, which would be greatly enhanced by a trans-
lational, multidisciplinary understanding. Therefore, in
this minireview, we summarize evidence defining the
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physiological, cellular, and molecular actions of opioids
during key periods of brain development, describe the
effects of fetal opioid use on neurobehavioral development,
and recommend specific medical, behavioral, and legisla-
tive actions to ameliorate the impact of this crisis.

Neurodevelopmental expression patterns
and function of opioid-related drug targets

Opioid receptors are G protein-coupled receptors and are
classified into three classes: mu, kappa, and delta. Studies
have demonstrated expression of all three receptors within
the central nervous system (CNS) during critical phases of
brain development.7–9 Pharmacological activation of these
receptors during prenatal development alters a number of
important markers of neuronal differentiation and synapto-
genesis.10–12 Although beyond the scope of the current
review, it is also worth mentioning that maternal cannabis
exposure alters the expression and function of endogenous
opioid receptor systems,13–15 suggesting that increased rec-
reational marijuana use may produce related effects.

For example, in the developing striatum, the mu opioid
receptor appears early during mid-gestational develop-
ment and is expressed in a patch-like distribution through-
out postnatal development and into adulthood. The
spatiotemporal expression pattern of the mu opioid recep-
tor appears to match the functional maturation of cortico-
striatal glutamate transmission.16 Corticostriatal
projections, in turn, are essential components of forebrain
circuits and subserve motivated behaviors. Abnormalities
within this circuit are implicated in the pathophysiology of
several neurodevelopmental, neuropsychiatric, and neuro-
logical disorders, including autism, obsessive-compulsive
disorder, psychosis, movement disorders, drug addiction,
and major depressive disorder. Moreover, mu opioid recep-
tor activation modulates the proliferation of neural progen-
itor cells, particularly in the dorsal telencephalon (for
review, see Kibaly et al.17). Of note, these effects are devel-
opmental stage- and cell type-specific; given the precise
regional and temporal gradients of neural progenitors in
the developing brain, these data suggest that prenatal
opioid exposure will have complex and highly individual-
ized impacts on the developing fetus based on the exact
timing of exposure in a pregnant woman.

Developmental exposure to opioid drugs and
accompanying mechanisms

Opioid drugs can alter the developing fetus directly or indi-
rectly via multiple maternal mechanisms (for review, see
Ross et al.18). Opioids are capable of crossing the placen-
ta19–21 and subsequently act directly on endogenous opioid
receptors in the fetal brain. Opioids can also enhance mater-
nal secretion of cortisol and subsequently augment the
secretion of stress hormones in the embryo; this produces
long-term effects because the hypothalamic–pituitary adre-
nal axis has important roles on neural and behavioral
development.22 Postnatally, opioids alter lactation and
maternal behaviors, resulting in additional processes
through which neuronal maturation and behavioral

resilience may be affected.23 Additionally, although not
yet directly studied, it is quite likely that maternal opioid
exposure and/or addiction alters the vaginal microbiome
and therefore the pioneering maternal microbiota that col-
onizes the offspring gastrointestinal tract; this has recently
been described as a mechanism contributing to the effects
of prenatal stress.24

A full analysis of the literature on developmental effects
of opioids is beyond the scope of this minireview, but we
will describe a few particularly salient studies. Animal
model studies have demonstrated altered birth weights
and growth patterns as well as increases in congenital mal-
formations and stillbirths.25,26 Even in the absence of tera-
tological outcomes, exposed offspring exhibit long-lasting
deficits in cognitive function including learning and
memory,27–30 motor hyperactivity,31 and enhanced vulner-
ability to future drug use.32,33

