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Neonatal opioid withdrawal syndrome (NOWS) is a growing public health concern.
The complexity of in utero opioid exposure in clinical studies makes it difficult to
investigate underlying mechanisms that could ultimately inform early diagnosis
and treatments. Clinical studies are unable to dissociate the influence of maternal
polypharmacy or the environment from direct effects of in utero opioid exposure,
highlighting the need for effective animal models. Early animal models of prenatal
opioid exposure primarily used the prototypical opioid, morphine, and opioid ex-
posure that was often limited to a narrow period during gestation. In recent years,
the number of preclinical studies has grown rapidly. Newer models utilize both
prescription and nonprescription opioids and vary the onset and duration of opi-
oid exposure. In this review, we summarize novel prenatal opioid exposure
models developed in recent years and attempt to reconcile results between stud-
ies while critically identifying gaps within the current literature.

From clinical studies to preclinical models of NOWS

The number of individuals diagnosed with opioid use disorders (OUD) continues to increase due
to the ongoing global opioid epidemic’. Consequently, there is a growing concern around mater-
nal opioid use during pregnancy and subsequent fetal opioid exposure [1]. NOWS is a disorder
characterized by opioid withdrawal symptoms that occurs in neonates at birth upon sudden ces-
sation of prenatal (see Glossary) exposure to opioids. Withdrawal symptoms typically arise
within 24-72 h after birth, and include gastrointestinal, autonomic, and neurological features
[2-4]. The rate of infants diagnosed with NOWS in the USA has grown, with recent estimates
suggesting increases of 82% from 2010 to 2017 [5]. Diagnosis rates have plateaued since
2014, potentially due to increased medical intervention and successful maternal OUD treatment
[6]. Nevertheless, NOWS diagnoses are at an all-time high, and fetal opioid exposure remains an
ongoing public health concern [6].

While acute withdrawal symptoms are well characterized, whether in utero opioid exposure pro-
duces long-term, deleterious effects remains controversial [7]. Some clinical studies examining
outcomes in opioid-exposed infants found no notable differences in neurodevelopment [8-10],
whereas other longitudinal studies showed prenatal opioid exposure to be associated with im-
paired physical development and long-term cognitive and behavioral deficits [11-13]. Given
that clinical studies are unable to fully dissociate the influence of confounding environmental fac-
tors from the direct effects of in utero opioid exposure, animal models are necessary. In addition,
because the type of opioid, duration of opioid exposure, maternal polysubstance use, and ge-
netic and epigenetic factors may influence the development and severity of NOWS symptoms,
all these factors should be considered when developing preclinical models [2,14-16].

Many of the early preclinical studies of perinatal opioid exposure used morphine and fetal expo-
sure that occurred within an extremely narrow gestational window (reviewed in [17]). In recent
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years, the number of perinatal opioid exposure models has grown significantly. Newer models
vary considerably in key components, including type of opioid, duration of opioid exposure, ad-
ministration route, and maternal environment. Notably, recent models utilize both prescription
and nonprescription opioids and used longer durations of exposure, features that better reflect
clinical scenarios. In this review, we summarize phenotypes arising from perinatal opioid exposure
across preclinical studies, with a focus on studies published since 2017. Studies are grouped by
type of opioid used within the model, with the findings for each study further subdivided into de-
velopmental, molecular, and behavioral effects. General phenotypic trends and contradictions
between studies are noted and used as the basis for recommendations for future studies.

Variability in preclinical models

Route of administration and maternal environment

In rodent studies, opioids can be administered to the dam to induce prenatal exposure or to the
pup during the postnatal period. Maternal administration can be achieved orally through drinking
water, intravenous self-administration (IVSA), injection, or implantable minipumps, while postnatal
offspring exposure can occur through lactation or direct injection. Each administration route has
specific considerations associated with it, including temporal and dose control of drug intake, po-
tential stress produced by repeated injections, and the volitional nature of drug exposure. Mater-
nal environment and care may also influence outcomes, dependent on whether offspring remain
with their birth mothers or are cross-fostered to opioid-naive dams [18]. There are conflicting data
on how opioids may affect maternal care, because some researchers found no effect [19], while
others showed deficits in maternal care [20,21]. Furthermore, if pups remain with the opioid-
exposed dam throughout the postnatal period, the amount of opioid transferred through lactation
may vary, resulting in offspring potentially experiencing premature opioid withdrawal. Cross-
fostering also carries additional considerations, because the practice may produce behavioral
and physiological alterations in offspring irrespective of opioid exposure [22].

