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Abstract

The rates of opioid use disorder during pregnancy have more than quadrupled in the last decade,
resulting in numerous infants suffering exposure to opioids during the perinatal period, a critical
period of central nervous system (CNS) development. Despite increasing use, the characterization
and definition of the molecular and cellular mechanisms of the long-term neurodevelopmental
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impacts of opioid exposure commencing /n utero remains incomplete. Thus, in consideration of
the looming public health crisis stemming from the multitude of infants with prenatal opioid
exposure entering school age, we undertook an investigation of the effects of perinatal methadone
exposure in a novel preclinical model. Specifically, we examined the effects of opioids on the
developing brain to elucidate mechanisms of putative neural cell injury, to identify diagnostic
biomarkers and to guide clinical studies of outcome and follow-up. We hypothesized that
methadone would induce a pronounced inflammatory profile in both dams and their pups, and be
associated with immune system dysfunction, sustained CNS injury, and altered cognition and
executive function into adulthood. This investigation was conducted using a combination of
cellular, molecular, biochemical, and clinically translatable biomarker, imaging and cognitive
assessment platforms. Data reveal that perinatal methadone exposure increases inflammatory
cytokines in the neonatal peripheral circulation, and reprograms and primes the immune system
through sustained peripheral immune hyperactivity. In the brain, perinatal methadone exposure not
only increases chemokines and cytokines throughout a crucial developmental period, but also
alters microglia morphology consistent with activation, and upregulates TLR4 and MyD88
mMRNA. This increase in neuroinflammation coincides with reduced myelin basic protein and
altered neurofilament expression, as well as reduced structural coherence and significantly
decreased fractional anisotropy on diffusion tensor imaging. In addition to this microstructural
brain injury, adult rats exposed to methadone in the perinatal period have significant impairment in
associative learning and executive control as assessed using touchscreen technology. Collectively,
these data reveal a distinct systemic and neuroinflammatory signature associated with prenatal
methadone exposure, suggestive of an altered CNS microenvironment, dysregulated
developmental homeostasis, complex concurrent neural injury, and imaging and cognitive findings
consistent with clinical literature. Further investigation is required to define appropriate therapies
targeted at the neural injury and improve the long-term outcomes for this exceedingly vulnerable
patient population.
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INTRODUCTION

The United States is experiencing unprecedented rates of drug overdose deaths and drug
related problems driven by opioids.! While most responses to the opioid epidemic are
focused on preventing harm to adults, there is a rapid rise in the number of children and
young adults in the USA with a neonatal and perinatal history of opioid exposure.! To this
end, clinical and research efforts to address the opioid crisis are considered major priorities
by the US congress,?3 the March of Dimes Foundation,2# and the World Health
Organization,? with significant financial, social and health expenditures.2 In particular,
opioid use disorder (OUD) is on the rise among women of reproductive age, contributing
markedly to the opioid epidemic and increasing the incidence of adverse health outcomes in
pregnant women and children.8.7 There is a marked increase in the use of prescription
opioids among women of childbearing age and pregnant women8-12, with 22-30% of
women filling at least one prescription for an opioid analgesic during pregnancy.10
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Recently, the Substance Abuse and Mental Health Services Administration reported that
1.1% of pregnant women misused opioids (0.9% used prescription opioids and 0.2% used
heroin).13.14 Prenatal opioid exposure (POE) includes the use and misuse of prescription
opioids, such as oxycodone, morphine, codeine, illicit opioids (e.g., heroin), and exposure to
medications used to manage OUD, such as methadone and buprenorphine.1112.15 Misuse of
opioids in pregnancy is associated with gaps in prenatal care, preterm birth, low birth
weight, respiratory depression and neonatal withdrawal.1:16

As prenatal opioid use has increased, the proportion of infants who experience opioid
withdrawal after birth, known clinically as Neonatal Opioid Withdrawal Syndrome (NOWS,
formerly NAS- neonatal abstinence syndrome), has similarly increased. NOWS is used as a
proxy for opioid exposure during pregnancy’-18 and approximately 5.8 infants in every
1000-hospital births have NOWS, accounting for an estimated 1.5 billion dollars in hospital
charges, in addition to the cumulative individual, familial and societal burdens.12:18-20

