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Abstract

Background: Preclinical data demonstrate that opioids modulate brain reward signaling through
an inflammatory cascade, but this relationship has yet to be studied in opioid-exposed neonates.

Methods: Saliva samples of 54 opioid-exposed and sex- and age-matched non-exposed neonates
underwent transcriptomic analysis of inflammatory and reward genes. A subset of 22 neonates
underwent brain magnetic resonance imaging (MRI) to evaluate white matter injury commonly
associated with inflammatory response. Gene expression and brain MRI were compared between
opioid- and non-exposed neonates and further stratified by sex and pharmacotherapy need.

Results: Opioid-exposed females regardless of pharmacotherapy need had higher expression

of inflammatory genes than their male counterparts, with notable differences in the expression

of CCLZand CXCL1 in females requiring pharmacotherapy (p=0.01 and 0.06, respectively).
Opioid-exposed males requiring pharmacotherapy had higher expression of DRDZ2than exposed
females (p=0.07), validating our prior research. Higher expression of /L1, IL6, TNFa, and /L10
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was seen in opioid-exposed neonates with T1 white matter hyperintensity (WMH) compared to
exposed neonates without WMH (p<0.05).

Conclusion: Prenatal opioid exposure may promote inflammation resulting in changes in reward
signaling and white matter injury in the developing brain, with unique sex-specific effects. The
actions of opioids through non-neuronal pathways need further investigation.

INTRODUCTION:

Neonatal abstinence syndrome (NAS) or neonatal opioid withdrawal syndrome (NOWS) is a
public health crisis with a high socioeconomic burden.! Determining which opioid-exposed
neonates will develop NAS requiring treatment and prolonged hospitalization remains
extremely challenging, limited by the heterogeneity of predictive factors and available
scoring systems to assess the need for pharmacotherapy.2-3 Further, genetic variations in
neuronal genes involved in opioid metabolism have been shown to modulate withdrawal risk
and severity of NAS.4°

While it is known that opioids act through neuronal pathways, emerging animal data
demonstrate that opioids also act via non-neuronal pathways by binding to toll-like receptor
type 4 (TLR4) on microglial cells, similar to the natural ligand lipopolysaccharide (LPS).6
Binding to microglia—the resident immune cells in the brain—Ileads to a subsequent
release of cytokines and chemokines’-8 as well as modulation of reward behaviors.-11
Jantzie and colleagues demonstrated that pups exposed to methadone showed a hyperactive
peripheral inflammatory response with accompanying alterations in microglia morphology
and behavioral changes. These findings highlight the pro-inflammatory role of opioid
exposure /n utero with long-term neural injury and cognitive deficits.12 However, no study
to date has examined the effects of prenatal opioid exposure on inflammatory and reward
modulation in neonates.

Although white matter abnormalities in opioid-exposed neonates have been reported, the
etiologies are unclear.1314 Based on the pro-inflammatory effects of prenatal opioids in
preclinical studies, along with the origin of microglia in yolk sac macrophages and their
migration to the brain during early fetal development, we postulate that white matter
changes seen in opioid-exposed neonates may be pro-inflammatory in origin.1>:16 Indeed,
the association between inflammation and white matter injury has been widely studied in
preterm neonates.17-19

Based upon our previous published data that showed opioid-exposed males have a greater
expression of a key reward gene, dopamine receptor type 2 (DRD2),2% we conducted this
current pilot, observational study to better understand: 1) the sex-specific inflammatory
effects of prenatal opioid exposure and its impact on reward signaling, and 2) the
inflammatory role of prenatal opioid exposure on white matter changes.
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METHODS:

Salivary Gene Expression Analyses

Saliva samples from 54 neonates born between 34 and 42 weeks’ gestation at Tufts Medical
Center (TMC), Boston, MA and Melrose-Wakefield Hospital (MWH), Melrose, MA were
collected, following approval by the Institutional Review Board and parental informed
consent. Opioid-exposed neonates were defined as being born following a known history of
maternal opioid use and/or positive maternal toxicology testing for opioids during the third
trimester of pregnancy. The non-exposed group consisted of sex- and gestational age (GA)-
matched healthy neonates (within one week) born to mothers without a history of opioid use
during gestation. We excluded neonates of diabetic mothers and those born in a setting of
chorioamnionitis due to the known pro-inflammatory states associated with these conditions,
as well as those with chromosomal or congenital anomalies.?122 Opioid-exposed neonates
were further categorized by the need for pharmacotherapy based on the Modified Finnegan
Scoring System.23 Demographic data collected from medical records included gestational
age (GA), anthropometric data [birth weight (BW), length (L), head circumference (HC)],
sex, mode of delivery, Apgar scores (1, 5 mins), race, ethnicity, maternal smoking status,
group B streptococcus (GBS) and Hepatitis C (Hep C) status. In the opioid-exposed group,
information on maternal medications, maternal urine toxicology, neonatal toxicology (urine/
meconium), and the need for pharmacotherapy were also collected.

All saliva samples were collected within 48 hours of birth. For opioid-exposed neonates,
saliva collection occurred prior to the start of pharmacotherapy to exclude any effect of
postnatal medication(s). Saliva was collected at least 1 hour from feeding to minimize milk
contamination using previously described techniques.242° Briefly, neonates’ mouths were
gently suctioned using a 1 mL insulin syringe (Becton, Dickinson and Company, Franklin
Lakes, NJ) attached to the low-pressure wall suction for approximately 15 to 30 seconds.
Whole saliva was immediately placed in Eppendorf tubes pre-filled with 250 uL RNAprotect
Saliva Reagent (Qiagen, Hilden, Germany) to minimize RNA degradation, then vortexed
and stored at 4°C for at least 48 hours but no more than 28 days pending RNA extraction.
RNA was extracted using RNeasy Micro Kit (Qiagen) per the manufacturer’s instructions.
On-column DNase treatment was performed for each sample using RNase-free DNase | Set
(Qiagen) to minimize DNA contamination. Extracted RNA was stored at —80°C pending
reverse transcription.

Samples were converted to cDNA using SuperSript™ VILO cDNA Synthesis Kit and
pre-amplified using TagMan® PreAmp Master Mix Kit (Applied Biosystems) based upon
the inventoried amplicons of the seven targeted genes of interest, including key reward

gene (dopamine receptor type 2/DRDZ2) and inflammatory genes (interleukin-1-beta//L 18,
interleukin-6//L 6, interleukin-10//L 10, tumor necrosis factor alpha/ TNFa, C-X-C motif
chemokine ligand-1/CXCL 1, and C-C motif chemokine ligand-2/ CCL2). These pro- and
anti-inflammatory genes of interest were selected based on opioid-induced inflammatory
cascade reported in preclinical studies.12:26-28 pre-amplification of samples was performed
on the Mastercycler® pro S Thermal Cycler (Eppendorf, Hamburg, Germany) at 95°C for 10
minutes (min) for enzyme activation, followed by 14 cycles of preamplification at 95°C for
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15 seconds (s) and 60°C for 4 min, then 99°C for 10 minutes for the enzyme inactivation.
Pre-amplified cDNA samples were stored at —20°C until gPCR amplification.

To properly normalize for varying starting total MRNA input across samples, two reference
genes that have been previously shown in our laboratory to remain stable across sex and
post-conceptional age were used, i.e., glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
and tyrosine 3-mono-oxygenase/tryptophan 5-mono-oxygenase activation protein, zeta
polypeptide ( YWHAZ).22 Threshold cycle (Ct) values for genes of interest and reference
genes were detected using QuantStudio™ 7 Flex Real-Time PCR (Applied Biosystems)
machine. The following thermal cycle profile was utilized: incubation at 50°C for 2 min,
denaturation at 95°C for 10 min, then 40 cycles of denaturation at 95°C for 15 s, and
annealing and extension at 60°C for 60 s. All samples were run in duplicate. A calibrator
sample was acquired from a healthy, non-exposed term neonate who was not part of either
study group. This calibrator sample was included in every plate to assess plate-to-plate
variability. The expression of pro- and anti-inflammatory genes was correlated with DRDZ2
expression, previously quantified,?° to evaluate the relationship between inflammation and
reward signaling.