Preclinical models are ideally suited to study the under-
lying cellular and molecular mechanisms that arise from
developmental opioid exposures. Studies have described
several structural and functional circuitry alterations that
contribute to fetal opioid-induced effects on brain structure
and function, including alterations in neuronal prolifera-
tion, synaptic structure and plasticity, and neurochemical
functions (for review, see Ross et al.18). A classic study dem-
onstrated decreased dendritic length and branches in the
perinatal rodent cerebral cortex following morphine expo-
sure, importantly showing receptor specificity in that co-
administration of the antagonist naltrexone blocked the
effect.34 Synaptic plasticity and proteins associated with
synaptic transmission are reduced by developmental
opioid exposure,35–37 suggesting likely reductions in
neural adaptability and modulation. Of note, most studies
to date have focused on a single opioid drug, exposure
period, and/or limited analyses of a few endpoints.
Systematic investigations using “modern” opioids, proper
interspecies scaling methods, litter-based designs, and
diverse structural and functional neural endpoints are
sorely needed. For example, there are multiple studies
examining morphine and heroin, but very few addressing
the neurodevelopmental effects of prescription painkillers
or synthetic opioids such as fentanyl. Animal model studies
often rely on intraperitoneal or subcutaneous injections
when oral or intravenous administration would be more
translatable to humans. Brain development across different
model organisms proceeds at different rates than humans,
and dose calculations need to account for allocentric scaling
and extrapolation of inter-species doses. Shared genetic
and maternal environment (intra-litter likeness) are some-
times not appropriately analyzed. In addition, sex differ-
ences in neuro(mal)adaptations and potential epigenetic
transmission of paternal opioid history (for review, see
Goldberg and Gould38) are also up-and-coming areas of
study that require additional examination.

Neurobehavioral effects of developmental
opioid exposures—Human studies

There is a greater likelihood of a number of dangerous birth
complications associated with opioid use during

132 Experimental Biology and Medicine Volume 245 January 2020
...............................................................................................................................................................



pregnancy including preeclampsia, placental insufficiency,
placental abruption, prenatal growth retardation, preterm
labor, and even fetal death.39–41 Even when labor and deliv-
ery is fairly uneventful, newborns often have low birth
weight and smaller head circumference, and sometimes
experience symptoms of opioid withdrawal (see
below).42–45 Studies have also suggested increased preva-
lence of structural heart defects,46 autonomic dysregula-
tion,47 and oculomotor dysfunctions48,49 in children
exposed prenatally to opioids. Regarding long-term out-
comes, some studies have reported that at preschool and
elementary school stages, these children demonstrate
impairments in motor control and cognition,44,45,50,51 inat-
tention,52,53 hyperactivity,52 and an increase in attention-
deficit/hyperactivity disorder when exposed prenatally to
heroin.54 Taken together, studies to date demonstrate
highly variable consequences, which suggests complex
underlying mechanisms—likely influenced by the dose,
type and length of drug use, timing with respect to neuro-
developmental processes, and underlying behavioral and
genetic risk factors. Related to these complexities, a recent
study isolated extracellular vesicles and synaptosomes
from fetal neural samples in humans and observed com-
plex changes in endogenous opioid and endocannabinoid
receptor levels.55,56 The study identified distinct effects
between the two membrane preparations that were ana-
lyzed, and between the two opioids that participants in
this study were using—buprenorphine and methadone.
Moreover, microRNA sequencing revealed sex-dependent
effects on expression pattern.

Within this context of potentially deleterious effects from
pre- and perinatal exposure to opioids, the rise in prescrip-
tion opioid use is alarming. From 1992 to 2012, reports of
prescription opioid abuse among pregnant women
increased 14-fold, from 2% to 28%.57 Demographic charac-
teristics of opioid admissions amongst pregnant women
also changed between 1992 and 2012 in that rates increased
significantly for younger women, along with criminal jus-
tice system involvement, and comorbid mental health con-
dition diagnoses. Unfortunately, only about one-third of
women using opioids during pregnancy actually received
medication-assisted therapy (MAT)—despite MAT repre-
senting the standard of care. This increasing incidence of
opioid use during pregnancy has produced an escalation in
adverse neonatal outcomes including NAS/NOWS. NAS/
NOWS is a collection of withdrawal syndrome, whereby
opioid-exposed infants experience a rebound in excitability
within the CNS shortly after birth. From 2004 to 2014, the
number of infants diagnosed with the syndrome grew five-
fold (and in some states 10-fold).58,59 In 2014 alone, over
32,000 babies were diagnosed with NAS/NOWS, equaling
a baby born with NAS/NOWS every 15min nationwide.4,60