Duration of exposure

Rodent and human development occurs on substantially different timescales. The gestational pe-
riod in rodents is equivalent to approximately the first two trimesters of human pregnancy [23-25].
The developmental equivalent of the third trimester in human pregnancy occurs within the first
two postnatal weeks in rodents [23-25]. Critical neurodevelopmental events peak during this
postnatal period in rodents, including synaptogenesis, microglial maturation, myelination, and
synaptic pruning [25-27]. Duration of opioid exposure in models varies, and can include
pregestation, partial gestation, all of gestation, all of gestation and postnatal exposure, or postna-
tal exposure only (Figure 1). Different exposure periods are of utility in both understanding the
pharmacological effects of opioids on early development and modeling different clinical scenar-
ios. For example, in humans, a person with OUD may cease drug use upon discovery of preg-
nancy, or transition to medication-assisted therapy (MAT) during pregnancy. As such, there
would be further alterations in gestational opioid exposure due to changes in duration of drug
use or opioid type.

Opioid pharmacology

One critical variable to consider when modeling prenatal opioid exposure is opioid type. Early
studies primarily used morphine, but newer models use a variety of opioids to better explore
the heterogeneity that exists within clinical settings. Each opioid has a unique pharmacological
profile that may further influence symptomology. Morphine is a short-acting opioid with high affin-
ity for the mu opioid receptor (MOR) and some affinity for the kappa opioid receptor (KOR) and
delta opioid receptor (DOR). Oxycodone, an opioid frequently prescribed for pain management,
is a semisynthetic opioid with high MOR affinity and lower KOR and DOR affinity [28]. Heroin and
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Glossary

Adolescence: in this review, we define
‘adolescence’ in rodents as being

4-8 weeks of age.

Adulthood: in this review, we define
‘adulthood’ in rodents as being

>8 weeks of age.

Gestational: period of time between
conception and birth; in this review,
gestational is used interchangeably with
prenatal.

Perinatal: any period of time
encompassing some (or all) of the
gestational period, birth, and postnatal
period.

Postnatal: period of time immediately
following birth. In this review, the early
postnatal period is defined as postnatal
days 1-28 in rodents, or from birth until
weaning.

Prenatal: period of time between
conception and birth; in this review,
prenatal is used interchangeably with
gestational.
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Figure 1. Comparison of human and rodent neurodevelopment and opioid exposure windows. (A) The
gestational period of a rodent is approximately equivalent to the first two trimesters of a human pregnancy. Critical
neurodevelopmental milestones peak within the second and third trimesters of human pregnancy, while comparable
developmental processes in rodents occur throughout the first two postnatal weeks. (B) In preclinical animal models,
opioids can be administered throughout different gestational and postnatal timepoints. Figure created with BioRender
(biorender.com). Abbreviation: PND, postnatal day.

fentanyl are synthetic opioids commonly used among individuals with OUDs. Heroin is rapidly me-
tabolized into the active metabolite 6-acetylmorphine (6-AM) and then to morphine, both of which
have high affinity for MOR [29]. Fentanyl is a short-acting MOR agonist that also binds at KOR and
DOR, although with much lower affinity [30]. Buprenorphine and methadone are prescribed as
MAT for OUD treatment. Buprenorphine is a partial agonist at MOR and an antagonist at KOR
and DOR [31], while methadone is a long-acting MOR agonist [32] (Figure 2).

In addition to differential receptor affinities, pharmacokinetic considerations of each opioid should
be noted to account for maternal to fetal drug transfer within models. Most opioids readily cross
the blood—placental barrier, although each drug type does so at different rates [44-48]. Both
in vitro studies using human placentas [49,50] and preclinical studies in rats [51] found that bupre-
norphine had lower placental transfer compared with other opioids, potentially explaining the
lower severity and rates of NOWS in buprenorphine-exposed infants. Models that have quantified
opioid levels in rodents at the embryonic and neonatal stage found that morphine, oxycodone,
fentanyl, 6-AM, buprenorphine, and methadone can accumulate in the fetus following maternal
exposure [51-57]. Breastfeeding is not contraindicated in mothers receiving MAT, because trans-
fer of methadone and buprenorphine through lactation is minimal and nursing may benefit NOWS
infants [58-60]. In rodents, postnatal transfer through lactation has been shown to be variable.
One study, which delivered postnatal oxycodone through lactation, found that drug levels in rat
pups were inconsistent and became negligible by postnatal day (P)14 [19]. Thus, studies that
rely on lactation alone must take additional care to ensure that opioid levels in offspring remain
steady throughout the duration of the intended exposure period.