Of the 54 neonates, 22 also had structural brain MRIs performed, consisting of 11 opioid-
exposed and 11 sex- and GA-matched non-exposed neonates. Brain MRI was acquired
within 48 hours of birth using the feed-and-swaddle technique, eliminating the need for
sedative medications. No opioid-exposed neonates received pharmacotherapy at the time of
the MRI acquisition. Images were acquired on a Phillips Achieva 3.0T (TX) MRI scanner
(Philips Healthcare, The Netherlands) with an 8-channel head coil. Imaging sequences
included a sagittal 3D T1-weighted turbo field echo (TFE; a magnetization prepared
gradient-echo sequence) (field of view (FOV) 17 x 17 cm, matrix 170 x 170, slice thickness
1 mm, interslice gap 0 mm, repetition time (TR) 8.33, echo time (TE) 3.83, flip angle (FA)
10.00, echo train length (ETL) 100, number of excitations (Nex) 2, Bandwidth 189), an
axial T2-weighted fast spin-echo sequence (FSE) (FOV 18 x 18 cm, matrix 400 x 277, slice
thickness 3 mm, interslice gap 0 mm, TR 5829.27, TE 170, ETL 11, Nex 2, Bandwidth 56),
axial diffusion tensor imaging (b-value 1000, directions 16, FOV 20 x 20 cm, matrix 100

x 100, slice thickness 2 mm, interslice gap 0 mm, TR 7820.42, TE 55, FA 90.00, ETL 53,
Nex 2, Bandwidth 2969), axial T2*/gradient echo (FOV 18 x 18 cm, matrix 200 x 160,
slice thickness 3 mm, interslice gap 0 mm, TR 997.69, TE 16.12, FA 18, ETL 1, Nex 1,
Bandwidth 217), a sagittal T2 3D (FOV 17 x 17 cm, matrix 156 x 156, slice thickness

1.10 mm, interslice gap 0 mm, TR 2500, TE 240.33, FA 90, ETL 133, Nex 3, Bandwidth
967), and Sagittal T2 DRIVE (FOV 17 x 17 cm, matrix 296 x 215, slice thickness 2 mm,
interslice gap 0 mm, TR 1550, TE 200, FA 90, ETL 57, Nex 1, Bandwidth 321) sequences.
Brain MRIs were read and interpreted by a pediatric neuroradiologist blinded to the clinical
history or exposure status of the neonates. Given the relatively decreased myelination in
this early postnatal age group, T2-weighted images were used to delineate gray and white
matter differentiation.30 White matter hyperintensity (WMH) was defined as any white
matter region with increased brightness when visualized on a T1-weighted MRI sequence
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(relative to the cortex). The increased brightness was easily identified given the background
hypointensity due to the relatively unmyelinated white matter in neonates.3!

Statistical analysis—The data analysis for this study was conducted using Stata 17
(StataCorp, College Station, TX), and figures were rendered using GraphPad Prism 9.2.0
(GraphPad Software, San Diego, CA). Normalized delta Ct (ACt) values were obtained by
subtracting geometrical mean Ct values of the reference genes from the mean Ct values of
each target gene. Gene expression was compared between opioid-exposed and non-exposed
neonates. Data were further stratified by sex and the need for pharmacotherapy. For brain
MR, the proportion of WMH was derived by calculating the ratio between the number

of WMH and the total number of subjects undergoing MRI. WMH was further analyzed
by opioid exposure and salivary gene expression. All statistical testing was two-tailed with
alpha=0.05. Categorical data were analyzed using Fisher’s exact test, and continuous data
using either two-sample t-test (parametric) or Wilcoxon sum-rank (non-parametric).

