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Abstract

The opioid crisis has resulted in an unprecedented number of neonates born with prenatal opioid exposure
(POE); however, the long-term effects of POE on offspring behavior and neurodevelopment remain relatively un-
known. The advantages and disadvantages of the various preclinical POE models developed over the last sev-
eral decades are discussed in the context of clinical and translational relevance. Although considerable and
important variability exists among preclinical models of POE, the examination of these preclinical models has re-
vealed that opioid exposure during the prenatal period contributes to maladaptive behavioral development as
offspring mature including an altered responsiveness to rewarding drugs and increased pain response. The pres-
ent review summarizes key findings demonstrating the impact of POE on offspring drug self-administration (SA),
drug consumption, the reinforcing properties of drugs, drug tolerance, and other reward-related behaviors such
as hypersensitivity to pain. Potential underlying molecular mechanisms which may contribute to this enhanced
addictive phenotype in POE offspring are further discussed with special attention given to key brain regions as-
sociated with reward including the striatum, prefrontal cortex (PFC), ventral tegmental area (VTA), hippocampus,
and amygdala. Improvements in preclinical models and further areas of study are also identified which may ad-
vance the translational value of findings and help address the growing problem of POE in clinical populations.
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Significance Statement

As the number of the infants born following prenatal opioid exposure (POE) continues to increase, there is a
greater need to employ preclinical models to study the potential consequences of POE and brain and behavioral
development. A large body of evidence indicates POE is associated with alterations in reward-related behavior
and molecular adaptations in reward neurocircuitry. This review seeks to: (1) provide an overview of the various
types of preclinical models developed over the last few decades; (2) review the numerous behavioral studies ex-
amining drug-reward related behavior in offspring with POE; and (3) discuss potential contributing molecular
\mechanisms to this enhanced reward phenotype observed in POE offspring. /

Introduction development. In an analysis of nearly three million hospital
The current opioid crisis has contributed to a growing  deliveries, women taking long acting opioids at delivery
population of infants exposed to opioids during prenatal ~ doubled from 2006 to 2015 (Duffy et al., 2018). Estimates
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during this time period also indicate between 14% and
29% of pregnant women filled at least one opioid pre-
scription during pregnancy (Epstein et al., 2013; Stover
and Davis, 2015; Milliren et al., 2018; Honein et al., 2019).
Opioid use in pregnancy is commonly a by-product of
treating opioid use disorder (OUD) in women of reproduc-
tive age. This includes the opioid agonist medication as-
sisted treatments methadone and buprenorphine which
are the recommended treatments for OUD in pregnant
women (ACOG, 2017), and the use of these opioid agonist
treatments is becoming a growing majority of the total
opioid exposure cases (Duffy et al., 2018). Regardless of
reason for taking opioids, this rise in opioid use during
pregnancy has led to a substantial number of infants born
opioid dependent and subsequently developing neonatal
opioid withdrawal syndrome (NOWS; previously referred
to as neonatal abstinence syndrome). By 2014, NOWS re-
portedly rose 5-fold among a large population of Medicaid
covered deliveries with one infant diagnosed every 15 min
on average (Winkelman et al., 2018; Honein et al., 2019).
Despite this high prevalence, the long-term implications
of prenatal opioid exposure (POE) on the developing
fetus remain relatively unclear. The majority of clinical
studies have been small, retrospective cohorts which
often lack the appropriate controls for factors such as
concurrent alcohol, tobacco, or drug use, prenatal care,
socioeconomic status, and many other key environmen-
tal variables that can impact prenatal and postnatal de-
velopment. More recent meta-analyses have attempted
to correct for these limitations, but the results from these
analyses remain somewhat inconsistent which limits our
understanding of the ultimate effects of POE on brain
and behavioral development (Baldacchino et al., 2014;
Yeoh et al., 2019; Andersen et al., 2020; Nelson et al.,
2020).

Overview of Animal Models

For decades, researchers have pursued preclinical
models of POE to begin unraveling how in utero opioid ex-
posure may impact offspring development (for a recent
comprehensive review of preclinical models of POE and
related findings, see Byrnes and Vassoler, 2018). However,
the sizeable inconsistencies between different models has
complicated the generalization of preclinical findings. A
summary of the factors which often differ between preclini-
cal models of POE that may be a source of variability and
that influence offspring outcomes between different stud-
ies is presented in Figure 1.
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The majority of preclinical studies have used rodent
models, with rats being far more common than mice,
although a few groups have employed mouse models
(Castellano and Ammassari-Teule, 1984; Mithbaokar et
al., 2016; Kvello et al., 2019; Alipio et al., 2020; Robinson
et al., 2020). Other animal models used sparingly include
guinea pigs which have a placental structure more similar
to humans and are born precocious (used by Olsen and
colleagues; Nettleton et al., 2008; Wallisch et al., 2010)
and chickens which have long been a model system for
examining embryological development (Schrott and
Sparber, 2004; Lucas et al.,, 2010; Jiang et al., 2011;
Wang et al., 2017).

One of the inherent challenges to all preclinical models
of POE are the differences between human and other ani-
mal prenatal development. For instance, the rodent gesta-
tional length is ~19-22d compared with the typical
human 40-week gestational period. Rodent pups are born
approximately equivalent to a second term fetus, and the
rodent pup brain is thought to be most similar to a full-
term neonate around postnatal days 7-8 (Clancy et al.,
2007; Semple et al., 2013). Therefore, rodent studies of
POE fundamentally cannot model placental opioid expo-
sure during the third trimester of humans which is unfortu-
nate because this is a period of continued central nervous
development (Semple et al., 2013). Many researchers as-
sume that opioids are transferred via the breastmilk to off-
spring at pharmacologically relevant levels allowing
continued opioid exposure postnatally (Barr et al., 1998;
Timar et al., 2010; Sithisarn et al., 2017; Alipio et al., 2020;
Jantzie et al., 2020), but few studies are accompanied by
adequate data on opioid concentrations in dams or off-
spring during this postnatal period. Studies which have
assessed drug levels report fairly low opioid concentra-
tions during the postnatal period (Kunko et al., 1996;
Kongstorp et al.,, 2019; Jantzie et al.,, 2020). Indeed,
Kongstorp et al (2019) recently reported methadone and
buprenorphine levels in a rat dams and offspring on ges-
tational day 22, postnatal day 1, and postnatal day 7.
From gestational day 22 to postnatal day 1, both metha-
done and buprenorphine concentrations dropped over
10-fold in the brain of offspring, and plasma levels were re-
duced to undetectable concentrations after birth (Kongstorp
et al., 2019). To circumvent the “preterm birth” issue in ro-
dents, some researchers have chosen to directly administer
opioids to rodent pups beginning at birth (Tempel et al.,
1988; Tempel and Espinoza, 1992; Maeda et al., 2002;
McPhie and Barr, 2009; Robinson et al., 2020), but this likely
introduces significant stress to the offspring from repeated
handling and painful injections. Additionally, the translational
relevance of the studies that only administer opioids postna-
tally is questionable as it remains unlikely that many women
will initiate opioid use in their third trimester of pregnancy.

The opioid of choice in preclinical studies has typical
been morphine or methadone likely because of their long
history of clinical usage. The growing use of buprenorphine
clinically and heroin, oxycodone, and fentanyl recreationally
has also translated into their usage in preclinical models
(Robinson and Wallace, 2001; Chiang et al., 2010; Davis et
al., 2010; Chiang et al., 2014; Devarapalli et al., 2016;
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Figure 1. Factors varying between preclinical models of POE may differentially influence offspring outcomes. Among other factors,
preclinical models of POE frequently differ between the choice of preclinical model employed, the specific type of opioid adminis-
tered, the method of opioid administration, the length of prenatal exposure, and whether offspring are cross-fostered to unmanipu-
lated, treatment naive dams at birth or remain with the biological mother. Each of these factors may differentially alter offspring
outcomes which may make comparing results across studies quite difficult. See text for further details on the advantages and dis-

advantages of specific preclinical POE models.