Despite the known costs, there remains a dearth of preclinical knowledge on the direct
effects and putatively negative cellular and molecular mechanisms of perinatal opioid
exposure on developing neural circuitry to inform optimization of neurodevelopment
outcomes. Opioids rapidly cross the placenta, and via the fetal circulation have a direct
impact on developing organ systems, including the central nervous system (CNS).21-23
Neonates exposed to opioids /n utero have significantly smaller brains and basal ganglia, and
reduced cerebellar volumes compared to non-exposed infants.2! Similarly, prenatal opioid
exposure is associated with microstructural brain injury seen on high-resolution MRI and
impaired neurodevelopment.24 Children born to women who have been prescribed opioids,
including methadone, are also at risk of neurodevelopmental impairment,24:25 with lower
Mental Development Index and Psychomotor Development Index scores than unexposed
children, as well as microstructural alterations in major white matter tracts that are present at
birth and can be longitudinally visualized throughout childhood.24:25

Undoubtedly, the relationship between opioid exposure, neural circuitry changes and
psychosocial factors are complex.26-29 Indeed, pre- and postnatal environmental factors and
stressors are important variables in the maturation of brain circuitry.26:27:30-32 Nontheless,
the principal mechanisms of neural injury induced by opioids early in development remain a
gap in knowledge. Thus, in consideration of the looming public health crisis that will stem
from the multitude of infants with prenatal opioid exposure (treated or untreated NOWS)
who will soon be school-age children, we undertook an investigation of the effects of
perinatal methadone exposure in a novel preclinical model. Specifically, we examined the
effects of opioids on the developing brain to elucidate mechanisms of putative neural cell
injury, to identify diagnostic biomarkers and to guide clinical studies of outcome and follow-
up. We hypothesized that methadone would induce a pronounced inflammatory profile in
both dams and their pups, and be associated with immune system dysfunction, sustained
CNS injury, and altered cognition and executive function into adulthood.
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Two hundred male and female Sprague Dawley rat pups (Charles River) were used, with an
equal male to female ratio. In total there were 86 saline-exposed and 114 methadone-
exposed offspring used for outcome measures. All experiments were designed in line with
ARRIVE guidelines and experimental procedures were performed in accordance with the
National Institutes of Health Guide for Care and Use of Laboratory Animals and were
approved by the University of New Mexico Health Sciences Center Institutional Animal
Care and Use Committee.

Methadone Exposure

On embryonic day 16 (E16) prior to complete oligodendrocyte, microglial and astrocyte
maturation,33 osmotic mini pumps were implanted subcutaneously in the nape of the neck of
pregnant rat dams for 28 days of continuous methadone (8-16mg/kg, 0.25uL/h flow rate) or
sterile saline infusion. Specifically, a small incision was made in the dorsal neck region, after
which the subcutaneous area was opened by blunt dissection. An osmotic mini pump
(ALZET, Cupertine, California) previously primed with methadone or saline was placed in
the subcutaneous space and the area was closed with suture. Pumps with saline only, 8
mg/kg methadone, 12 mg/kg methadone and 16 mg/kg methadone were utilized. The dosage
range of 8-16 mg/kg is physiologically relevant to human exposure.34 Methadone is a
synthetic, long-acting u-opioid receptor agonist, which crosses the placenta and blood-brain
barrier.24 On E22, rat pups were born and remained with their dams, receiving methadone or
saline through the maternal milk supply until weaning on P21, approximately pre-adolescent
equivalent (Fig. 1).3538Pups were observed for overall health daily, and weighed on P1 and
P21. The first two-weeks in rat postnatal life is equivalent to the human third trimester (P10
is roughly human term equivalent).33 Upon establishment of methadone dose response,
12mg/kg was used as the dose for all subsequent experiments.

Measurement of Urine Methadone Concentration

Peripheral B

Urine was collected from pups and dams at multiple time points, and stored at —80°C.
Methadone ELISA (MaxSignal Methadone ELISA Kit, Bioo Scientific) was performed per
manufacturer’s specifications. Briefly, urine samples were centrifuged at 4000 x g for 5
minutes, and supernatant collected. After which, 100 pL of samples or methadone standards
were added into wells on a microtiter plate in duplicate. Subsequently, antibodies were
added and after incubation, and washing, HRP-conjugated antibodies were applied. The
plate was washed and 3,3’,5,5’-tetramethylbenzidine (TMB) substrate added. Stop buffer
was then added and the plate was read with a 450 nm wavelength.