Salivary Gene Expression

Brain MRI

Demographic data of the 54 neonates undergoing salivary gene expression analyses are
provided in Table 1. Compared to the non-exposed neonates, opioid-exposed neonates
had significantly fewer non-white and Hispanic participants, smaller HC percentiles,

less exposure to maternal GBS, and higher exposure to maternal Hep C and cigarette
smoking. Opioid- and non-exposed neonates did not differ significantly in the expression
of inflammatory and reward genes (Figure 1a). However, when stratified by sex, opioid-
exposed females showed higher expression of inflammatory genes compared to opioid-
exposed males, most notably for CXCL1 (p=0.06), followed by /L1Band CCLZ2 (p=0.15)
(Figure 1b). Within the exposed group requiring pharmacotherapy, stratification by sex
also showed that females compared to males had higher expression of CCL2 (p=0.01) and
CXCL1and /L1B (p=0.07 and 0.15, respectively) (Figure 1c). The expression of DRD2
was higher in opioid-exposed males requiring pharmacotherapy compared to their female
counterparts (p=0.07).

Within the cohort of 22 neonates who underwent brain MRI, opioid-exposed neonates had
significantly fewer Hispanic participants, smaller BW and HC, higher incidence of small for
gestational age (SGA), and higher exposure to maternal smoking compared to non-exposed
neonates (Table 2). Detailed MRI reporting is provided in Table 3. Punctate T1 WMH was
seen in six opioid-exposed neonates compared to two in the non-exposed neonates (p=0.18)
(Figure 2). Of the six opioid-exposed neonates with T1 WMH, four were females, and

two were males. More neonates were exposed to buprenorphine than methadone (66.7%

vs 33.3%). Only one neonate with T1 WMH needed pharmacotherapy. Figure 3 shows
salivary gene expression of the 11 opioid-exposed neonates who underwent brain MRI, with
significantly higher expression of /L18, /L6, TNFa, and /L10in neonates with T1 WMH
than those without T1 WMH (p <0.01 to 0.04). The expression of CXCL1, CCLZ, and
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DRDZwas also higher in the group with than without T1 WMH, although these differences
were not significant.

Discussion:

The sex-specific inflammatory effects of prenatal opioid exposure:

While the impact of prenatal opioid exposure on the developing brain has become the
subject of intense interest in recent years, this pilot study appears to be the first to
demonstrate that inflammation may mediate the adverse effects of prenatal opioids on

the neonatal brain in a sex-specific manner. Animal studies have shown that opioids bind

to TLR4 via the MyD88-dependent pathway similar to LPS, an outer surface component

of Gram-negative bacteria and a natural ligand for TLR4.12:32:33 Binding of the ligands

to TLR4 induces downstream pro-inflammatory, neuroexcitatory cascades via the MyD88-
dependent intracellular pathways and the release of cytokines and chemokines.34-3¢ Such
interaction between opioids and TLR4 is mainly observed in the neuroglial cells, e.g.,
astrocytes and microglia, leading to neuroinflammation.343¢ /n vivo studies using peripheral
blood mononuclear cells have demonstrated that naltrexone, an opioid antagonist, blocks
TLR binding and inhibits the production of TNFa and 1L6.3¢ Administration of naloxone

in rats significantly suppresses the self-administration of remifentanil (a p-opioid agonist)
by blocking the TLR4 pathway.” Similarly, mice deficient in TLR4 or MyD88 were

unable to signal through the TLR4-mediated signaling cascade and displayed significantly
reduced opioid-induced conditioned place preference,’ a behavioral paradigm used to mimic
the positive reinforcing effect of drugs or to measure reward cues.3” Combined, these

data indicate that opioids act through non-opioid receptor pathways with molecular and
behavioral effects.

Our pilot study supports preclinical data on the pro-inflammatory impact of opioids.