Impact of withdrawal
Clinical studies have revealed poor outcomes in opioid-exposed infants even in the absence of
receiving a NOWS diagnosis [61,62], suggesting that adverse effects arise from prenatal opioid
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Figure 2. Opioid pharmacology. Schematic of common opioids, half-lives (T+,,) in rodents [33-38], and binding affinity at
delta opioid receptor (DOR), mu opioid receptor (MOR), and kappa opioid receptor (KOR). Turquoise arrows indicate that the
drug is acting as an agonist at the receptor, black broken arrow indicates that the drug is acting as a partial agonist at the
receptor, and orange inhibitor arrows indicate that the drug is acting as an antagonist at the receptor. The inhibitory
constant (K for each drug is listed in nanomolar (nM) [39-43]. Figure created with BioRender (biorender.com).

exposure alone. However, the potential impact of opioid exposure and withdrawal or the effects
of additional postnatal opioid treatment on the infant remain unclear. Thus, there is a need for pre-
clinical studies that model opioid exposure independent of withdrawal and studies that model
NOWS directly. Many of the current studies do not indicate whether offspring are experiencing
withdrawal. Studies that only administer opioids in utero can result in withdrawal around birth,
while studies delivering postnatal exposure through injections allow for temporal control of the
onset of opioid withdrawal. Other models that continue postnatal opioid exposure through lacta-
tion typically do so until weaning. In these studies, pups could experience withdrawal at a later
timepoint (typically at P28) or may have tapered off opioids as they begin the transition from feed-
ing through lactation to solid food intake [63]. Future studies can be strengthened by directly ad-
dressing these concerns when initially describing a new model. When models are first developed,
we recommend that opioid concentrations are measured in offspring throughout the gestational
and postnatal periods, and the presence or absence of withdrawal behaviors upon cessation of
opioid exposure is clearly documented. In doing so, preclinical studies will be better able to dis-
sociate the effects of opioid exposure from opioid withdrawal.

Morphine models

To broadly characterize how perinatal opioid exposure affects offspring, several models use the
prototypical MOR agonist morphine. Morphine is less likely to be misused by humans relative
to other opioids. However, its use still has clinical relevance. Morphine is a metabolite of other opi-
oids, including heroin and codeine [64,65]. A recent clinical study found that morphine was
among the most abundant opioids detected in a cohort of mothers immediately following
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childbirth, and mothers who tested positive for buprenorphine and methadone also frequently
tested positive for morphine [66].

Developmental alterations

Models that use morphine show variable effects that may be dependent on duration of exposure
or dose. Most models showed that morphine-exposed rodents have lower body weights
throughout the first two postnatal weeks [53,67-70], while other models revealed a sex-
specific deficit in weight [7 1] or no deficits in weight [72,73]. Additionally, one study found that ex-
posed rats initially had decreased body length and body weight, but that growth normalized be-
ginning at P28, resulting in weights similar to those of controls in adulthood [74]. Multiple studies
also found that morphine-exposed mice had increased latencies to reach developmental mile-
stones, including righting reflex and extinguishing of pivoting behavior [53,67,68].

Molecular alterations

Alterations in expression of genes associated with neural development, including synaptic devel-
opment, myelination, mitochondrial function, and GABAergic and glutamatergic signaling, were
prevalent across many brain regions when assayed during both the early postnatal period and
adolescence in exposed mouse offspring [53,67,70,72,75]. Changes in oxytocin (OT) have
been reported, with one study finding alterations in OT levels in the paraventricular nucleus and
supraoptic nucleus in rats [73] and another showing upregulation of OT in the medial prefrontal
cortex (MPFC) of male mice [72].

Other molecular changes, including increased KOR expression and decreased corticotropin-
releasing hormone in the periaqueductal gray in mice [76] and activation of striatal epigenetic his-
tone markers in rats [69], have also been observed. Alterations in neuroimmune signaling have
also been noted. Expression of cytokines, microglial markers, and immune genes changed in
mice both at birth and in adulthood within the PFC and amygdala [72,77].

Behavioral alterations

Morphine-treated mice displayed increases in anxiety-like behavior when tested during the early
postnatal period [67], although changes in affective behavior were not observed when tested in
adulthood in a different study [53]. Long-term effects on social preference and play behavior
were evident in both mice and rats, although results are conflicting and may be further dependent
on sex [53,72,73,77]. These social effects may be due, in part, to the alterations in OT levels
[72,73]. Deficits have been observed in the five-choice serial reaction time task (5CSRTT)
[72,77,78], whereas other cognitive tasks, including Barnes maze and fear conditioning, were
not impacted in mice [70]. This indicates that, within cognitive tasks, attention and impulsivity
may be preferentially affected over learning and memory. Female mice displayed alterations in
sleep patterns in adulthood, whereas this was not found in males [53]. Of interest, in studies
that examined opioid reward behavior, no impact of prenatal morphine exposure was observed
in mice [53,68,70], while only one study found blunted development of morphine tolerance in
adult rats [74]. A summary of preclinical models utilizing morphine can be found in Table 1 (for
the full table, see Table S1 in the supplemental information online).