lood Mononuclear Cell (PBMC) Isolation

PBMCs from sham or methadone pups were isolated on postnatal day 7 (P7) using a Ficoll
gradient separation consistent with previously published methods.37:38 Specifically, venous
blood was collected from the right atrium in pyrogen-free, K2 EDTA vacutainer tubes (BD
Vacutainer, Franklin Lakes, NJ, USA). Two milliliters of blood was mixed with 2mL
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Roswell Park Memorial Institute (RPMI) 1640 media (Gibco, Waltham, MA, USA). The
blood mixture was layered on 3mL of Ficoll-Paque Plus 1,084 (GE Healthcare, Chicago, IL,
USA) media and centrifuged at 400g for 30 minutes at room temperature (RT). Using sterile
technique, the mononuclear cell fraction was then transferred to a new tube, resuspended
and centrifuged. Cells were isolated and plated from two saline and two methadone treated
pups for each experiment. The experiment was performed twice using a total of 4 brains per
condition.

PBMC Treatment with Lipopolysaccharide (LPS)

PBMCs from sham or methadone pups were plated in 3.5 cm culture dishes at a density of
2x106 cells per dish. PBMCs were then stimulated without or with LPS (100 ng/mL) and/or
naloxone (10uM) for 3h or 24h, and the supernatants were collected consistent with prior
reports.37:38 Each experimental condition and exposure was performed in triplicate.

Multiplex Electrochemiluminescent Immunoassay (MECI)

gPCR

Cytokine and chemokine biomarker profile analysis was performed on serum (1:4 dilution),
supernatants from cultured PBMCs (1:4 dilution), or brain tissue (100pg) using a V-plex rat
pro-inflammatory panel for TNFa and interleukin 1f (IL-1B), IL-6 and CXCL1 consistent
with prior reports (MesoScale Discovery, Gaithersburg, MD, USA).38-47 Plates were read on
a Quickplex SQ 120 Imager.

Micro-dissected cortical samples were harvested at P10 for transcriptional analyses using
quantitative PCR. Gene-of-interest primers were for TLR4 (Fwd: 5’-CCC TGC CAC CAT
TTA CAG TTC G-3’; Rev: 5’-GAG TCC CAG CCA GAT GCA AGA G-3’) and MyD88
(Fwd: 5’-CAA CCA GCA GAA ACA GGA GTC T-3’; Rev: 5’-ATT GGG GCA GTA GCA
GAT GAA G-3’). Primers and cDNA synthesized from 0.9ug RNA were added to power
SYBR green master mix (Life Technologies, Grand Island, NY), and run in triplicate on a
LifeTech Step-One Plus (Life Technologies). Gene-of-Interest transcription was normalized
to 18s endogenous controls (Fwd: 5’-TCC CTA GTG ATC CCC GAG AAG T-3’; Rev: 5’-
CCC TTA ATG GCA GTG ATA GCG A-3). Only experimental triplicates with a SD less
than 0.25 were included in all analyses, consistent with prior reports.48:49

Immunohistochemistry

To evaluate microglia/macrophages, immunofluorescent labeling was performed against
ionized calcium binding protein-1 (Ibal) at P21.48:50 Briefly, 20um floating sections were
permeabilized with 0.4% Triton X-100 in PBS, then blocked for 1 hour with PBS plus 0.1%
tween20 (PBST), 0.5% bovine serum albumin (BSA), and 10% normal goat serum (NGS).
Next, tissue sections were incubated overnight at 4°C with Ibal primary antibodies(1:500,
Wako, Richmond VA) diluted in PBST with 0.5% BSA. After incubation, tissue sections
were washed 5 times in PBST, and incubated in biotinylated secondary antibody (1:250, Life
Technologies, Grand Island, NY) diluted in 0.5% BSA in PBST for 1 hour. After 5 washes
in PBS, tissue sections were mounted on glass slides and coverslipped with 4”,6-Diamidino-
2-Phenylindole, Dihydrochloride (DAPI) containing Fluoromount-G (Life Technologies).

Brain Behav Immun. Author manuscript; available in PMC 2021 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jantzie et al.