While we observed no significant differences in gene expression between opioid- and
non-exposed neonates, stratification by sex suggests that opioid exposure enhances the
expression of pro-inflammatory genes in opioid-exposed females, especially those requiring
pharmacotherapy, e.g., CXCL1and CCLZ2. These findings support the potential linkage
between inflammation and opioid exposure /in7 utero and the severity of NAS in the female
cohort and highlight the need to further follow this cohort to understand the long-term
effects of this pro-inflammatory process.

Prenatal opioid effect on reward signaling may also be sex-specific:

In the current study, we demonstrated a trend towards greater DRD2 expression in males
with prenatal opioid exposure compared to opioid-exposed females and in those requiring
pharmacotherapy compared to those not requiring pharmacotherapy. These findings replicate
our prior research and further support the hypothesis that prenatal opioid exerts a sex-
specific impact of prenatal opioid exposure on the expression of DRD2.20 Previously, we
demonstrated that higher expression of DRDZ2in opioid-exposed males compared to their
female counterparts might be linked to NAS severity, the need for pharmacotherapy, and
hyperphagia. We postulated that the higher expression of DRDZ2 might also predispose
males to heightened reward-seeking behavior. Therefore, our current results highlight the
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potential sex-specific and unique mechanisms by which prenatal opioids adversely impact
males and females. While the expression of DRDZ2is lower in opioid-exposed females than
opioid-exposed males, their increased inflammatory profiles may predispose females to a
completely different risk profile. Studies by Volkow et al. demonstrated that adults with
drug addiction and those with obesity had decreased DRDZ2 availability on their positron
emission tomography imaging, postulated to underlie the drive for compulsive drug- and
food-taking behavior.38:3% Furthermore, while male sex is associated with worse NAS
severity in the neonatal period and a higher incidence of opioid use disorder (OUD) in
adulthood, studies have shown that females with OUD are known to develop dependence
more rapidly than males and are at higher risk of developing depression and comorbid
psychiatric conditions.#0-44 Further investigation on the differential expression of DRD2
in males and females may elucidate the unique behavioral and psychiatric manifestations
across sex.

Inflammation may modulate white matter injury in opioid-exposed neonates:

Our opioid-exposed group undergoing brain MRI also had smaller HC, BW, and a higher
incidence of SGA compared to unexposed neonates, replicating previous studies in the
literature.*>-47 In addition to the structural brain differences, the punctate WMH findings
corroborate the report by Merhar et al., where 8/20 opioid-exposed neonates also had
punctate white matter lesions on the structural brain MRI compared to none in the
non-exposed group.1* Unlike preterm neonates who are at risk for white matter injury

due to the arrest in oligodendrocyte lineage maturation and disruption of myelination

during critical developmental stages,*849 punctate white matter lesions seen in term
neonates may stem from ischemic changes, small hemorrhages, or gliosis.>? White matter
abnormalities have also been reported in adult methadone users, ranging from punctate

to large confluent lesions.®® The significance of WMH on long-term neurodevelopmental
outcomes is unclear. Some studies have demonstrated diffuse and extensive lesions that were
not predictive of short-term neurodevelopmental outcomes.>2 In contrast, others have shown
that even punctate lesions were associated with compromised cognitive and developmental
outcomes.>3 Additionally, location rather than lesion load is often the major determining
factor for long-term outcomes.>3 Hayman et al. demonstrated that punctate white matter
lesions in early brain MRI might no longer be evident in later imaging. Alternatively, they
may also lead to further gliosis and/or white matter loss.>% Therefore, it is vital to perform
longitudinal imaging in infants with abnormal brain MRI, especially in conjunction with
neurodevelopmental assessments. Higher expression of DRDZ2 seen with WMH corroborates
preclinical data demonstrating the modulatory effects of opioids on brain reward signaling
and highlights the need to further investigate the linkage between inflammation, reward
signaling, and white matter injury in opioid-exposed neonates.