Oxycodone models

The number of drug-related overdose deaths involving oxycodone has plateaued in recent years;
however, a significant number of people still use and misuse prescription opioids'. While many
novel preclinical models using oxycodone have been developed, clinical statistics indicate that
their translational utility may be more limited relative to other drugs, because it is not one of the
most abundant opioids detected in pregnant women [66].
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Table 1. Models using morphine®®
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Exposure Qutcomes Refs
Development Molecular Behavioral
P1-14 | Body weight Enrichments of signaling pathways (P15) 1 Anxiety-like behavior in OF [67,70]
1 Latencies to developmental milestones Downregulation of myelin-associated (P21)
transcripts (P15)
All gestation-P7 = | Oxytocin-positive cells at P7, 1 at P14 Altered play behavior [73]
(adolescent)
All gestation-P14 | Body weight Enrichment of synaptic, GABAergic, and Altered social behavior [63]
1 Latencies to developmental milestones myelin systems (P1, P14) (adult)
Altered sleep patterns (?)
(adult)
P1-P14 | Body weight - | Marble burying [68]
1 Latencies to developmental milestones Alterations in morphine
locomotor sensitization
(adult)
P1-P14 - 1 KOR expression - [76]
| CRH expression (P14)
Preconception-P21 1 Weight gain () Alterations in immune genes (P1, P21) 1 Social behavior [72,77]
1 Weight gain (?) (adolescent) Differential gene expression (P21) (adolescence)
Altered levels of microglia, macrophages Impaired 5CSRTT (adult)
(adult)
G19-birth | Body weight (3) = = (711
1 Body temperature
Preconception—-P30 | Body weight Differential expression of epigenetic histone - [69,75]

modifications, proinflammatory factors (P14)
| AMPAR and NMDAR expression (P14, P30)

E11-E18 - - Impaired 5CSRTT (&) (adult) [78]

All gestation—birth | Body weight (normalized by P28) | Morphine tolerance [74]
| Tibia length (adult)

| Fat mass () (adult)

1 Peripheral cardiovascular risk biomarkers
| Adrenergic receptor expression
IPENK expression in vascular tissues (adult)

#Abbreviations: CRH, corticotropin-releasing hormone; E, embryonic day; G, gestational day; OF, open field; PENK, proenkephalin; —, not determined.
PIf sex-specific effect, indicated by 9/&, timepoint in which assessment was made is indicated in parentheses.

Developmental alterations

There is mixed evidence for how perinatal oxycodone exposure affects development. Similar to
findings with morphine, some studies found lower body weights throughout the postnatal period
[20,79,80], sex-specific deficits in weight gain [81], or no differences in body weights in exposed
rat and mouse offspring [19,82-85]. Other deficits in physiological development, such as reduc-
tion in head diameter and alterations in sensorimotor development, have been observed in rats
[19,80,83].

Molecular alterations

Changes in opioid receptor expression induced by perinatal oxycodone exposure have been
documented. One study found decreased Oprm1 at P1 in the midbrain in exposed female rat off-
spring [83]. A study using mice found that expression of genes related to opioid receptors may be
differentially affected in a sex-dependent manner [36]. Males had increases in Oprd7 and females
had decreases in Oprk1 in the hippocampus (HIP) and hypothalamus, whereas there was no ef-
fect on Oprm1 expression in either sex [86]. Another study found that perinatally exposed male
rats had reduced microglial phagocytosis of dopamine receptor type 1 (D1R) in the nucleus ac-
cumbens (NAc) in adolescence, resulting in higher D1R density in adulthood [20]. Additional mo-
lecular alterations, including changes in extracellular vesicle miBNA signatures, differential
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expression of hypocretin neuropeptides, increased neuroinflammation, and alterations in brain
metabolites, have been found during the early postnatal period and adolescence across multiple
brain regions in rats [80,84,87,88].

Behavioral alterations

Nociception and spatial navigation were not altered in offspring following oxycodone exposure
when measured during the early postnatal period in rats [19]. Multiple studies found that exposed
mouse and rat pups produced higher ultrasonic vocalizations (USVs) [19,72,86], although it is un-
clear whether this was representative of increased anxiety-like behavior or a symptom of opioid
withdrawal. Additional tests did not find increases in other anxiety or depressive-like behaviors
[81,82,86]. However, there is evidence of increased marble burying in oxycodone-exposed rat
offspring [80,84], which can be interpreted as either increased anxiety or impulsive behavior
[89,90]. Thus, it remains unclear how perinatal oxycodone impacts affective behaviors. Unlike
models using other opioids, there is evidence that perinatal oxycodone exposure affects opioid
reward behavior. In adulthood, oxycodone-exposed male rats displayed impaired extinction of
oxycodone conditioned place preference (CPP) [20], and both male and female mice showed in-
creased oxycodone IVSA [85]. Changes within the dopaminergic and/or opioidergic system may
be the molecular basis for these effects on reward behavior [20]. No effects on thermal
nociception were observed in rats [84], although increased pain sensitivity using the Von Frey
assay has been demonstrated in mice [91]. It is possible that the reported molecular changes
within the endogenous opioid system may underlie these effects [83,86]. There are conflicting
data regarding effects on social behavior. One study found social deficits in mice [86], while others
found no change in mice or rats [80,81]. Reports on activity and motor behavior are similarly var-
iable, with one study reporting hyperactivity in rats [82] and others finding reductions in activity in
mice and rats [84,86], or no changes in mice [81]. Evidence for how spatial learning and memory
may be affected is also mixed, because only one study in mice found deficits in the Barnes maze
[86], while other studies in mice and rats report no deficits in memory or cognitive tasks [79,82].