Page 6

The confocal z-stacks of immunolabeled microglia in the somatosensory cortex at the level
of the dorsal hippocampus (bregma —2.50) were obtained using a Leica DMi8 TCS SP8
confocal inverted microscope (Wetzlar, Germany), equipped with an Olympus 63X
objective, hybrid spectral detectors, and white light laser. Gain parameters, zoom, pinhole
size, step size, scan speed, and resolution were uniform across scans. Within Imaris software
(Bitplane, Concord MA), cell process reconstruction was performed within the three-
dimensional viewing platform on acquired confocal z-stacks. Filaments protruding from the
cell surface were manually traced for individual cells and color coded for branch level by
observers (JN) blinded to injury group.51:52

Western Blot

Micro-dissected cortical samples from sham and methadone rats at P21 were homogenized,
sonicated, and centrifuged at 4200 x g for 10 min consistent with prior reports®3-36. Protein
concentration in the whole cell fraction was determined with a Bradford assay (BioRad,
Hercules, CA). Thirty micrograms of protein were loaded on 4-20% tris HCI gels or 4-12%
bis-tris HCI gels (BioRad), separated by electrophoresis, and transferred to polyvinylidene
fluoride (PVDF) membranes. Membranes were blocked with 5% non-fat dry milk in TBST
and incubated with primary antibody overnight at 4 degrees. A species appropriate
horseradish-peroxidase-conjugated secondary antibody (ThermoFisher Scientific, Grand
Island, NY) was applied, and after washing, detected with chemiluminescence
(ThermoFisher Scientific) using a LAS 4000 imager (GE, Healthcare, PA). Primary
antibodies against the following targets were used consistent with prior publications:
phosphoneurofilament (pNF, Millipore, Temecula, CA, 1:500) or neurofilament (NF,
SMI-312, Covance, Princeton, NJ, 1:1000).%5:57 Blots were imaged using an ImageQuant
LAS 4000 (GE) and bands of interest were quantified using ImageQuant Software (GE)
normalized to the loading control, B-actin (Sigma, St. Louis, MO, 1:5000). At least two blots
were used to quantify each protein. Data was then normalized to the sham group consistent
with previous reports.#9:5355.58

Diffusion Tensor Imaging (DTI)

Ex vivo MRI using diffusion sequences was performed on a Bruker Biospec 7T 70/30 Ultra
Shield Refrigerated (USR) nuclear MRI system, consistent with prior published methods.
40,41,46.47,57 Echo-planar diffusion tensor imaging (EP-DTI) of twenty contiguous coronal 1
mm slices were obtained with TR:8000ms; TE:40.0ms; slice thickness; Imm; FOV (field-of-
view): 250mm; and matrix: 198x198. Region of interest (ROI) analyses were performed in
the corpus callosum and external capsule by a blinded observer (JRM; JCN; TRY) using
Bruker’s Paravision 5.1. imaging software. Fractional anisotropy (FA), axial (A1) and radial
((A2+A3)/2) diffusivity eigenvectors were measured in the above mentioned ROI.
Directionally encoded diffusion color maps and color-coded FA maps were created.

Touchscreen Assessment of Visual Discrimination and Reversal Learning

Consistent with our prior published methodology, cognition and executive function in adult
rats was assessed using an interactive,59-63 touchscreen platform analogous to the
Cambridge Neuropsychological Testing Automated Battery (CANTAB) platform and the
NIH Tool Box for the Assessment of Neurological and Behavioral Function in humans.
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Briefly, operant behavior was conducted in a sound and light attenuating chamber (Med
Associates, St. Albans, VT), with a pellet dispenser and a touch-sensitive screen (Conclusive
Solutions, Sawbridgeworth UK). Stimulus presentation in the response window and touches
were controlled and recorded by KLimbic Software (Conclusive Solutions). Following mild
food restriction to 10% of ad /ib weight, and pretraining to initiate and respond to stimuli, all
rats were tested on a pairwise visual discrimination-reversal paradigm. Each rat performed
daily sessions for a maximum of 60 minutes or 60 trials. Responses to one stimulus yielded
a reward (20 mg dustless pellets; BioServ, Frenchtown, NJ), whereas responses to the other
stimulus resulted in 5s time out (signaled by extinguishing the house light). Designation of
the initial reward stimulus was counterbalanced across treatment. Rats were trained a priori
to a criterion of greater than =80% correct responses for two consecutive days. Assessment
of reversal learning began after visual discrimination (VD) performance criteria were
attained. For reversal learning evaluation, the designation of stimuli as correct versus
incorrect was reversed for each rat. Rats were similarly tested on daily 60-trial sessions for
reversal to an a priori criterion of >280% correct responses for two consecutive sessions. A
correction procedure was utilized whereby an initial error was followed by correction trials
in which the same stimuli and left/right position was presented until a correct response was
made. Failing criteria were set a priori at 28 sessions (days) for both VD and reversal.
Specifically, if an individual rat failed to acquire the task and reach criterion ( =80% correct
responses for two consecutive sessions) within 28 sessions (days), they failed and were
removed from the study. In total, 3 rats failed to meet performance criteria for reversal
learning and their data was removed from the study.