Sithisarn et al., 2017; Wu et al., 2017; Griffin et al., 2019;
Kvello et al., 2019; Wallin et al., 2019; Alipio et al., 2020).
Less commonly used opioids, both clinically and preclini-
cally, include the long acting methadone analogs I-a-acetyl-
methadol and N-desmethyl-I-a-noracetylmethadol (Schrott
and Sparber, 2004; Hamilton et al., 2005). The differences
between the type of opioid is likely to be consequential
given the important differences in pharmacokinetics, opioid
receptor efficacy and affinity, and non-opioid receptor off
target binding between commonly used opioids. For in-
stance, although buprenorphine and methadone are both
appropriate medication assisted treatments for OUD during
pregnancy, the pharmacological profiles are quite distinct:
methadone is a full agonist at the u-opioid receptor (MOR)
and also acts as an NMDA receptor noncompetitive antago-
nist while buprenorphine is a partial MOR agonist with
k-opioid receptor antagonistic properties (Leander, 1987;
Eap et al., 2002). Therefore, it is unlikely researchers who
seek to develop preclinical models of medication assisted
treatment for OUD during pregnancy will observe identical
outcomes between offspring exposed to methadone and
buprenorphine.

The method of opioid exposure is another aspect
contributing to the inconsistencies between models. The
majority of studies provide opioids to dams in a noncon-
tingent manner either via injections (intraperitoneal or
subcutaneously) or using subcutaneous osmotic mini-
pumps or implantable pellets; the latter are often used to
in an attempt to avoid the daily stress of handling and in-
jections to mothers. However, using minipumps and pel-
lets does not allow researchers to adjust the dosage
which is an important limitation to consider as pregnancy
significantly increases animal body weight and alters
pharmacokinetics. Additionally, minipumps and pellets
provide a steady concentration of opioids which will not
reflect the peaks and troughs in drug levels normally seen
in pregnant women using opioids. A translational but
often less practical solution is to provide dams with free
access to opioids in drinking water allowing for oral
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consumption throughout pregnancy (Ramsey et al., 1993;
Nasiraei-Moghadam et al., 2010; Dehghani et al., 2013;
Haydari et al., 2014; Alipio et al., 2020). While oral self-
administration (SA) more accurately recapitulates the
human condition, researchers lose the ability to control
opioid exposure between experimental animals. This
could be advantageous for studies seeking to correlate
different levels of opioid exposure to outcomes, but prob-
lematic for studies seeking tighter control of dosing.

There is also significant variation in the duration of
opioid exposure. With the exception of a handful of stud-
ies employing pregestational opioid exposure (Chiou et
al., 2003; Yang et al., 2003; Lin et al., 2009; Davis et al.,
2010; Mithbaokar et al., 2016; Kongstorp et al., 2019;
Wallin et al., 2019), most studies initiate opioid exposure
sometime during gestation (frequently gestational day 7
or greater). Although earlier opioid exposure certainly
increases the length of experiments which can be burden-
some, pregestational opioid exposure can impact off-
spring development and behavior. Opioid treatment
before conception (but not gestational exposure) has
been shown to alter the dopaminergic system, morphine
preference, and morphine analgesia sensitivity in off-
spring likely through epigenetic mechanisms (Byrnes et
al., 2011, 2013; Vousooghi et al., 2018; Sadat-Shirazi et
al., 2019). As previously stated, this represents another
area where the translational value of animal models could
be improved as most women using opioids begin doing
so before pregnancy.

A final area of discrepancy among preclinical models in-
volves cross-fostering offspring at birth to an unmanipu-
lated dam because of the concern that maternal opioid
treatment or withdrawal from opioid treatment will affect
care of offspring during the postnatal period (Robinson et
al.,, 1993; Hutchings et al.,, 1996; Gagin et al., 1997;
Robinson and Wallace, 2001; Vathy et al., 2007). Maternal
opioid exposure has been demonstrated to disrupt some
behavioral measures of maternal care in rodents, such as
pup retrieval when removed from the nest, time spent
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with the litter, and active time nursing, which could impact
offspring development (Slamberova et al., 2001; Wallin et
al., 2019). However, it should be noted that others have
not observed differences in measures of maternal care
suggesting that this could be study dependent (Tan et al.,
2015; Alipio et al., 2020; Kongstorp et al., 2020a). Cross-
fostering does allow one to more directly examine the im-
pact of POE on the brain and behavior without the poten-
tial confound of altered maternal care; however, cross-
fostering introduces a significant early life stressor which
could interact with POE to differentially alter offspring out-
comes. However, in humans, rates of out-of-home care
(e.g., foster care or kinship care) among children with POE
reportedly range from 20% to 72% (Yeoh et al., 2019);
therefore, cross-fostering in preclinical models may be an
aspect of clinical relevance worth considering.

While considerable diversity exists among preclinical
models of POE, many similarities have emerged regarding
the effect of opioid exposure on behavioral phenotypes in
adolescent and adult offspring. Numerous studies have
demonstrated that POE alters the sensitivity to drug re-
ward and alters drug reward-related behavior in offspring
later in life. The remainder of the present review will focus
on the impact of POE on future addiction-related behavioral
phenotypes including drug SA and consumption, prefer-
ence, locomotor sensitization, and tolerance. Furthermore,
potential mechanistic changes in reward neurocircuitry and
molecular pathways in POE offspring which may contribute
to this increased vulnerability for addiction will also be
examined.

Opioid Reward

As studies using animal models of POE have grown, in-
creasing evidence has accumulated supporting the hy-
pothesis that POE induces long-lasting behavioral changes
in offspring drug consumption, preference, sensitization,
and tolerance. Understandably, most researchers have
chosen to examine future sensitivity to opioid reward;
although, a few studies have investigated other rewarding
substances such as methamphetamine and cocaine which
will be briefly reviewed in the next section. To assess this
altered sensitivity, researchers have employed operant in-
travenous SA, oral two bottle choice or single bottle con-
sumption, conditioned place preference (CPP), locomotor
sensitization, and pain paradigms revealing tolerance to
opioids. Table 1 provides a summary of the methods and
findings of these opioid reward-related investigations in
POE models, and select studies are discussed below.

SA, often considered the “gold standard” of preclinical
addiction research, is widely used in animal models for its
excellent face validity to human drug consumption and
the ability to quantify the strength a drug’s reinforcing ef-
fects (Sanchis-Segura and Spanagel, 2006). Both non-
operant (e.g., voluntary oral consumption) and operant SA
methods have been applied to the study of opioid reward
in POE models, and studies have largely revealed that ro-
dents with POE display increased opioid SA and voluntary
oral opioid consumption (see Table 1). These findings
support the possibility that POE enhances the preference
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for oral opioid solutions and increases the reinforcing ef-
fects of opioid reward relative to prenatal saline exposed
controls. For instance, Ramsey et al. (1993) demonstrated
that offspring with prenatal morphine exposure showed
increased heroin intravenous SA rates compared with sa-
line-exposed controls. From a non-operant perspective,
both adolescent male and female rats with prenatal mor-
phine exposure showed greater rates of oral morphine
consumption and significantly enhanced preference of
the morphine solution over water at all three doses exam-
ined compared with saline exposed counterparts (Torabi et
al., 2017). An alternative but equally probably interpretation
of this increased SA and consumption behavior may be
that POE offspring are in fact less sensitive to opioid re-
ward which motivates and drives a subsequent increase in
opioid intake relative to saline-exposed controls.

CPP is another widely used behavioral assessment
based in classical conditioning whereby a neutral environ-
mental stimulus is repeatedly paired with the reinforcing
properties of a drug. An increase in preference for the
drug-paired environment is reflective of the positive rein-
forcing effects of the drug (Sanchis-Segura and Spanagel,
2006). Numerous studies in both rodents and chicks em-
ploying various CPP paradigms suggests that offspring
with prenatal morphine or methadone exposure are more
sensitive to the positive reinforcing properties of opioids
later in life. Few studies examine how opioid exposure at
different prenatal periods affect outcomes in offspring, but
a noteworthy study in chicks by He et al., may suggest the
period of POE plays an important role in the reinforcing
properties of opioids in offspring later in life (He et al,,
2010). Offspring with prenatal morphine exposure from
embryonic day (E)17 to E20 exhibited increased preference
for the morphine paired compartment and this drug-con-
text preference was retained following a 72-h drug-free pe-
riod; however, this increased morphine CPP and retention
was not present in offspring that received morphine expo-
sure on E5-E8, E9-E12, or E13-E16 (He et al., 2010).