A summary of NOWS models utilizing oxycodone can be found in Table 2 (for the full table, see
Table S2 in the supplemental information online).

Synthetic and semisynthetic opioid models: fentanyl and heroin

Patterns of opioid use and drug-related overdoses have shifted in recent years, given that the
number of overdose deaths associated with fentanyl has sharply increased in the USA' [93].
Thus, models that utilize fentanyl are particularly timely. A recent study found that fentanyl and
norfentanyl (the inactive metabolite of fentanyl) were among the most prevalent substances
detected in a cohort of pregnant women during delivery [66]. Although rates of overdose deaths
involving heroin have decreased relative to those involving fentanyl, it remains a common illicit
opioid' [93]. Case-studies of infants exposed to heroin in utero and reports of heroin use during
pregnancy affirm the need for preclinical models using this drug [94,95].

Developmental alterations

As with other opioids, perinatal fentanyl exposure resulted in offspring with lower body weights
throughout the early postnatal period, although this effect may be sex specific and dose dependent
[96,97]. Mouse offspring exposed to heroin in utero did not exhibit any developmental deficits; never-
theless, these results may be confounded by the low amounts of drug delivered within the model [55].

Molecular alterations
Transcriptomic analysis of mice exposed to perinatal fentanyl revealed differentially expressed
genes (DEGs) in reward and sensory brain regions [98]. Studies in mice found that perinatal
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Table 2. Models using oxycodone®
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Exposure Qutcomes Refs
Development Molecular Behavioral
Preconception-weaning Altered gene expression in HIP 1 Immobility in EPM (adult) [86,92]
and HYP (adult) 1 In social behavior (P21)
Alterations in gut microbiota Impairment in Barnes maze (adult)
(adult)
All gestation—weaning | Body weight post weaning - Altered USVs (P5-P11) [79,81]
1 Latency to righting reflex (9) Altered thermal nociception (?) (adult)
G8-G21, P1,3,5 - - Hyperactivity (adult) [82]
Preconception-birth | Body weight | Microglial engulfment of D1R Impaired extinction in oxycodone CPP [20]
1 latency to righting reflex (&) (adolescent) (&) (adult)
1 USVs 1 D1R density (&) (adult)
- 1 OPRMT1 expression (?) (P1) - [83]
Preconception—P14 - - Altered separation-induced USVs (P8) [19]

Preconception—-weaning

| Body weight
| Head diameter

Altered neuropeptide expression,

synaptic vesicle proteosome,
miRNA signatures (P14)
1 Ibal+ cells

1 Marble burying (adult)
Alterations in social behavior (adult)
| Pain threshold (adult)
| Motor function (adult)

[80,84,87,88,91]

Altered brain metabolites
Impaired synaptic mitochondrial
function (adolescent)

1 Oxycodone self-administration (adult) [85]

@Abbreviations: G, gestational day; EPM, elevated plus maze; HYP, hypothalamus; —, not determined.
®If sex-specific effect, indicated by 9/, timepoint in which assessment was made indicated by parentheses.

fentanyl exposure altered circuitry and synaptic transmission in cortical areas, including the pri-
mary somatosensory cortex, anterior cingulate cortex, and auditory cortex [99-101]. Additionally,
morphological changes of pyramidal neurons in these regions were also observed in mice [100].
Expression of mitochondrial-related genes within the NAc may also be affected by fentanyl expo-
sure in mice [102]. Mice exposed to heroin in utero did not show any differences in MOR binding
at P1 [55].

Behavioral alterations

In mice, perinatal fentanyl exposure has been shown to alter locomotion, affective be-
havior, and produce sensory maladaptation in adolescence [97,100,101]. Fentanyl-
exposed mice also exhibited impaired auditory discrimination and lower levels of engage-
ment in auditory tasks in adulthood [97]. These behavioral deficits are hypothesized to result
from alterations within the somatosensory cortex and auditory cortex, which were observed
using the same model [97,100]. In late adolescence, fentanyl-exposed mice displayed
altered morphine-induced antinociception, but did not show differences in opioid reward
[96]. Heroin-exposed female mice displayed hyperactivity and heroin-induced locomotor
sensitization [55].

A summary of NOWS models utilizing fentanyl and heroin can be found in Table 3 (for the full table,
see Table S3 in the supplemental information online).