Hospital costs associated with NAS/NOWS totaled $532
million in 2014, with $462 million being Medicaid-
financed births.4,61 Between 2004 until 2012, neonatal inten-
sive care unit hospital days for NAS/NOWS infants
increased by six to seven times during this time.62 While
alarming, these numbers do not capture the true gravity of
opioid use in pregnancy because it does not include babies
experiencing other complications from usage (e.g. placental

abruption) or concurrent use of other substances in preg-
nancy. Even when adverse neurobehavioral effects may not
be apparent in neonates and infancy, they may become
more salient as children develop and reach preschool and
school age.63

Intervention models for prenatal and
childhood exposure to substance use and
other neurodevelopmental risk

Even within the framework of a medical model of addic-
tion, pregnant women often face discrimination and crim-
inalization as a result of their addiction and drug use. This
context contributes to under-treatment of these women and
their children and is reminiscent of societal responses to the
crack cocaine epidemic of the 1980s. Implicit and explicit
discouragement of intervention through stigmatization and
criminalization is ineffective and costly to the individuals,
families, and society.64 In fact, the American College of
Obstetricians and Gynecologists have called for universal
screening for substance abuse. It is recommended that such
screening be included in standard obstetrical care. Ideally,
this would occur at the first prenatal visit in partnership
with the patient.65

Studies of developmental disabilities consistently point
to early intervention as a crucial component to normalizing
neurodevelopmental trajectory, regardless of the molecular
or cellular origin of the disease. The ability of positive
family, educational, and biological environments to amelio-
rate the effects of developmental perturbations has been
demonstrated for children with neurodevelopmental
risk.66 As described by the Center on the Developing
Child at Harvard,67 key core principles of such interven-
tions include (1) support responsive relationships for the
child, (2) strengthen fundamental life skills, and (3) dimin-
ish sources of stress in the everyday experiences of children
and their families. At the simplest level, the earlier an inter-
vention can be effectively deployed, the greater its long-
term impact and cost-effectiveness.68 For example, early
deployment of intensive multidisciplinary behavioral, cog-
nitive, motor, and educational therapies have been shown
to be successful in treating children with autism spectrum
disorder,69 premature birth,70 and following in utero expo-
sure to cocaine.71

Family-centered treatment strategies have been sug-
gested as optimal for women with substance use disorders.
The Substance Abuse and Mental Health Services
Administration presented a five-level continuum of
family-based services for this population,72 including: (1)
services for women with substance use disorders, (2)
women’s treatment while accompanied by children, (3)
women and children’s social services, (4) family services,
and (5) family-centered treatment. Overall, the strategy is to
ensure the provision of appropriate treatment plans which
respond to the mother’s (and any other affected family
member’s) need for substance use and/or mental health
disorder treatment. This may range from providing direct
care to the infant experiencing neurodevelopmental, phys-
ical, or withdrawal symptoms from exposure to the sub-
stance in utero, to clinical and community services that
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improve the caregivers’ ability to care for the child and
promote resiliency. More research is needed to assess the
optimal intervention strategies. For example, in a compar-
ison of characteristics of pregnant women on methadone-
maintenance versus a comparison group, it was noted that
almost 50% of the women utilizing this MAT method met
criteria for clinical diagnosis of major depressive disorder
as compared to 8% of controls.73 It needs to be determined
whether augmenting or sequencing other interventions
with MAT, including therapies directed to comorbid
mental health conditions, will improve long-term treatment
outcomes for women and their families.