Numerous drugs of abuse, including opioids, produce
hyperlocomotion in rodents following treatment, and re-
peated administration often results in a persistent increase
in motor activity known as locomotor sensitization (Wise
and Bozarth, 1987; Sanchis-Segura and Spanagel, 2006).
This locomotor sensitization is thought to reflect increased
drug “wanting” often linked with craving and is associated
with increased drug seeking and drug taking behavior
(Sanchis-Segura and Spanagel, 2006). Fewer POE studies
have examined locomotor activity in response to future
opioid treatment; therefore, generalizations must be taken
with caution. Nonetheless, enhanced locomotion has been
reported in mice, rats, and chicks potentially reflecting an
experience augmented drug craving in POE offspring. For,
instance, male rats with prenatal morphine exposure dem-
onstrated robust locomotor sensitization to morphine
which was not present in control groups (Wu et al., 2009).
Additionally, this locomotor sensitization was concurrently
associated with greater morphine preference in CPP pro-
viding further evidence that this model of POE produces
persistent neuroadaptations in offspring which are linked
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Table 1: Summary of opioid addiction-related phenotypes in POE models
Characteristics of
Animal Opioid exposure offspring studied Findings Reference
SA and consumption

Wistar rats, CF Morphine (10 mg/kg, s.c., Bid) Males at 9— 1 Heroin (0.063 mg/kg) and cocaine Ramsey et
from G7 to G9 followed by free 10 weeks (0.125 mg/kg) administration rates with al. (1993)
access drinking (0.5 mg/ml in heroin active lever presses increasing
sucrose) until birth significantly over sessions indicating

escalation of intake

SD Rats Methadone (5 mg/kg, i.p., once Males at P85-P90 1 Oral morphine consumption (0.5 mg/ Hovious and

daily) from one-week PG to P22 ml) but not methadone (0.5 mg/ml) in Peters
2BC (1985)

Wistar rats Morphine (5 up to 10 mg/kg, s.c., Males and females 1 Oral morphine consumption and Torabi et al
Bid) from G11 to G18 then at P35-P50 preference (0.3, 0.5, and 0.7 mg/ml) (2017)
gradually reduced to 0 over 4 d using 2BC in both sexes which was

reduced by maternal exercise during
pregnancy

Wistar rats Morphine (0.1 up to 0.4 mg/ml in Males at P37-P49 1 Oral morphine consumption (0.5 and Haydari et
sucrose then gradually reduced 0.7 mg/ml) in 2BC compared with POE al. (2014)
after birth) free access drinking offspring born to dams that exercised
from GO to P8 during pregnancy (controls not

reported)

SD rats Morphine (0.4 mg/ml in saccharin)  Females at P90 1 Acquisition of morphine (0.04 mg/kg) Glick et al.
after mating with gradual SA behavior. (1977)
reduction after birth

SD rats, CF Morphine (5 mg/kg up to 10 mg/ Males at P65- 1 Morphine administration only at 1mg/  Riley and
kg, s.c., Bid) from G11 to G18 P100 kg, but no differences at 0.3, 2, and Vathy

3mg/kg (2006)
CPP

SD rats Morphine (2 mg/kg increasing Males at P60 1 Preference to morphine (1 mg/kg, i.p.) Wu et al.

1 mg/kg weekly, s.c., Bid) from Associated with increased dopamine (2009)
one-week PG until birth and serotonin turnover in the nucleus
accumbens

SD rats Methadone (5 up to 7mg/kg, s.c., Males at P64-P71 1 Preference to methadone (4 mg/kg, Chiang et al.
Bid) from G3 to G20 s.c.) which was prevented by co- (2015)

administration of dextromethorphan
prenatally

SD rats, CF Morphine (5 up to 10 mg/kg, s.c., Males at P65- 1 Preference to morphine only at 0.1 mg/  Riley and
Bid) from G11 to G18 P100 kg, s.c. (compared with unmanipulated Vathy

controls), but no differences at 0.3, 1, (2006)
3, and 5 mg/kg

Chicks Morphine (1 mg/kg egg weight) on  P1 (sexes 1 Preference to morphine (1 mg/kg, i.p.) Wang et al.
E17 and E19 unspecified) (2017)

Wistar rats Morphine (5 up to 10 mg/kg, s.c., Males and females 1 Preference to morphine (1 and 3 mg/ Timar et al.
once daily) from GO until end of at P90-P120 kg, s.c.) in both sexes (2010)
lactation Morphine preference in offspring was

more enhanced for prenatal compared
with only postnatal morphine exposure

Fischer rats, CF Morphine (0.75 up to 12mg/kg, s. ~ Males and females 1 Preference for morphine (2 mg/kg, s.c.) Gagin et al.
c., slow emulsion solution once at 10-12 weeks (1997)
daily) from G12 to G18

Chicks Morphine (1 mg/kg egg weight P1 (sexes 1 Preference to morphine (1 mg/kg, i.p.) He et al.
every other day) from E5 to ES, unspecified) in the E9-E12 and E17-E20 exposed (2010)
E9 to E12, E13 to E16, or E17 to groups with reduced extinguishment of
E20 pairing in the E17-E20 group