In total, 10 male rats (4 saline and 6 methadone exposed) and 11 female (6 saline and 5
methadone) rats were used for touchscreen analyses. We recorded the following dependent
measures during VD and reversal: total sessions, correct responses made, errors (incorrect
responses), correction errors (correction trials, reversal only), reaction time (time from
touchscreen stimuli presentation to touchscreen response) and magazine latency (time from
touchscreen response to reward retrieval). Discrimination performance was analyzed across
all sessions required to reach criterion. To examine distinct phases of reversal (early
perseverative and late learning), we analyzed errors and correction errors for sessions where
performance was <50% and from 50% to criterion, respectively.

Statistical Analyses

Data are represented as mean * the standard error of the mean (SEM). Data were tested for
normality with the Shapiro-Wilk Test. Parametric statistical differences between two groups
were established with a t-test, and non-parametric differences between two groups were
established with a Mann-Whitney U-test. Parametic statistical differences between 3 or more
groups were established with a one-way ANOVA with boneferroni correction; p<0.05 was
considered statistically significant.
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RESULTS

Methadone Reduces Neonatal and Perinatal Body Weight

A unique challenge within neurodevelopmental research is to accurately recapitulate the
intact maternal-placental-fetal unit, in which the compartment-specific responses to
individual insults, such as opioids, can be precisely studied. All rat pups, irrespective of
treatment group, survived the duration of the study. Rat pups of both sexes exposed to
methadone /n utero, and continuing through the perinatal, and neonatal period, had
significantly reduced body weight (Fig. 2), similar to what is observed in human neonates
following methadone exposure.54-66 Specifically, rats pups born to mothers with methadone
containing mini-osmotic pumps were smaller at both P1 and P21 compared to rat pups born
to mothers with saline mini-osmotic pumps (P<0.01, and p<0.001 for both ages, n=10-21/
group). To confirm levels of methadone were measurable in pups through milk intake, we
quantified methadone levels in urine (Fig. 3). Methadone levels were confirmed in both
dams and pups, with an average level of 9 ng/mL and 5.5 ng/mL in urine, respectively. As
expected, the maternal urine concentration of methadone significantly increased
proportionally to the dose of methadone in the mini-osmotic pumps (Fig. 3A, p<0.05, n=4/
group). Similarly, in pups, methadone concentration in the urine also increased
proportionally to maternal dose (Fig. 3B, p<0.001, n=9-10/group). Given the dose-response
observed in both the dams and pups, we selected the intermediate 12mg/kg dose of
methadone for the remainder of the study.

Methadone Increases Inflammatory Cytokines in Peripheral Circulation

Fetal inflammatory response syndrome (FIRS), the fetal equivalent of systemic
inflammatory response syndrome (SIRS), is defined by a robust and diverse systemic
inflammatory protein network profile.367 Increased concentration of inflammatory
cytokines in the fetal circulation are a hallmark of FIRS, including upregulation of IL-6,
TNFa and IL-1B.39:68-73 Together with reduced body size and methadone dose-response in
urine, we found that methadone induces a SIRS that, like in humans, persists for weeks
postnatally (Fig 4).4245.74-77 Specifically, at P10, representing approximately 17 days of
methadone exposure, IL-1f increased by 19-fold (1954%, p<0.001, n=3-4/group), TNFa by
36% (p<0.05, n=3-4/group), IL-6 by 2-fold (225%, p<0.001, n=3-4/group) and CXCL1 by
72% (p<0.01, n=3-4/group). By P21, serum cytokines stabilized such that TNFa., IL-6 and
CXCL1 were not different from saline controls. However, IL-1p remained significantly
increased and was ~2-fold (188%) of the levels measured in the saline controls (p<0.05)
after 28 days of methadone exposure. Together, these data demonstrate perinatal methadone
exposure induces an increased inflammatory protein network signature, including elevations
in pro-inflammatory cytokines such as IL-1f, TNFa, IL-6 and CXCL1. These elevations
persist through the first postnatal week with elevated IL-1p levels over the month of
exposure, indicative of a prolonged alteration in peripheral inflammation.