The significantly greater expression of inflammatory genes in opioid-exposed neonates with
WMH compared to those without WMH suggests that opioid exposure /n utero may play

an important role in the pathogenesis of WMH. Our findings are consistent with animal

data where prenatal opioid exposure leads to brain inflammation accompanied by impaired
myelination, glial injuries, white matter gliosis, as well as decreased fractional anisotropy on
diffusion sequences on brain MRI.12:54 Opioids, through their action on TLR4 on microglia
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and the release of inflammatory mediators, may promote white matter injuries through
direct cytotoxic effects on the oligodendrocyte lineage and subsequent disruption in the
myelination process.*? Indeed, such a mechanism has been proposed in premature neonates,
where the immature and permeable blood-brain barrier allows the transfer of peripheral
inflammatory cytokines and the disruption of brain myelination.5%:56 To the best of our
knowledge, our study is the first to show the role of inflammation in white matter injuries in
neonates with opioid exposure /n utero.

Opioid effects in preterm infants and irrespective of the need for pharmacotherapy:

While it is widely recognized that preterm neonates exposed to /n utero opioids experience
fewer signs of withdrawal,2>7 two of the six neonates with WMH findings in our study
were <37 weeks’ GA. This highlights that prenatal opioid exposure may affect the brain
of preterm neonates. Additionally, while our study was not longitudinal, the WMH at
varying ages—34 to 39 6/7 weeks” GA—may indicate the impact of in utero opioid
exposure on brain myelination and white matter integrity across gestation. Importantly,

the discordance between the need for pharmacotherapy and the presence of WMH is a
novel observation. Among six opioid-exposed neonates with WMH findings, only one
needed pharmacotherapy; among three opioid-exposed neonates receiving pharmacotherapy,
only one had WMH. Our results, therefore, further emphasize the need for longitudinal
monitoring and long-term follow-up for all opioid-exposed neonates, irrespective of
gestational age and the need for pharmacotherapy.

A limitation of our study is the relatively small sample size, which likely renders our results
difficult to generalize®8 and reduces the statistical power of our comparisons, particularly in
subgroup analyses where the subject numbers become smaller. Due to the small sample
size and pilot nature of the study, we could not adjust for multiple comparisons; so

the significance of findings should be interpreted cautiously given the potential for Type

| errors. Furthermore, while we matched our exposed and non-exposed groups on the
important confounders of sex and GA, these groups differed on several important potential
confounders as listed on Table 1 (e.g., race, ethnicity, Hep C, SGA, and smoking status), all
of which may be related to the gene expression and brain MRI findings. For instance, SGA
has been associated with greater inflammation which may have contributed to the presence
of WMH in our study.>® Similarly, it is possible that prenatal opioid exposure may in part
explain why these neonates are born smaller.#>46 We also were unable to evaluate all of
the multiple factors that may lead to heightened inflammation in the postnatal and neonatal
periods, such as maternal obesity, diet, and socioeconomic status. Future work with much
larger sample sizes should incorporate adjusted analyses to control for these differences.

Our study demonstrated the WMH findings in two non-exposed neonates. While several
etiologies may cause T1 WMH, it is unclear why two healthy neonates in our study would
develop WMH; could this be a non-specific finding, and does it correlate with long-term
outcomes? Future studies will continue to enroll non-exposed neonates to examine the
prevalence of T1 WMH in the presence or absence of prenatal opioid exposure.