Locomotor activity and sensitization
SD rats Morphine (2 mg/kg increasing Males at P60 1 Behavioral sensitization to morphine Wou et al.
1 mg/kg weekly, s.c., Bid) from (1 mg/kg, i.p.) (2009)
one-week PG until birth Associated with increased dopamine
and serotonin turnover in the nucleus
accumbens
(Continued)
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Table 1: Continued
Characteristics of
Animal Opioid exposure offspring studied Findings Reference
C57BL/6 mice  Morphine (10 mg/kg, s.c., Bid) Adult males and 1 Locomotor sensitization to morphine Robinson et
from P1 to P14 females (~P84) (20 mg/kg, s.c.) only mice with the AA al. (2020)
SNP in MOR gene relative to prenatal
saline exposed AA SNP mice
Chicks Morphine (1 mg/kg egg weight) on  P1 (sexes 1 Locomotor activity during morphine Wang et al.
E17 and E19 unspecified) CPP test (1 mg/kg, i.p.) (2017)
C57BL/6J mice Heroin (1.05 mg/kg, s.c., once Males and females 1 Heroin-induced acute hyperlocomotion Kvello et al.
daily) on G12, G15, and G18 at P28 in females which was blocked by a (2019)
monoclonal antibody to 6-
acetylmorphine (metabolite of heroin)
administered prenatally
Tolerance and opioid-related hyperalgesia
SD rats Morphine (2 up to 4 mg/kg, s.c., Males at 8- 1 Tolerance to morphine (10 mg/kg, s.c.)  Chiang et al.
Bid), methadone (7 mg/kg, s.c., 12 weeks in all opioid exposed groups in tail flick (2010)
Bid) or buprenorphine (3 mg/kg, assay, but methadone and
s.c., Bid) from G3 to G20 buprenorphine exposed offspring did
not show tolerance to the respective
opioid as adults
SD rats Morphine (2 mg/kg increasing Males and females 1 Tolerance to morphine (0.5mg/kg, s.c.) Tao etal.
1mg/kg each week, s.c., Bid) at P14 in tail flick assay which was rescued by (2001)
from one-week PG to P30 dextromethorphan prenatal treatment)
In association with reduced NMDA
receptors in the hippocampus
Fischer rats, CF Morphine (0.75 up to 12mg/kg, s.  Males and females | Tolerance to morphine in both sexes in  Gagin et al.
c., slow emulsion solution once at 10-12 weeks tail flick and hot plate assay (1996)
daily) from G12 to G18
SD rats Morphine (2 mg/kg increasing Tested P14 (sexes 1 Tolerance to morphine (2 pg/kg, i.c.v.) Chiou et al.
1 mg/kg each week until birth not specified) in tail flick assay completed under (2003)
then increase 1 mg/kg every halothane anesthesia
two weeks, s.c., Bid) from one- In association with reduced MOR
week PG to P30 density in the striatum, thalamus, and
midbrain
CFE rats, CF Morphine (5 up to 10 mg/kg, s.c., Males and females 1 Tolerance to chronic and acute O’Callaghan
Bid) from G5 to G12 at 3, 5, and morphine primarily in females in hot and
11 weeks. plate assays at all ages tested Holtzman
1 Cross-tolerance to levorphanol in (1976)
males and females
Wistar rats Morphine (5 up to 10 mg/kg, s.c., Males and females 1 Tolerance EDsq to morphine in males at  Timar et al.
once daily) from GO until end of at P24 and P90 P24 in tail flick assay (2010)
lactation
CD1 mice Morphine (10 up to 30 mg/kg, s.c., Males and females | Tolerance to morphine (0.25 and Castellano
once daily) for 5 d PG then adults 0.5 mg/kg) in tail flick assay and
untreated during mating and re- Ammass-
introduced to morphine (10 up ari-Teule
to 40 mg/kg, s.c., once daily) for (1984)
14 d during pregnancy
SD rats Methadone or morphine (5 mg/kg, Males and females 1 Tolerance to acute methadone (2.5mg/ Hovious and
i.p., once daily) from one-week at P25 and P120 kg, s.c.) and morphine (3.5 mg/kg, s.c.) Peters
PG to P21. at P25 in both males and females with (1984)
prenatal methadone exposure in tail
flick assay and hot plate assay
1 Tolerance to acute morphine in P120
females in the hot plate in both opioid
exposed offspring
1 Tolerance to acute methadone in P120
males in the tail flick assay in metha-
done exposed offspring
(Continued)
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Table 1: Continued
Characteristics of
Animal Opioid exposure offspring studied Findings Reference
SD rats Buprenorphine (0.3 or 1.0 mg/kg, Males and females 1 Sensitivity to pain but no change in tol-  Wallin et al.
s.c., once daily) from one-week at P29-P39 erance to morphine (5 mg/kg, s.c.) in (2019)
PG to P21. hot plate assay
SD rats Methadone (5 up to 7mg/kg, s.c., MalesatP30and 1 Pain sensitivity but no change in toler-  Chiang et al.
Bid) from G3 to G20 ~P60 ance to sub-chronic treatment with (2015)
methadone (4 mg/kg, s.c., bid for 6 d)
in the tail flick assay
SD rats Morphine (5 up to 10 mg/kg, s.c., Males and females 1 Tolerance to the disruptive effects of Wagner et
Bid) from G5 to G12 at P120 morphine (4.0 and 8.0 mg/kg, i.p.) but al. (1986)

not amphetamine in male rats during
an operant responding task

Bid, bis in die (twice per day); CF, cross-fostered; CFE, Carworth Farms Elias; ED50, median effective dose; E, embryonic; G, gestational; i.c.v., intracerebroven-
tricular; NMDAR, NMDA receptor; MOR, u-opioid receptor; PG, pregestational; P, postnatal; SD, Sprague Dawley; SNP, single nucleotide polymorphism; 2BC,

two bottle choice.

to heightened reinforcing properties of opioids (Wu et al.,
2009).

Tolerance and opioid-induced hyperalgesia are com-
mon characteristics of OUD and both may contribute to
an escalation of drug taking behaviors in humans (Koob,
2020). In rodent models of POE, opioid tolerance or hy-
peralgesia is frequently inferred from studies employing
the tail flick or hot plate test which assesses the animal’s
latency to respond to a noxious thermal stimulus. The
greatest proportion of studies reviewed in Table 1 are de-
voted to examining the analgesic efficacy of opioids in an-
imals with POE. These studies have demonstrated that
many rodent models of POE have increased sensitivity to
painful stimuli and higher tolerance to the analgesic prop-
erties of opioids that persists into adulthood. It remains to
be determined whether the reported hyperalgesia and
augmented opioid tolerance are related to other reward
phenotypes such as enhanced opioid consumption or es-
calation of opioid intake.

Non-Opioid Reward

Although most studies have investigated the impact of
POE on opioid reward-related behaviors, others have ex-
amined the sensitivity to non-opioid rewarding substan-
ces such as cocaine and methamphetamine. Altered
methamphetamine SA, CPP, and locomotor sensitization
has been reported in various POE models (Chiang et al.,
2014; Wong et al., 2014; Shen et al., 2016). Prenatal
methadone-exposed early adolescent male rats showed
heightened locomotor activity following acute and repeated
methamphetamine injection and augmented persistence of
this behavioral sensitization when methamphetamine-in-
duced locomotion was examined after 4 d of abstinence
(Wong et al., 2014). In contrast to this previous study, re-
searchers reported that only adult males rats with prenatal
buprenorphine exposure (and not prenatal methadone ex-
posure) demonstrated significantly increased methamphet-
amine induced CPP and locomotor sensitization relative to
prenatal saline controls (Chiang et al., 2014). The lack of
augmented sensitization in methadone-exposed animals re-
ported by Chiang et al. compared with Wong et al., is un-
clear but could be because of differences in the age of
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animals examined (five-week vs eight- to twelve-week-old)
or the higher dose of methamphetamine used (1 vs 2 mg/kg;
Chiang et al., 2014; Wong et al., 2014). Shen et al. (2016)
also reported similar expression of CPP in adult males with
prenatal morphine exposure compared with their saline
counterparts; however, their findings revealed that mor-
phine-exposed offspring exhibited slower extinction of CPP
and a stronger methamphetamine priming-induced rein-
statement of CPP behavior. Similarly, prenatal morphine-
exposed animals show reduced extinction and greater
methamphetamine priming-induced reinstatement in an op-
erant methamphetamine SA task (Shen et al., 2016). These
behavioral findings suggest that prenatal morphine expo-
sure may led to greater methamphetamine seeking behavior
and lowered resistance to methamphetamine relapse in
adult offspring (Shen et al., 2016).

A small number of studies have also examined sensitiv-
ity to cocaine reward. In addition to greater rates of heroin
SA highlighted above, Ramsey et al. (1993) also reported
greater rates overall of cocaine SA in prenatal morphine
exposure offspring; although, cocaine seeking did not es-
calate over time as heroin intake did. The model of prena-
tal morphine exposure by Vathy and colleagues may also
show greater sensitivity to certain aspects of cocaine re-
ward. Although, morphine-exposed offspring did not ex-
hibit differences in cocaine SA (Vathy et al., 2007), an
acute cocaine injection enhanced facilitation of intracra-
nial self-stimulation to the medial forebrain bundle which
may suggest the rewarding properties of cocaine were
amplified in these animals (Vathy, 2002).

Although there is a large body of evidence to support
the relationship between POE and altered reward respon-
siveness, a few studies stand in contrast to this theory.
Because of the considerable variability in POE models,
speculating what contributed to these contrary findings in
these studies is challenging. Riley and Vathy (2006) is a
noteworthy report that assessed morphine SA and CPP
at multiple doses, but the findings largely diverge from
the other SA and CPP studies in Table 1. The authors re-
port prenatal morphine-exposed offspring demonstrated
greater SA only at 1 mg/kg (not 0.3, 2, or 3mg/kg) and
greater CPP at 0.1 mg/kg (not 0.3, 1, 3, or 5mg/kg) com-
pared with saline-exposed counterparts. Interestingly,
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this model of prenatal morphine exposure characterized
by Vathy and colleagues shows extensive differences in
the endogenous opioid system (Rimanoczy and Vathy,
1995; Vathy, 2002; Vathy et al., 2003; Schindler et al.,
2004; Slamberova et al., 2004).These findings could indi-
cate that this model of prenatal morphine exposure is in
fact more sensitive to the rewarding properties of lower
doses of morphine, but the results were not consistent
across all lower doses. Relative to the other studies exam-
ining SA and CPP in models of POE, the period of prenatal
morphine treatment is rather narrow (7 d) which could in-
dicate the cumulative opioid exposure during the prenatal
period was not sufficient to significantly alter future behav-
ior in @ manner observed in other studies. Nonetheless, a
complete explanation for the lack of apparent enhanced
sensitivity to the rewarding and reinforcing properties of
opioids in their prenatal morphine exposure model remains
to be determined.