Methadone Reprograms and Primes the Immune System

Similar to the CNS, the immune system develops and matures over the course of gestation
and the perinatal period.58 Both PBMCs from children born preterm with cerebral palsy,3”
and PBMCs from rats with a spastic gait from exposure to chorioamnionitis,3848 exhibit
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hyper-responsivity to LPS challenge /in vitro, suggesting that perinatal brain injury can co-
exist with a sustained alteration in peripheral immunity. Given that we found a unique
inflammatory signature in serum over an extended postnatal time course in this new model
of perinatal methadone exposure, we examined the PBMC secretome at baseline and
responsivity to an /n7 vitro LPS challenge at P7 to assess methadone’s ability to modulate
peripheral immune reactivity. Consistent with our hypothesis, we found that PBMCs isolated
from methadone exposed pups were primed for inflammation (Fig. 5). PBMCs from
methadone exposed pups hyper-sectreted pro-inflammatory cytokines at baseline (TNFa.:
0.865+0.148 vs. 3.86+0.641 pg/mL; Fig. 5A, p<0.05, n=4). PBMCs from methadone
exposed pups also hyper-secreted pro-inflammatory mediators compared to PBMCs from
saline-exposed pups when challenged with LPS (TNFa.: 52.4+4.07 vs. 148.5+25.6 pg/mL;
IL-1B:6.43+1.99 vs. 36.3+7.59 pg/mL; Fig. 5B, p<0.001 for both, n=4). These data are
consistent with enhanced immune activation after methadone exposure and lymphocyte
hyper-reactivity following exposure to a secondary inflammatory stimuli. Interestingly, pre-
treatment of PBMCs with naloxone, a p-opioid receptor antagonist, ameliorated the
hypersecretion from methadone exposed pups (Fig. 5B). Together, these data indicate that
perinatal methadone exposure induces sustained peripheral /mmune /yper-reactivity
(SPIHR),38 a phenomenon that can be blocked by naloxone.

Methadone Increases Key Cerebral Molecular and Cellular Inflammatory Mediators

One common pathway for inflammatory signaling in perinatal brain injury involves
activation of toll-like receptor 4 (TLR4), and its initial downstream mediator myeloid
differentiation primary response protein (Myd88, Innate Immune Signal Transduction
Adaptor).”8 Initiation of this pathway activates transcription factor NFx, and other essential
proinflammatory effectors. To begin to assess the cerebral microenvironment with perinatal
methadone exposure, we performed qPCR for brain levels of these key inflammatory genes.
As expected, perinatal methadone exposure increased cerebral cortical TLR4 and MyD88
mRNA at P10 (Fig. 6, p<0.05 and p<0.01 respectively; n=4-6/group). Specifically, TLR4
MRNA expression increased by 42% and MyD88 mRNA expression increased by 87% in
the brains of pups exposed to methadone compared to those exposed to saline (Fig. 6).
Complimenting these gene changes, changes in cerebral pro-inflammatory cytokine protein
levels were also observed at P10 (Fig. 7). Indeed, brain cytokine and chemokine analyses
confirmed a 29% increase in cortical IL-1p (p<0.01, n=6-7/group) and a 25% increase in
cortical CXCL1 (p<0.05, n=6-7/group) levels with perinatal methadone exposure compared
to saline-exposed controls. Brain levels of TNFa and IL-6 at P10 were unchanged with
methadone exposure (Fig. 7). Collectively, these data demonstrate both inflammatory
chemokine/cytokine increases and receptor imbalances in crucial inflammatory signaling
cascades at a critical period of CNS development.