MAT models: buprenorphine and methadone

Pregnant individuals diagnosed with OUDs may receive buprenorphine or methadone as treat-
ment [95,103,104]. A recent clinical study found that buprenorphine and the active metabolite
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Exposure Outcomes Refs
Development Molecular Behavioral
Fentanyl: P4-P9 | Body weight - | Baseline analgesic response [96]
1 Morphine-induced hyperalgesia
(adult)
Fentanyl: all Sex- and age-dependent Transcriptomic changes in reward and sensory brain 1 Anxiety-like behaviors [97-102]
gestation-P21 alterations in body weight regions (adolescent) (adolescent)
Alterations in mitochondrial-related gene expression Impairment in auditory
(adolescent) discrimination task (adult)
Altered pyramidal neuron morphology (adolescent) Hyperactivity
Deficits in S1 function (adolescent) Sensory maladaptation
Alterations in A1 function (adult) (adolescent)
Heroin: E12, E15, - - Hyperactivity [65]
E18 1 Heroin-induced locomotion ()
(adolescent)

#Abbreviations: A1, primary auditory cortex; E, embryonic; S1, primary somatosensory cortex; —, not determined.
PIf sex-specific effect, indicated by /&, timepoint in which assessment was made indicated in parentheses.

norbuprenorphine were among the most prevalent substances detected in a cohort of pregnant
women during childbirth [66]. Furthermore, there is emerging evidence that maternal treatment
with buprenorphine is associated with more favorable outcomes and fewer NOWS diagnoses
compared with infants born to mothers receiving methadone treatment [105,106]. Given these
statistics, it may be more clinically relevant for models to use buprenorphine over methadone.
However, pharmacokinetic considerations may favor the use of methadone. Methadone concen-
trations were found to be much higher than those of buprenorphine in rodent fetal tissue following
maternal administration [51]. Although we believe achieving sufficient fetal opioid concentrations
should be prioritized when developing models of perinatal exposure, studies using both bupre-
norphine and methadone are critical. There is widespread use of both drugs during pregnancy,
and preclinical studies using MAT may serve to guide clinical recommendations. Some models
also include a prepregnancy exposure period using a different opioid, which closely reflects a clin-
ical scenario in which a patient with OUD transitions to MAT upon discovery of pregnancy
[67,107-112]. Although this practice is not standard in developing models that use methadone
or buprenorphine, it should be considered and perhaps more widely adopted because it pro-
duces a more translationally relevant model.

Developmental alterations

Developmental deficits have been documented in both methadone and buprenorphine-exposed
mice, including lower weights throughout development, changes in body temperature, and in-
creased latencies to reach developmental milestones [21,51,56,57,113]. Other developmental
deficits in methadone-exposed offspring have been characterized, including lower brain weight,
decreased bone volume, hyperactivity, and increases in USVs [57,114]. Buprenorphine-exposed
mice showed molecular and cellular differences in the developing brain during gestation, including
decreases in neural progenitor cell proliferation, reductions in cortical thickness, and decreases in
corticogenesis [112].

Molecular alterations

Widespread molecular changes have been observed following methadone exposure in rats,
including reduction of brain-derived neurotrophic factor (BDNF) and GABAergic proteins in the
cortex and HIP, resulting in decreased excitability in dentate gyrus (DG) cells [115,116]. Other
processes that impact neuronal excitability, such as myelination, were also affected by prenatal
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methadone exposure. Reports of global attenuation of myelin revealed decreased levels of
myelin-specific proteins and accelerated apoptosis of oligodendrocytes during the early postnatal
period in rats [117,118]. Studies in mice showed alterations in synaptic function and circuitry in
cortical regions, primarily within the primary motor cortex and somatosensory cortex, and in
the dorsal striatum [57,107-109]. Furthermore, methadone exposure was found to reduce func-
tional brain-wide connectivity in mice [119]. A growing area of research focuses on alterations in
immune activation induced by perinatal opioid exposure. Studies in rats using methadone found
that offspring had increased cytokines and immune markers in the brain and periphery, as well as
altered reactivity to immune challenges [56,120,121]. Decreased MOR binding in the early post-
natal period was shown after both perinatal buprenorphine and methadone exposure in rats
[122]. There is less research investigating the molecular alterations induced by buprenorphine ex-
posure, although one study found that mice had an increase in tyrosine hydroxylase-positive neu-
rons in the ventral tegmental area in adulthood [112].

Behavioral alterations

Cognitive deficits involving learning and memory have been well documented in models of
methadone exposure, although they have not been demonstrated in buprenorphine models
[77,1138,115,116,123]. These cognitive impairments may arise from the decreased excitability
in HIP DG cells following prenatal methadone exposure [115,116]. There is also evidence that
perinatal methadone exposure alters response to alcohol reward in mice; however, it is unclear
how reward circuitry may be affected or whether this phenotype extends to other psychoactive
drugs [110]. Fewer behaviors are impacted following buprenorphine. When tested in adoles-
cence, there were no effects of exposure on anxiety-like behaviors or stress response in rats
[21], but male mice exposed to buprenorphine in utero displayed hyperactivity at P60 [112].
Buprenorphine-exposed mice displayed enhanced baseline nociceptive sensitivity during the
hotplate test, but did not differ from controls when given an injection of morphine [21].