The findings from these reports suggest that this en-
hanced addictive phenotype in POE models may not be
drug-specific. In conjunction with the opioid reward-re-
lated behavioral studies, the studies with cocaine and
methamphetamine suggest that POE may induce persis-
tent structural and/or functional changes in brain reward
pathways during neurodevelopment that predisposes
POE offspring to an enhanced addictive phenotype later
in life, regardless of the rewarding substance to which ac-
cess is later provided. Exactly what these mechanistic
changes are and how they contribute to the behavioral
phenotypes reported in POE models remains to be fully
elucidated; however, the following section will review
some potential contributing mechanisms to the enhanced
addictive phenotypes seen in POE models.

Potential Molecular Mechanisms
Underlying Altered Reward Behavior
Opioids freely cross the placental barrier entering fetal
circulation and eventually the central nervous system
where they presumably have direct effects on fetal brain
development. A number of studies have described persis-
tent changes in the endogenous opioid, catecholamine,
glutamate, and acetylcholine neurotransmitter systems as
a result of POE. Often, these molecular differences are
isolated to brain regions canonically associated with ad-
diction and reward-related behavior including the ventral
tegmental area (VTA), striatum including the ventral stria-
tal nucleus accumbens (NAc) and dorsal striatum (DS),
prefrontal cortex (PFC), and limbic structures such as the
amygdala and hippocampus. Despite the significant dif-
ferences in molecular targets and behavioral effects, the
effects of nearly all rewarding drugs eventually converge
onto this mesocorticolimbic circuitry (Nestler, 2005;
Lischer and Malenka, 2011; Sulzer, 2011). Among these
brain regions, the VTA-NAc dopaminergic pathway has
received the greatest attention as this circuit mediates the
processing of reward-related stimuli via increased dopa-
mine release from VTA neurons in regions of the NAc
(Volkow Nora and Morales, 2015). Indeed, drugs of abuse
including opioids ultimately increase dopamine release
via this pathway (Nestler, 2005; Sulzer, 2011), Regions of
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the PFC, amygdala, and hippocampus modulate this
VTA-NAC pathway via glutamatergic projection which
provide excitatory control over dopamine signaling (Koob
and Volkow, 2016). Furthermore, these amygdalar and
hippocampal projections serve to associate reward with
specific emotional states and contextual environments,
respectively, while PFC projections may mediate aspects
of reward salience (Volkow Nora and Morales, 2015;
Koob and Volkow, 2016). While decades of research have
focused on this VTA-NAc pathway, the DS has received
more recent attention for its involvement in generating the
motor behaviors which drive compulsive drug seeking
and drug taking behaviors (Everitt and Robbins, 2013;
Volkow Nora and Morales, 2015; Koob and Volkow,
2016). Similar to the ventral striatum, several brains areas,
including portions of the PFC, amygdala, and hippocam-
pus project to subregions of the DS which ultimately
shapes motor behaviors associated with drug reward
(Everitt and Robbins, 2013; Peak et al., 2019; for a further
reading on structure and functioning of reward circuitry,
see Nestler, 2005; Lischer and Malenka, 2011; Sulzer,
2011; Volkow Nora and Morales, 2015; Koob and Volkow,
2016). Highlighted studies examining the effects of POE
on reward neurocircuitry are reviewed in Figure 2.

There is often difficulty in distinguishing the ultimate
cause of these molecular changes when studies examine
preadolescent offspring (three weeks or younger) as the
differences could be because of a direct effect of exoge-
nous opioid still present in offspring at pharmacologically
relevant levels, an acute biochemical response resulting
from withdrawal of opioids, or a persistent effect resulting
from opioid exposure during prenatal development.
Therefore, particular attention is drawn to studies below
which investigate molecular differences in POE offspring
beyond the first three weeks of life. At times, many of the
findings from the studies described below appear at odds
with one another which may pose concerns over the valid-
ity and reproducibility of the findings. However, it is im-
portant to bear in mind the timing of investigation (fetal vs
early postnatal vs adolescent vs adulthood) and the differ-
ences between various preclinical models (Fig. 1) which
likely contribute to the occasional contradictory findings.

Neural progenitor cells of the developing brain express
opioid receptors, and immature neurons and glia also
transiently express endogenous opioid peptides which
suggests the endogenous opioid system may play a role
in early differentiation, proliferation, and maturation of
neurons and glial cells (Sargeant et al., 2008; Hauser and
Knapp, 2017). Therefore, exogenous opioid exposure
during a critical periods of CNS development could dis-
rupt opioidergic signaling and impair neurogenesis and
brain formation. Importantly, the endogenous opioid sys-
tem is present throughout the mesocorticolimbic system
exhibiting modulatory control over both dopaminergic
and glutamatergic activity (Trigo et al., 2010). As such, the
endogenous opioid system is implicated in both the acute
and chronic effects of many rewarding substances. Using
ligand binding and autoradiographic experiments, many
studies indicate MOR densities and binding affinities are
reduced across the whole brain and in the cortex,
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« | cell numbers in DS and NAc at P0
and NAc in adulthood (Harlan and
Song 1994; Droblenkov, Karelina et al.

(Robinson, Maher et al. 1997).

« + 5HIAA in frontal cortex at P21 (Robinson, Maher et al. 1997).
- 1 DOPAC, 1 DA (€ only), | DA tumover (£ only) in frontal cortex at P21

« | PSD-95 at P14 and P30; | AMPAR GluR1, 1 GluR4 at P14 and P30; |
NMDAR NR1, NR2A, NR2C, NR2D with 1 NR2B at P14 but | NR1 and
2010). NR2A-D at P30. (Wu, Yang et al. 2018)

« | cells in hippocampal cell culture
and | GABAerigc inhibitory neurons
at P18-P26 (Svensson, Bucht et al

« | MOR, | PDYN, | MetEnk, and 1
PENK in neonates of whole striatum
(Tempel and Espinoza 1992; Tempel,
Yang et al. 1995; Chiou, Yeh etal.
2003) but + MOR density in NAc and
DS at adulthood (Vathy, Slamberova
et al. 2003; Handelmann and Quirion
1983).

« 1 DA tumover, | D1R, and | cAMP
levels in NAc in adulthood but 1 D1R-
stimulated cAMP production in NAc
and whole striatum in adults and
fetuses (Chiang, Hung et al. 2014; De
Vries, Van Vliet et al. 1991).

« | ACh content, | ChAT expression,
and t ACh turnover in preweanlings of
whole striatum (Guo, Enters et al.
1990; Robinson, Guo et al. 1993;
Robinson, Guo et al. 1991).

« 1 5HIAA in whole striatum at P21 and
1 BHT turnover in NAc at P60 (Wu,
Chen et al. 2009; Robinson, Maher et
al. 1997)

« | PSD-95, | AMPAR (GIuR1-R4,) and
1 NMDAR expression (NR1, NR2A-D)

2008; Mithbaokar, Fiorito et al.
2016; Niu, Cao et al. 2009).

« +NE, t MOPEG (¢ only), 1 NE
turnover (£ only) at P21 (Robinson,
Maher et al. 1997).

« *+ pERK expression in adults
(Kongstorp, Bogen et al. 2020).

+ 1 MOR, | PENK, 1 PDYN, |
MetEnk, + Dyn in region specific
manner of adults (Schindler,
Slamberova et al. 2004).

- | PSD-95, and | NMDAR NR1,
NR2A, and NR2B at P14 and P45
(Lin, Tao et al. 2009; Yang, Liu et
al. 2006).

- Alters kinetic properties of synaptic
NMDA receptors (Yang, Yang et al.
2000).