As we observed marked differences in mRNA and proteins associated with
neuroinflammation, we then assessed the local cellular response by immunostaining for
microglia/macrophage/monocyte marker Ibal. High-resolution confocal microscopy with
3D rendering and filament reconstruction was used to compare and quantify the cellular
morphology of Ibal-positive cells residing within the cortex of saline- and methadone-
exposed animals at P10 (Fig.8). Visualization of Ibal immunofluorescence demonstrated
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clear changes in the morphology of cells following methadone exposure. Specifically, 1bal-
positive cells in the cortex of saline-exposed controls were characterized by multiple
protruding processes that were further branched as they extended from the central cell body,
yielding increased branch levels. In contrast, Ibal-positive cells in methadone-exposed
animals were relatively condensed and lacked branch complexity. The sparse branches that
were present appeared comparatively short and retracted. These pronounced morphological
distinctions were supported by filament reconstruction and quantification within Imaris
software, confirming the reduced arborization of cellular processes in methadone exposed
animals and clear demonstration of increased branch levels in microglia/macrophage/
monocytes from saline exposed pups compared to those from methadone exposed animals
(Fig. 8, n=4/group). Together these data indicate altered inflammatory cellular morphology
consistent with increased neuroinflammation in methadone exposed pups.

Methadone Induces Structural and Microstructural Brain Injury

With significant evidence supporting a methadone-induced pro-inflammatory cerebral
microenvironment, we next sought to define the structural consequences of methadone
exposure in the CNS. We performed a biochemical assessment of axons and myelin, and an
ex vivo magnetic resonance imaging evaluation of cerebral diffusion. First, we performed
immunoblots for key axonal and myelin proteins. There was a significant reduction in
axonal integrity and myelin expression in methadone pups at P21 (pre-adolescent
equivalent)3536 compared to those exposed to saline (Fig. 9). Specifically, the ratio of
phosphoneurofilament to total neurofilament (pNF:NF), an indicator of healthy axons, was
significantly decreased in methadone pups compared to sham pups (p<0.01, n=6-7/group).
Similarly, levels of myelin basic protein (MBP), a marker of mature myelin, was also
significantly reduced in methadone treated pups compared to shams (p<0.05, n=6-7/group).
To complement this biochemical approach, we then examined the brain using ex vivo
diffusion tensor imaging (DTI). At P21, methadone exposed rat offspring had decreased
fractional anisotropy (FA) compared to rat pups exposed to saline, consistent with abnormal
diffusion in the corpus callosum (methadone:0.388+0.02 vs. saline:0.445+0.01) and external
capsule (methadone:0.373+0.01 vs. saline:0.410+0.01) (Fig. 10). Specifically, FA was
decreased by 13% in the corpus callosum (p<0.05) and 10% in the external capsule (p<0.05)
compared to saline controls (n=4-5/group, Fig. 10A, 10B). Additionally, axial diffusivity
(AD) was significantly decreased in the corpus callosum of methadone exposed pups
compared to saline (methadone:5.87+0.1 vs. saline:6.24+0.12x10~4 mm?/s, Fig. 10C) and
radial diffusivity (RD) was significantly increased in the external capsule of methadone pups
compared to saline controls (methadone:3.53+0.09 vs. saline:3.21+0.10x10~#mm?/s, Fig.
10D). Together, these data indicate structural and microstructural changes to axons and
myelin with perinatal methadone exposure.

Methadone Induces Functional Brain Injury and Cognitive Deficits

Considering the evidence of structural and microstructural brain injury together, we then
investigated whether there was functional impairment in methadone exposed animals
through adulthood. Specifically, we chose a translatable touchscreen operant platform to
assess executive function and cognition (Fig. 11). We first validated the touchscreen
platform in our methadone rats to determine whether adult rats subjected to methadone in
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the perinatal period could successfully pass touchscreen training and complete a visual
discrimination task. Adult rats exposed to methadone (n=11) or saline (n=10) in the perinatal
period successfully completed all aspects of touchscreen habituation and training.
Additionally, all rats attained the performance criterion for discrimination learning (Fig.
11A). However, rats exposed to perinatal methadone showed a trend to make more incorrect
responses (Fig. 11B, p=0.06) and to require more sessions to pass (Fig. 11C, p=0.08),
although these differences did not reach statistical significance. There were no significant
differences in reaction time (Fig. 11D) or latency to retrieve reward from the magazine (Fig.
11E) between groups, indicating that the observed deficits were not due to impaired
sensorimotor-related performance, vision deficits or lack of motivation.