A summary of NOWS models utilizing buprenorphine and methadone can be found in Table 4 (for
the full table, see Table S4 in the supplemental information online).

Phenotypic commonalities across models

Models discussed in this review use a wide range of exposure paradigms and exhibit varying phe-
notypes. Nevertheless, some phenotypic trends persist across multiple studies. Developmental
delays and lower body weights are generally observed, regardless of the opioid used or duration
of exposure. Recurring themes in molecular alterations include changes in synaptic development,
as well as GABAergic and glutamatergic signaling. Long-term alterations in the dopaminergic
system were found in studies using both oxycodone [20] and buprenorphine [112]. There is
also converging evidence that systemic immune and neuroimmune function may be altered by
prenatal opioid exposure, specifically arising from alterations in microglia and cytokines
[66,72,120,121]. Opioids are known immunomodulators [124]. This may underlie clinical evi-
dence showing that children diagnosed with NOWS may have immune dysfunction [125-127].
While additional preclinical studies should be conducted to better understand the scope of
these effects, investigations on opioid-induced immunomodulation are an emerging and clinically
relevant direction for research.

There are few reported behavioral phenotypes consistently reproduced across multiple models.
Perhaps most surprising is the paucity of data supporting altered drug taking behavior, given con-
cerns that early-life drug exposure predisposes an individual to substance use later in life. Of all
models discussed in this review, only two studies using oxycodone found opioid reward re-
sponse and drug taking to be affected. One potential explanation is that environment, rather
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Table 4. Models using MAT*®

Exposure

MET: preconception-P28

MET: G3-G20

MET: preconception—-P14

MET: all gestation—P21

MET: G7-P19

MET: E16-P21

MET: G50-birth
BUP: E0.5-birth

BUP: preconception-P21

BUP: preconception

Outcomes
Development

| Body weight
| Body length

Altered behavioral development

| Body weight
| Brain weight (P1)

| Body weight
Altered brain structure (P21)

| Embryonic body width

| Body weight

1 Latencies to developmental
milestones

| Body temperature

1 Body weight (P19)
| Weight gain (?) (Adolescent)

Molecular

| Cell density, altered neuronal properties
in M1 and S1 (P22)

Altered glutamatergic and
endocannabinoid signaling (adolescent)
Altered protein expression in M1 (P21-P36)
Altered anatomical and functional
connectivity (adult)

Altered hippocampal DG cell function (?)
(adult)

| BDNF and GABAergic proteins in PFC
and HIP (adolescent)

1 MOR binding (P1-P21)

Attenuation of myelin development

1 Apoptosis of oligodendrocytes, microglial
activation (P7)

| Expression of myelin proteins (P7)

1 Serum and brain cytokines (P10, P21)
Altered microglia morphology (P10)
Hypersecretion of inflammatory cytokines
in PBMCs at baseline and post LPS

1 Plasma cortisol levels (P2)

| Neural progenitor cell proliferation
Altered corticogenesis (E18.5)
1 Th+ cells in VTA (adult)

¢? CellPress

Behavioral

1 Separation-induced USVs
(®)(P7)

Altered sensitivity to alcohol
reward (adult)

Impaired NOR
Impaired spontaneous
alteration (?) (adult)
Impaired FC (?) (adult)

1 Center time in OF
Impairment in NOR
Impairment in T-maze (¢)
(adolescent)

Impairment in discrimination
task, NOR, MWM (adult)

Impairments in discrimination
and learning task (adult)

Hyperactivity (adult)

| Pain sensitivity (adolescent)

Refs

[67,107-111]

[115,116]

[113]

[122,123]

[117,118]

[56,120,121]

[114]
[112]

(21

[77]

@Abbreviations: BUP, buprenorphine; E, embryonic day; FC, fear conditioning; G, gestational day; LPS, lipopolysaccharide; M1, primary motor cortex; MET, methadone;
MWM, Morris water maze; NOR, novel object recognition; OF, open field; PBMC, peripheral blood mononuclear cell; S1, primary somatosensory cortex; TH, tyrosine
hydroxylase; VTA, ventral tegmental area.
P|f sex-specific effect, indicated by Q/d, timepoint in which assessment was made indicated in parentheses.

than perinatal opioid exposure, may have a more critical role in the development of substance use

disorders.

Notable contradictory results arise across models. Multiple studies using methadone and mor-
phine produced robust cognitive deficits, but most studies using oxycodone failed to show any
effects in a battery of cognitive tasks. Similarly, models using oxycodone and fentanyl showed
some increases in anxiety-like behavior, but studies using morphine, methadone, and buprenor-
phine generally did not observe any effects on affective behavior. The basis for these differences
remains unclear. In all cases, the studies utilized different doses, types of opioid, and exposure
paradigms. Discrepancies in results are probably not due to a single factor, but rather the conver-
gence of multiple variables. These differences across models reaffirm the significance of dosage,
type of opioid, and duration of exposure for development of phenotypes.
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It remains difficult to reconcile molecular and behavioral data across models of perinatal opioid
exposure. Many studies have investigated the effects of perinatal opioid exposure on molecular
or behavior alterations exclusively, while only a few have explored the molecular underpinnings
of behavior within the same model. Furthermore, due to substantial differences between models,
it is almost impossible to attribute molecular changes uncovered in one study to behavioral phe-
notypes produced in other, even across studies using the same type of opioid.