« | nNOS and | CREBS="=-122 (Yang,
Liu et al. 2006)

+ | LTD magnitude in CA1 (P14); |
depotentiation and | LTP in DG
(P22-P31); | maintenance of LTP in
DG and CA3; | fear conditioning-

+ 1+ MOR density in CeA and | MOR density in BLA at
adulthood (Vathy, Slamberova et al. 2003).

« | MOR density in whole amygdala at P14 (Chiou, Yeh
et al. 2003).

in NAc at P14 and P30 (Wu, Yang et
al. 2018).

« | NGF at P10 of whole striatum (Wu,
Mo et al. 2001)

induced blockade of LTP and | fear
conditioning-induced LTD in CA1
(Villarreal, Derrick et al. 2008; Niu,
Cao et al. 2009; Yang, Huang etal.
2003; (Tan, Duan etal. 2015).

« | neurons in adults (Droblenkov, Karelina et al. 2010).

+ | PSD-95, | AMPAR (GluR1-R4,) and | NMDAR
expression (NR1, NR2A-D) at P14 and P30 (Wu,
Yang et al. 2018).

Figure 2. Molecular alterations in the key brain regions associated with reward. Opioids freely cross the placenta allowing access to
the fetal central nervous system where they may reduce neuronal numbers and induce persistent disruptions in opioidergic, cate-
cholaminergic, glutamatergic, and cholinergic signaling among other biochemical alterations. These molecular alterations in key
nodes of the mesocorticolimbic pathway may contribute to the enhanced addictive phenotype observed in offspring with POE. See
text for a more detailed description of some of these molecular alterations. 5HT, 5-hydroxytryptamine (serotonin); 5HIAA, 5-hydrox-
yindoleacetic acid (serotonin metabolite); Ach, acetylcholine; AMPAR, AMPA receptor; Amyg, amygdala; BLA, basolateral amygdala;
CeA, central amygdala; cAMP, cyclic adenosinemonophosphate; ChAT, choline acetyltransferase; CREB, cAMP response element-
binding protein; DG, dentate gyrus; DA, dopamine; D1R, dopamine receptor D1; DOPAC, 3,4-dihydroxyphenylacetic acid (dopamine
metabolite); DS, dorsal striatum; Dyn, dynorphin; LTD, long-term depression; LTP, long-term potentiation; MetEnk, met-enkephalin;
MOR, u-opioid receptor; NE, norepinephrine; MOPEG, 3-methoxy-4-hydroxyphenylglycol (NE metabolite); NAc, nucleus accum-
bens; NGF, nerve growth factor; NMDAR, NMDA receptor; nNOS, neuronal nitric oxide synthase; PDYN, prodynorphin; PENK, pro-
enkephalin; pERK, phosphorylated ERK; PFC, prefrontal cortex; P, postnatal day; PSD-95, postsynaptic density protein 95; VTA,

ventral tegmental area.

striatum, thalamus, hypothalamus, and amygdala of fetal
and neonatal rodents with POE (Wang et al., 1986;
Tempel et al., 1988, 1995; Darmani et al., 1992; Tempel
and Espinoza, 1992; Belcheva et al., 1998; Chiou et al.,
2003); however, this may recover during the first few
weeks of life suggesting this may be an acute effect of
POE or withdrawal from opioids (Tempel et al., 1988;
Kongstorp et al., 2020b). In fact, studies in adult rodents
indicate striatal MOR densities are actually upregulated in
adulthood providing further support for the possibility that
downregulation of MORs is a transient effect of POE
(Handelmann and Quirion, 1983; Vathy et al., 2003).
Certainly, these effects are regional dependent. For in-
stance, male rats with prenatal methadone exposure ex-
hibit increased pain sensitivity at both P30 and P60 which
was associated with reduced MOR and nociceptin recep-
tor mRNA expression in the spinal cord at P30 suggesting
persistent downregulation in MOR expression in the affer-
ent pain signaling pathway could underlie the hyperalge-
sia observed in POE offspring (Chiang et al., 2015).
Dysregulation of endogenous opioid peptides such as
proenkephalin, met-enkephalin, prodynorphin, and dy-
norphin B have also been observed during the neonatal
period which may contribute to alterations in nociception
(Tempel and Espinoza, 1992; Tempel et al., 1995;
Schindler et al., 2004; Slamberova et al., 2004).
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A recent study suggests that functioning or expression
of the MOR may play an important role in the augmented
locomotor sensitization response reported in POE models
(Robinson et al., 2020). Using a mouse model with either
the AA, AG, or GG alleles of Oprm1, Robinson et al. (2020)
reported prenatal morphine-exposed male offspring har-
boring both A alleles exhibited greater morphine locomo-
tor sensitization compared with their prenatal saline
control AA counterparts. However, prenatal morphine did
not alter the locomotor response to morphine in the AG
and GG mice (Robinson et al., 2020). Single nucleotide
polymorphisms in Oprm1 alter the receptor affinity for
endogenous opioid ligands and availability of MOR
which, in turn, can affect neurotransmission in key re-
ward pathways (Pecifa et al., 2015; Zhang et al., 2015;
Taqi et al., 2019). The most commonly studied SNP in
OPRMT1 is the A118G SNP in exon 1 which is associated
with altered drug, alcohol, and nicotine dependence in
humans (Mague and Blendy, 2010). Mice homozygous
for the A allele show increased MOR expression across
numerous brain regions including the NAc core, NAc
shell, and VTA (Wang et al., 2012). As MORs regulate do-
pamine release in the VTA-NAc pathway and dopamine
signaling is critical for the production of locomotor sensi-
tization (Spanagel, 1995; Vanderschuren et al., 2001), it
is possible the interaction between early life morphine
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exposure and altered MOR expression in reward circuitry
which could underlie the differences in locomotor sensi-
tivity in the model of POE developed by Robinson et al.
Along similar lines, Wachman and colleagues have com-
pleted a number of studies in humans, demonstrating
this A118G SNPs in OPRM1 and OPRM1 promoter
methylation at certain CpG site is associated with NOWS
severity and immediate clinical outcomes for children
with POE (for further reading, see Wachman and Farrer,
2019). However, it remains to be determined how this
SNP or other genetic and epigenetic factors involved in
endogenous opioid system may interact with POE to in-
fluence developmental and behavioral differences fol-
lowing the neonatal period in both humans and animal
models. Further work is necessary to uncover what and
where in the brain persistent changes in the endogenous
opioid system exist (including other opioid receptor sub-
types) and how those may relate to the behaviors such
as opioid tolerance and opioid reward and reinforcement
in POE offspring