Public policy: Approaches and implications

The American College of Obstetricians and Gynecologists
has issued recommendations on opioid use during gesta-
tion. A proposed best practice is universal screening with
standardized and valid tools as early in pregnancy as pos-
sible, but this is not occurring nationwide or through a
treatment-focused lens.65 Screening based on only subset
features, such as poor adherence to antenatal care or previ-
ous adverse pregnancy outcome, leads to under-
identification of women at risk and contributes to stigma-
tization. For patients of child-bearing age experiencing
chronic pain, strategies should include minimizing the
use of opioids for pain management, and conversely
emphasizing non-pharmacologic pain therapies including
exercise, physical rehabilitation, and cognitive-behavioral
approaches) and non-opioid pharmacotherapies.
Healthcare providers must do everything they can to be
certain that opioids are necessary before prescribing
them. This includes a discussion of the risks and benefits
of opioid medications and a thorough review of treatment
goals with patients within the context of their individual
history of substance use. These providers need to consis-
tently review the Prescription Drug Monitoring Program to
ascertain whether previous opioid prescriptions have been
provided. Nursing should be encouraged when mothers
are not using illicit drugs and are stable on MAT, but moth-
ers should also be counseled about suspending breastfeed-
ing in the event of a relapse. Access to appropriate
postpartum services should be made available, including
medical care, psychosocial support, and treatment for
relapse. Lastly, access to contraception and counseling
should be a standard component of treatment of women
of child-bearing ages.

Of importance, the Child Abuse Prevention and
Treatment Act (CAPTA) was most recently modified by
Section 501 of the Comprehensive Addiction and
Recovery Act of 2016 (CARA). CARA made several
updates to CAPTA, including: (1) eliminating the term
“illegal” as it relates to drug use; (2) requiring that a plan
of safe care addresses the needs of both the child and the
affected family/caregiver (rather than just the infant); (3)
requiring that states develop and implement systems to
monitor the implementation of such plans; and (4) specify-
ing data variable reporting by states. The intent, at least in

part, is to determine whether and how local entities are
providing referrals to and delivery of appropriate services
for the infant and their caregivers. This includes reporting
as much as possible on affected infants in the plans of safe
care. In addition, multiple components to data monitoring
should be addressed including identifying the incidence of
children affected by maternal use and associated NAS/
NOWS symptoms, identifying the number of affected neo-
nates/infants for whom a plan of safe care was developed,
and identifying the number of affected neonates/infants
for whom referrals for services were generated. CARA
also amended a funded residential treatment program for
women during pregnancy and immediately post-partum,
and created a new pilot program that will award compet-
itive grants to state agencies in order to detect disparities in
service deployments and hopefully develop new methods
to provide high-quality services supported by evidence of
success.

Even beyond any specific issue of opioid exposures
during pregnancy, we note that the rate of maternal death
in the US is higher than that of most other high-income
countries. The rate has risen over the last 20 years, and
significant racial, ethnic, and socioeconomic disparities
have been described.74 Responsible opioid prescribing
practices are essential, as are expanding the availability of
MAT and standardizing care of infants at risk of NAS/
NOWS.63,75,76 Efforts to criminally penalize pregnant
women and the presence of any damaging consequences
for disclosing substance use to medical practitioners are
damaging and counter-productive; these deter women
from seeking prenatal care, counseling, social support,
and other healthcare services while pregnant.77–79

Providers need to advocate for health policies informed
by evidence-based medicine and practices. This will serve
to increase resiliency in both the individual and societal
levels and should optimize outcomes for mothers and
their infants.

Summary and next steps

The devastating impact of opioid abuse and dependence on
the individual, family, and society are well known but
extremely difficult to combat. Pregnancy and postpartum
periods represent critical windows for which willingness to
engage in treatment and its impact on maternal and peri-
natal health may be at its height. Endogenous opioids con-
tribute to the formation and function of the developing
nervous system; thus, it is not surprising that exogenous
opioid drug use alters brain and behavioral development.
Somewhat surprising, however, is the relative lack of well-
designed and powered research studies examining the
affected neurological and neurobehavioral systems after
fetal opioid exposure. Data to date suggest highly variable
consequences, which imply complex underlying mecha-
nisms. It is vitally important to bridge the gap between
what biomedical and social science informs us about the
neurodevelopmental impact of fetal drug exposure and
how we use this science to inform clinical treatment and
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public policy. Many current policy initiatives produce unin-
tended harm on both mothers and their children and exac-
erbate the public health problem. Scientists and clinicians
must reframe this issue, productively engage policymakers
and the public, and address this pressing challenge.
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