Concluding remarks and future directions

Although many advances have been made in studying the effects of prenatal opioid exposure, it is
essential to recognize the limitations of current studies (see Outstanding questions). For instance,
the effects of maternal polysubstance use represent a notable gap in the current literature and re-
main to be studied. Other prescription and nonprescription psychoactive drugs, including alco-
hol, benzodiazepines, selective serotonin reuptake inhibitors (SSRIs), cannabis, and nicotine,
are known to exacerbate NOWS [128-130] Clinical studies have found a large proportion of preg-
nant women who test positive for opioids also test positive for other substances [130-132], but
the potential effects on offspring remain unclear. In addition to opioid exposure, there are also
many potential variables that may affect infant development after a NOWS diagnosis, including
genetic factors, socioeconomic status, familial history of other disorders, and environment.
While it is not possible to model all variables in laboratory animals, the introduction of additional
variables, such as addiction-associated genetic variants or maternal and/or offspring stress,
could provide an interesting and unique lens from which to study prenatal opioid exposure.
One recent study delivered a ‘secondary stressor’ to rats following opioid exposure by inducing
minor traumatic brain injury and found that it further exacerbated NOWS outcomes [84]. Another
study in rats found that adolescent nicotine exposure following perinatal oxycodone exposure did
not significantly alter offspring outcomes [133]. The full scope of the effects of future stressors on
opioid exposed offspring have yet to be explored.

In addition to effects in the central nervous system (CNS), recent studies have begun to investi-
gate the influence of perinatal opioid exposure on the periphery. Peripheral immune dysfunction
[121], changes in gut microbiota [92,134], and cardiovascular and metabolic alterations [74]
have been noted across different models. Future studies should be conducted to explore addi-
tional systemic changes arising beyond the CNS.

Numerous clinical studies have been conducted to assess treatment options in NOWS infants,
although there remains no standard of care across hospitals. First-line pharmacological treatment
is often opioid replacement therapy with oral morphine or methadone [14,15], although emerging
evidence supports buprenorphine as a more efficacious treatment [135-139]. Unlike most disor-
ders, in which preclinical treatment studies pre-date and far outnumber controlled clinical trials,
few studies analyze the efficacy of treatments in animal models of prenatal opioid exposure. A
small number of preclinical animal studies have utilized opioid-based pharmacological treatments
to reduce withdrawal symptoms and early-life deficits, although efficacy in treating potential long-
term phenotypes remains unclear [55,76,114]. In animal models, nonopioidergic treatments, in-
cluding clonidine (an as-adrenergic agonist [140]) and environmental enrichment, have also
been shown to ameliorate some NOWS-related deficits [101,141].

When considering the complexity of prenatal opioid exposure, no one standard animal model will
be sufficient to account for all variables. While this may provide some challenges in reconciling re-
sults and data interpretation, each model provides a unique vantage point in modeling different
aspects and conditions of in utero opioid exposure. Human NOWS is heterogeneous, and indi-
vidual diagnoses may present under different circumstances or with varying symptoms. Thus,
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Outstanding questions

General phenotypic patterns can be
drawn from preclinical studies of
neonatal opioid exposure, although it
remains difficult to reconcile results
due to variability between animal
models. Given that each opioid
has different pharmacokinetic and
pharmacodynamic properties, altering
opioid type or dose may affect
experimental outcomes. How can
consideration of dose and opioid type
be used to better compare preclinical
data?

It remains unclear what impact, if any,
opioid withdrawal may have on
producing persisting phenotypes
beyond the perinatal period. Do long-
term consequences of prenatal opioid
exposure arise from exposure alone,
or from the combination of opioid expo-
sure and withdrawal?

Some pregnant individuals who test
positive for opioids also test positive for
additional psychoactive substances.
Preclinical NOWS models have yet to ex-
amine the possible outcomes of
polysubstance exposure. How does pre-
natal polysubstance exposure affect
NOWS phenotypes?

How do genetic factors influence the
development and severity of NOWS?

How do additional environmental
factors, such as maternal stress,
infection, or injury, affect NOWS phe-
notypes, and how can this be incorpo-
rated into preclinical models?

Many clinical studies have been
conducted to assess both phar-
macological and nonpharmacological
treatments for NOWS symptoms,
although preclinical studies assessing
treatments are largely lacking. How
can preclinical NOWS models be
used to study potential therapies?
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the diversity in preclinical models provides an advantage when attempting to elucidate the many

potential clinical outcomes arising from prenatal opioid exposure.
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