Growing evidence supports the hypothesis that drug-
induced neuroadaptations in key cortical, striatal, and lim-
bic circuits underlie compulsive drug seeking and drug
taking behavior, and many of these pathologic neuroa-
daptations may be a result of an imbalance in glutamate
homeostasis and signaling (Kalivas, 2009; Kalivas and
Volkow, 2011; Koob and Volkow, 2016). In addition to dis-
rupting synaptic and extrasynaptic levels of glutamate, re-
peated drug exposure alters surface level expression of
the ionotropic AMPA and NMDA glutamate receptors dis-
rupting the excitatory tone in the mesocorticolimbic reward
system (Kalivas, 2009; Kalivas and Volkow, 2011; Olive,
2016). Additionally, drug-induced changes in glutamater-
gic-mediated synaptic plasticity in the mesocorticolimbic
system are thought to represent the molecular correlates for
many addictive behaviors (van Huijstee and Mansvelder,
2015). Deficits in synaptic plasticity (Velisek et al., 2000;
Yang et al., 2003; Villarreal et al., 2008; Niu et al., 2009; Tan
et al., 2015), decreased expression of AMPA, NMDA recep-
tors and other postsynaptic density proteins (Yang et al.,
2006; Lin et al., 2009; Wu et al., 2018), enhanced NMDA re-
ceptor-mediated neurotransmission, and increased NMDAR
receptor-mediated current decay kinetics (Yang et al., 2000)
have all been reported in various rodent models of POE with
many of these effects persisting into adolescences and
adulthood. These deficits in plasticity and glutamatergic sig-
naling have primarily been reported in the hippocampus
where they are often associated with impairments in spatial
learning and fear conditioning (Lin et al., 2009; Niu et al.,
2009; Tan et al., 2015). These POE findings parallel adult
human findings that support an association between
chronic opioid use and long-term deficits in cognition and
memory which are hypothesized to be related to impaired
hippocampal functioning (Kutlu and Gould, 2016). Using a
contextual fear conditioning task, Tan et al. (2015) found
that while male adult rats with prenatal morphine exposure
demonstrated impaired acquisition of contextual fear mem-
ory, they maintained higher rates of freezing over repeated
testing when placed in the environment previously paired
with shock and this freezing behavior was resistant to
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extinction training. These alterations in fear conditioning
were associated with impaired Schaffer collateral-CA1 plas-
ticity: while long-term potentiation (LTP) was blocked follow-
ing fear condition in controls rats as previously reported,
prenatal morphine exposure prohibited fear conditioning-in-
duced blockade of LTP (Tan et al., 2015). Prenatal mor-
phine-exposed rats also demonstrated a small LTP in
response to a low frequency stimulation protocol which nor-
mally induces long-term depression (LTD) (Tan et al., 2015).
Additionally, while fear conditioning normally facilitates LTD
at Schaffer collateral-CA1 synapses, prenatal morphine-ex-
posed rats that underwent fear conditioning revealed no
LTD in response to a typical LTD induction protocol while
saline-exposed, fear-conditioned rats exhibited robust LTD
(Tan et al., 2015). While these alterations in hippocampal
plasticity and glutamatergic signaling likely contribute to
contextual learning tasks, it is unclear at this time if impair-
ments in NMDA receptor-dependent plasticity or other
forms of plasticity in the hippocampus contribute to the
aberrant reward-related behavioral phenotypes in models of
POE. One possibility is that neonatal withdrawal from
opioids may augment hippocampal-dependent, drug-con-
text associations when POE animals are re-exposed to
opioids later in life leading to increased duration in drug-
paired compartments which is frequently observed in CPP
as discussed above; however, additional studies are neces-
sary to validate this speculation.

Further evidence for disrupted glutamatergic signaling
is provided by Tao and colleagues whose work has re-
vealed that co-treatment of dextromethorphan, which dis-
plays NMDA receptor antagonism, alongside POE can
prevent many of the molecular and behavioral phenotypes
associated with POE (Tao et al., 2001; Yang et al., 2006;
Wu et al., 2009; Chiang et al., 2015). Dextromethorphan
co-administration with morphine prenatally prevents the mor-
phine antinociceptive tolerance observed in prenatal mor-
phine-exposed offspring. Additionally, dextromethorphan
prenatal co-administration also prevents the reduced den-
sity of hippocampal PSD-95, nNOS, phosphorylated CREB,
and NMDA receptors, restores the binding affinity of MK-801
to NMDA receptors, and precludes the decreased LTD mag-
nitude in the hippocampus which all result from prenatal mor-
phine exposure (Tao et al., 2001; Yang et al., 2006). Another
study revealed that co-administration of dextromethorphan
could prevent the enhanced CPP and behavioral sensitization
to repeated morphine treatment (Wu et al., 2009). Wu et al.,
also discovered a higher turnover rate of dopamine and sero-
tonin in the NAc associated with this enhanced CPP and be-
havioral sensitization. This increased turnover rate was
similarly prevented by prenatal dextromethorphan co-admin-
istration suggesting pathologic glutamatergic signaling may
be upstream of disrupted dopamine and serotonin turnover
in the NAc of POE offspring (Wu et al., 2009). These beneficial
effects of dextromethorphan suggest that the adverse effects
resulting from POE may be, in part, because of NMDA recep-
tor dysregulation or aberrant activity at this receptor which
dextromethorphan is able to prevent when co-administered
during the prenatal period.

Midbrain dopamine inputs to the striatum are instru-
mental in mediating drug reinforcement. Additional
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dopaminergic projects target the amygdala, hippocam-
pus, and PFC which assist in reward-cue/context associ-
ations (Kalivas and Volkow, 2005; Volkow et al., 2017).
The projections primarily target both D1 (low affinity, Ge-
coupled) and D2 (high affinity, Gi-coupled) receptors
which are both implicated in drug reinforcement and moti-
vation (Kalivas and Volkow, 2005; Volkow et al., 2017)
Although dopamine has long been the neurotransmitter
associated with reward, few studies have examined do-
paminergic differences in offspring with POE. As men-
tioned above, increased metabolism of dopamine and
serotonin was observed in the NAc (but not the dorsal
striatum, medial PFC, or olfactory tubercle) of adult off-
spring with POE which was temporally associated with in-
creased morphine CPP and greater morphine-induced
locomotor sensitization (Wu et al., 2009). This increase in
dopamine turnover may suggest that POE primes the
mesolimbic pathway consisting of VTA to NAc projections
to respond more robustly to a future drug reward by re-
leasing higher amounts of dopamine at VTA terminals in
the NAc relative to controls. Alternatively, changes at the
dopamine receptor or signaling level may also occur fol-
lowing POE. D1-mediated cAMP production was in-
creased in striatal slices of fetal rats with prenatal
morphine exposure (De Vries et al., 1991). Similarly,
Chiang et al. (2014) reported that prenatal buprenorphine
reduced basal levels of cAMP, but augmented D1 recep-
tor-mediated cAMP production in the NAc of adult rats
suggesting this D1 mechanism is a persistent effect of
prenatal buprenorphine exposure. Additionally, prenatal
buprenorphine exposure reduced expression of NAc D1
receptor (without affecting D2 or D3 receptors) in adult
male rats, and this was associated with enhanced meth-
amphetamine CPP and behavioral sensitization (Chiang
et al., 2014). D1 receptor activation is necessary for induc-
tion of psychostimulant locomotor sensitization (Vezina,
1996; Valjent et al., 2010); therefore, these findings sug-
gest reduced accumbens D1 expression and/or aug-
mented downstream signaling may be a persistent
molecular disruption of the dopaminergic reward system
that predisposes POE offspring to exhibit augmented be-
havioral sensitization when re-exposed to drugs of abuse
later in life.

Numerous other molecular and biochemical changes
have been reported in animal models of POE which space
does not permit us to examine in detail; however, we would
like to briefly acknowledge these studies for the reader’s fur-
ther interest. In addition to dopaminergic disruption, POE
also impacts other monoaminergic systems such as sero-
tonin and norepinephrine, but the effects are apparently de-
pendent on the brain region examined and the sex of
offspring making generalizations difficult (McGinty and Ford,
1980; Slotkin et al., 1981; Wang et al., 1986; Vathy et al,,
1994, 1995; Robinson et al., 1997; Vathy et al., 2000). While
less studied relative to dopamine, both serotonin (Lovinger,
1997; Nic Dhonnchadha and Cunningham, 2008) and nor-
epinephrine (Weinshenker and Schroeder, 2007) signaling in
the mesocorticolimbic pathway are implicated in addiction.
Abnormal functioning of the cholinergic system in the
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hippocampus and striatum has also been observed (Guo et
al., 1990; Robinson et al., 1991, 1993; Yaniv et al., 2004). In
the striatum, cholinergic interneurons play a critical regula-
tory role on striatal output which could alter motor behaviors
associated with compulsive drug consumption (Bradfield et
al., 2013; Augustin et al., 2018). Prenatal methadone expo-
sure reduces total acetylcholine content likely because of in-
creased acetylcholine turnover that persists throughout the
weaning period (Guo et al., 1990; Robinson et al., 1991;
Robinson et al., 1996; Yaniv et al., 2004). This disruption in
acetylcholine levels could be related to the reduction in stria-
tal NGF observed in the same model of prenatal methadone
exposure as NGF is required for cholinergic neuron matura-
tion (Wu et al., 2001; Allaway and Machold, 2017). Chronic
administration of opioids to adult rodents has been shown
to both upregulate pro-apoptotic and downregulate anti-ap-
optotic proteins (Boronat et al., 2001; Tramullas et al., 2007,
2008); similarly, POE appears to reduce cell numbers in nu-
merous brain regions possibly by upregulating apoptotic
pathways in culture and in the developing rodent brain
(Harlan and Song, 1994; Svensson et al., 2008; Wang and
Han, 2009; Droblenkov et al., 2010; Nasiraei-Moghadam et
al., 2010, 2013; Golalipour et al., 2013). Lastly, oligodendro-
cytes, the myelin producing glial cells of the brain, express
opioid receptors which that are thought to regulate differen-
tiation, maturation, and myelin production (Hauser and
Knapp, 2017). Preclinical studies have revealed inconsis-
tence findings. Some studies have revealed increased mye-
lination and myelin associated proteins (Sanchez et al.,
2008; Vestal-Laborde et al., 2014) while others findings indi-
cate damage to white matter microstructure and reduced
myelin associated proteins (Jantzie et al., 2020). A small
imaging study of human infants with prenatal methadone
exposure did reveal alterations in microstructure in the
superior longitudinal fasciculus but larger studies controlling
for additional variables are necessary to substantiate these
inconsistent findings (Walhovd et al., 2012).