Another limitation is in our ability to extrapolate changes in salivary gene expression
to actual changes in the brain. Although DRDZ2is primarily expressed in the
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brain (https://www.proteinatlas.org/ENSG00000149295-DRD2/tissue), this gene may be
expressed elsewhere in the body. Therefore, our results could not specifically ascertain

if salivary expression of DRDZrepresented brain reward signaling. While brain imaging
and functional/brain connectivity analyses may elucidate brain reward signaling changes
resulting from prenatal opioid exposure, a confirmative way to link the peripheral and
central expression of DRDZis through a transcriptomic analysis of DRDZ2in the brain.
Such an undertaking would only be possible through preclinical studies and highlights the
importance of collaborative efforts between clinical and basic researchers. Finally, our study
only includes salivary and brain MRI data at a one-time point, thereby limiting serial or
longitudinal understanding of the long-term impact of prenatal opioid exposure. Future
studies will include serial data points, as well as the addition of diffusion tensor imaging,
which estimates white matter microarchitecture and myelination effects of prenatal opioid
exposure.f0

The strengths of these pilot data lie in the non-invasive methods to understand the impact

of prenatal opioid exposure on the developing brain. Neonatal saliva and brain MRI
platforms are safe, relatively easy to obtain, and may be performed repetitively, allowing

for serial data points and longitudinal studies. Obtained immediately after birth and prior to
pharmacotherapy, our brain imaging and salivary transcriptomic data reflect /n utero opioid
effects rather than the postnatal, pharmacologic, or environmental effects. While other
studies have demonstrated white matter abnormalities in the context of opioid exposure

or use, these studies were done later in life and likely reflected confounding factors that may
result in white matter changes.1314 Despite the small size, our pilot study is proof of concept
and demonstrates the feasibility of studying serial inflammatory gene expression in neonatal
saliva and white matter changes in brain MRI starting immediately after birth. These pilot
data also provide estimates of effect size and power calculation for future hypothesis-testing
studies. Finally, our study demonstrates the importance of studying sex as an important
variable contributing to differential outcomes in opioid-exposed neonates. The differential
gene expression in the male and female cohorts demonstrate the importance of sex as a
biological variable in all types of research, especially in pediatric research, where an early
understanding of sex differences serves as a crucial foundation for personalized medicine
and individualized interventions.

In conclusion, our pilot study is the first to examine the linkage between inflammation,
reward signaling, and white matter injury in opioid-exposed neonates. Salivary gene
expression highlights the potential sex-specific inflammatory effects of prenatal opioids,
with a greater effect in females than males. The sex-specific effect of prenatal opioids on the
expression of reward gene also underlines the need to further examine such effects on future
reward-seeking behaviors and consequences. The postnatal T1 WMH findings and evidence
of heightened inflammation in T1 WMH also highlight the potential need to examine the
effects of prenatal opioids on the opioid- and non-opioid receptor pathways and the need to
follow up this population longitudinally. Adding to the field that has begun to recognize the
long-term consequences of prenatal opioid exposure, our pilot study provides early evidence
at the molecular and structural levels that may justify the urgent need to implement robust
anticipatory guidance and follow-up regimens post-hospital discharge. Larger studies are
urgently needed to better understand this critical public health topic.
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Key points/Impact:

Opioid-exposed neonates are at risk for punctate T1 white matter
hyperintensity (WMH).

Females carry a greater propensity for WMH.

Salivary transcriptomic data showed significantly higher expression of
inflammatory genes in opioid-exposed neonates with WMH than those
without WMH, irrespective of pharmacotherapy need.

Adding to prior studies, our findings suggest that prenatal opioid exposure
may modulate white matter injury and reward signaling through a pro-
inflammatory process that is sex specific.

This novel study highlights the short-term molecular and structural effects of
prenatal opioids and the need to elucidate the long-term impact of prenatal
opioid exposure.
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Figure2.
Punctate T1 white matter hyperintensities seen on the brain MRI of neonates in this study

(red arrows). Images courtesy of Dr. Neel Madan.
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Figure 3.

Differential gene expression in opioid-exposed neonates stratified by presence of

white matter hyperintensity (WMH) on brain MRI. Greater pro-inflammatory and anti-
inflammatory genes are seen with WMH. Greater expression of reward gene is also seen
with WMH.

ACt values are inversely proportional to the gene expression levels.

** n<0.01, * p<0.05
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Demographic data of subjects included in the salivary gene expression analysis

Table 1.

Non-Exposed (N=27) | Opioid-Exposed (N=27) P
Male sex 13 (48.1) 13 (48.1) NA
Non-white race 11/26 (42.3) 3/27 (11.1) 0.01
Hispanic ethnicity 8/26 (30.8) 1/27 (3.7) 0.01
GA (weeks) 38.1(37.0, 38.6) 38.1(37.0, 39.0) 0.97
BW (grams) 3079.0 (426.7) 29445 (659.3) 0.38
BW percentile 51.8 (22.6) 41.5(29.4) 0.15
Length (cm) 48.9 (2.1) 47.0 (4.8) 0.07
Length percentile 53.6 (21.0) 43.2 (32.6) 0.17
HC (cm) 34.4 (2.9) 335 (4.2) 0.37
HC percentile 55.8 (24.9) 38.8 (33.0) 0.04
SGA 0(0.0) 7(25.9) 0.01
Cesarean section 14 (51.9) 13 (48.2) 1.00
1-minute Apgar 9.0 (8.0,9.0) 9.0(7.0,9.0) 0.44
5-minute Apgar 9.0 (9.0,9.0) 9.0 (9.0, 9.0) 0.37
Positive GBS status 10/24 (41.7) 3/23 (13.0) 0.05
Positive Hepatitis C status 0/16 (0.0) 13/27 (50.0) <0.01
Maternal Smoking (N, %) 2(7.4) 16 (59.3) <0.01
Maternal medication NA
Buprenorphine 12 (44.4)
M ethadone 15 (55.6)
Polysubstance NA 12 (44) NA

*
Matched, NA=not available/applicable, GA=gestational age, BW=birth weight, HC=head circumference, SGA=small for gestational age,

GBS=group B streptococcus.

Polysubstance indicates presence of prenatal opioids and other substances, including marijuana, benzodiazepines, barbiturates, gabapentin,

amphetamine/dextroamphetamine, cocaine, heroin.

Page 18

Data are presented as mean (standard deviation) or median (interquartile ranges) for continuous measures, and N (%) for categorical measures.
Bolded p values represent significant differences
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Table 2.

Demographic characteristics of the MRI cohort

Non-Exposed (N=11) | Opioid-Exposed (N=11) P
Male sex 5 (45.5) 5 (45.5) NA
Non-whiterace 5 (45.5) 3(27.3) 0.66
Hispanic ethnicity 6 (54.5) 0(0.0) 0.01
GA (weeks) 37.1(36.6, 38.6) 37.2(36.2,39.1) 0.87
BW (grams) 3146.4 (337.9) 2631.2 (653.7) 0.03
BW percentile 65.2 (10.4) 28.8 (26.0) <0.01
Length (cm) 483 (2.1) 46.4 (4.4) 0.22
Length percentile 56.9 (23.7) 33.5(35.6) 0.09
HC (cm) 35.4 (4.3) 32.3(2.8) 0.06
HC percentile 65.1(24.1) 34.5 (34.6) 0.03
SGA 0(0.0) 5 (45.5) 0.04
Cesarean section 7 (63.6) 4(36.4) 0.39
1-minute Apgar 8.0(8.0,9.0) 8.0 (6.0, 9.0) 0.55
5-minute Apgar 9.0 (8.5,9.0) 9.0 (8.5,9.0) 0.90
Positive GBS status 5/9 (55.6) 2/10 (20.0) 0.17
Positive Hepatitis C status 0/10 (0.0) 4/10 (40.0) 0.09
Maternal Smoking 2(18.2) 7 (63.6) 0.03
Maternal Medication NA NA
Buprenorphine 8(72.7)
Methadone 3(27.3)
Polysubstance NA 4(36.4) NA

*
Matched, NA=not available/applicable, GA=gestational age, BW=birth weight, HC=head circumference, SGA=small for gestational age.
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Data are presented as mean (standard deviation) or median (interquartile ranges) for continuous measures, and N (%) for categorical measures.
Bolded p values represent significant differences.
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