Conclusions and Future Directions
Numerous behavioral studies support the possibility
that POE alters reward-related behavior in a manner
which may enhance drug-seeking and drug-taking behav-
iors. Although no direct mechanistic studies have been
completed, POE does appear to induce persistent molec-
ular changes in important nodes of the classical mesocor-
ticolimbic reward pathway which may act to “prime”
these circuits to respond to rewarding substances with
greater intensity later in life. As the field of preclinical POE
research expands, it is possible knowledge from other
models of prenatal drug exposure may lend insight to re-
searchers studying POE. Opioids are overwhelming
understudied in the field of prenatal drug exposure com-
pared with other substances (Malanga and Kosofsky,
2003). Considerable work has been done to study the ef-
fects of prenatal alcohol, cocaine, and nicotine exposure.
Prenatal alcohol exposure also increases alcohol con-
sumption and alcohol preference in rodents with altera-
tions in the endogenous opioid system hypothesized to
underlie the alcohol intake (Fabio et al., 2015; Gaztahaga
et al.,, 2020). Epidemiological data also supports the
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relationship between prenatal alcohol exposure and fu-
ture risk for alcohol use disorders in humans (Alati et al.,
2006). Similar evidence for an enhanced cocaine and al-
cohol reward phenotype is also observed in animal mod-
els of prenatal cocaine exposure (Kelley et al., 1997;
Malanga and Kosofsky, 2003; Malanga et al., 2008).
Prenatal nicotine exposure also appears to increase re-
warding effects in offspring later in life for multiple reward-
ing substances including nicotine, alcohol, cocaine, and a
high-fat diet chow (Franke et al., 2008; Schneider et al.,
2012; Chang et al., 2013). This raises the possibility that
the relationship between prenatal drug exposure and fu-
ture drug reward susceptibility is neither dependent on
the specific prenatal drug exposed to or the rewarding
drug given access to later in life. Instead, prenatal expo-
sure to commonly misused drugs (alcohol, nicotine, can-
nabinoids, psychostimulants, opioids), which may each
have unique acute drug effects, may prove to produce
similar behavioral phenotypes by inducing common mo-
lecular and cellular adaptations in reward circuitry during
early brain development. Similar hypothesis-generating
insights may develop from the large literature base study-
ing the effects of rewarding substances on the brain of
mature animals. For instance, multiple drugs of abuse dis-
rupt LTD in the striatum of mature rodents which contrib-
utes to addiction related-behaviors (Xia et al., 2006;
Kasanetz et al., 2010; Nazzaro et al., 2012; DePoy et al.,
2013; Atwood et al., 2014; Abburi et al., 2016; Munoz et
al., 2018, 2020). Future studies may consider investigat-
ing disrupted striatal plasticity among other common neu-
roadaptations in mature animals of chronic drug exposure
as potential mechanisms for the enhanced reward pheno-
type in models of POE.

Preclinical models offer several practical and ethical ad-
vantages over clinical studies to begin to elucidate con-
tributing mechanisms to altered development in offspring
with POE. Nonetheless, there are several aspects in which
preclinical models may improve and areas which are in
need of further study. In the pursuit of improving preclinical
animal models, researchers should seek to model more
clinically relevant scenarios of POE when developing an
opioid treatment strategy. Studies which initiate opioid ex-
posure at late stages of prenatal development are likely to
have limited predictive and face validity, and therefore,
have less potential to improve human health. Indeed, many
recent models have introduced opioids pregestationally
which is commendable (Kongstorp et al., 2019, 2020a;
Wallin et al., 2019). However, further work will be necessary
to discern the how opioid exposure may affect gametes
before conception in comparison or in addition to the ef-
fects of opioids on the developing embryo and fetus (for
further reading on parental opioid exposure and transge-
nerational effects, see Vassoler and Wimmer, 2020).
Similarly, little is known regarding the effects of opioid on
maternal neuroendocrine physiology during pregnancy
and how opioid use may alter neuroendocrine physiology
during pregnancy which could indirectly impact offspring
development. As the POE field progresses, researchers
may also want to consider the interaction between other
risk factors common among women who use opioids
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during pregnancy (such as polysubstance exposure, re-
source limitations, or early life stressors) and POE when
developing new translational preclinical models. For in-
stance, a recent systematic review and meta-analysis indi-
cated that nearly 90% of women on medications for OUD
(methadone or buprenorphine) also smoked tobacco prod-
ucts during their pregnancy which means isolating prenatal
drug exposure to methadone or buprenorphine without to-
bacco exposure in preclinical models may represent the
exception rather than the rule in the clinic (Nelson et al.,
2020). These prenatal/postnatal environmental factors may
represent possible modulators for the effect of POE on
brain and behavioral differences later in life (for further re-
view, see Conradt et al., 2018). As an example, one large
clinical study reported that the negative impact of POE on
psychomotor performance in young toddlers no longer re-
mained significant when controlling for covariates such as
birth weight, maternal care, and the quality of the infants
home environment (Messinger et al., 2004). However, a re-
cent study revealed that POE was associated with signifi-
cantly reduced motor cortex volumes and surface areas
which remained significant when controlling for sociode-
mographic factors indicating some developmental effects
are specifically associated with POE regardless of environ-
mental interactions (Hartwell et al., 2020). Nonetheless, it
remains unclear at this time how environmental stressors
may interact with POE to impact future drug reward related
behaviors.

To improve our current understanding of the impact of
POE on reward-related behavior, researchers may con-
sider examining other behavioral characteristics associ-
ated with addiction. Few studies have examined the
resistance to extinction of drug-seeking behavior, escala-
tion of drug intake over time, aversion-resistant or punish-
ment-resistant drug consumption and seeking, context-
induced or cue-induced reinstatement of drug-seeking
behavior, or if drug withdrawal is altered in mature rodents
with POE. Additionally, the vast majority of POE studies
phenotyping reward-related behavior have used opioids;
however, alcohol, nicotine, and marijuana remain the
most likely substances the growing population of opioid-
exposed infants will encounter as they mature, as these
three substances constitute the most commonly available
and ingested addictive substances. Yet, no studies have
examined the sensitivity to alcohol, nicotine, or marijuana
reward in POE offspring to our knowledge. There is a
need for additional mechanistic studies as our current
understanding of how POE impacts the endocannabinoid
system, GABAergic functioning, neuroimmune signaling,
or opioid receptors aside from the MOR is rather limited.
Lastly, researchers may soon consider employing modern
neuroscience tools to identify neurocircuit specific
changes underlying aberrant behavior observed in POE
offspring.

The pregnant woman and her developing fetus represent
a particularly vulnerable population uniquely affected by
the opioid epidemic, yet POE remains a relatively under-
studied area of the opioid field. As the opioid crisis contin-
ues unabated, there is an increasing need to understand
the long-term implications of POE which may contribute to
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intergenerational cycles of addiction. As preclinical models
of POE continue to improve their translational value and
the impact of POE on reward-related behavior and neuro-
circuitry is further characterized, the knowledge gained
from these studies will identify areas of intervention to pre-
vent consequences in offspring resulting from opioid insult
during pregnancy.
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