After achieving VD criterion, reversal learning was assessed. Notably, adult rats exposed to
methadone during the perinatal period had a diminished ability to reverse the previously
learned association. Only 63.6% of methadone animals successfully passed criteria for
reversal compared to 100% of saline controls (Fig. 11F, p=0.03). Methadone animals made
significantly more incorrect responses (Fig. 11G, p=0.02) across the reversal paradigm
versus saline controls. Methadone animals also showed a trend to require more sessions to
achieve passing criterion (Fig. 11H, p=0.06), although this difference was not significant. As
in discrimination, no differences were seen in motor function or motivation as measured by
reaction time (Fig. 111) or magazine latency (Fig. 11J) during reversal.

In order to determine whether poor performance during reversal was associated with deficits
in cognitive control or learning acquisition, we assessed the number of correction trials
required during the initial perseverative phase (accuracy <50%) and later learning phase
(accuracy =50%) of reversal.61.63.79.80 Consistent with findings in sessions and errors,
methadone rats required significantly more correction trials compared to sham (Fig. 11K,
p<0.05). Reversal phase analysis revealed that methadone rats committed significantly more
correction errors both during the perseverative phase (Fig. 11L, p=0.05) and during the later
learning phase (Fig. 11M, p<0.05) compared to saline control animals. Together, these data
indicate that adult rats exposed to perinatal methadone are impaired in both early and late
reversal learning, consistent with widespread learning and executive control dysfunction.

DISCUSSION

The mechanisms by which opioids affect children are multifold. They include child
overdose, opioid use during pregnancy, disrupted parenting and attachment, maternal
deprivation, and parental separation.! In the current opioid crisis, it is estimated that up to
14.4% of pregnant women have opioids prescriptions dispensed during pregnancy.®:17:24.81
Thus, in order to facilitate translational investigations of the long-term outcomes of prenatal
opioid exposure and to define new avenues of diagnosis and treatment for this vulnerable
patient population, we developed a preclinical model of perinatal methadone exposure to
study the molecular and cellular mechanisms of developmental injury. To our knowledge,
this is the first report that rats exposed to methadone in the perinatal period have a signature
of exposure defined by neural-immune dysfunction, microstructural injury on MRI and
functional, cognitive deficits on a translatable touchscreen platform. This is concomitant
with a robust inflammatory response defined by hallmarks of SIRS and ongoing cerebral
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inflammation. Significantly, our data indicate a distinct systemic and neuroinflammatory
signature associated with methadone exposure that commences /n utero, suggestive of an
altered CNS microenvironment, dysregulated neurodevelopmental homeostasis, and
complex concurrent neural injury.38:46.:47.82 |mportantly, our data corroborate early reports
of the detrimental effects of methadone exposure in the perinatal period on neuro-otongeny
and neural biochemistry.83-85 Together these data reinforce the importance of the timing and
duration of opioid treatment and neurobiological responses.

In addition to reduced body weight in response to perinatal methadone exposure, we
observed a robust SIRS and persistent elevations in multiple systemic pro-inflammatory
proteins that did not accommodate or normalize with continued methadone exposure. This
persistent neuroinflammation is striking in the context of the systemic inflammatory
environment and the rapid periods of growth and development during this critical period for
multiple organ systems. While a fetal inflammatory response syndrome is believed to
commence with direct contact with inflammatory infiltrate into amniotic fluid and/or
inflammatory cell transfer from uteroplacental circulation, a SIRS, or systemic inflammatory
response syndrome, occurs later in the postnatal course and is associated with complex
pathophysiology and multi-organ dysfuction.86-88 Notably, preterm newborns that have
elevated levels of biomarkers of systemic inflammation on two occasions one week apart are
at a higher risk of brain injury and impaired neurodevelopment.#3-45.89.90 gpecifically, the
increasing breadth of early neonatal inflammation, indexed by the number of protein
elevations or the number of functional protein classes elevated, is associated with increased
structural and functional brain injury.#2-45.91.92 Moreover, adverse outcomes are more
strongly associated with a combination of antenatal and postnatal inflammation, than either
circumstance alone.89 Together, these data indicate that the sustained inflammatory
microenvironment in methadone exposed pups is representative of an environment primed
for abnormal neural circuit and cerebral network development, adverse functional outcomes,
and long-term changes in immune response.

Similar to neural cells, fetal and neonatal leukocytes are uniquely responsive to their
environment®8:93, Taken together with the serum cytokine data, the mechanism(s) for
elevated pro-inflammatory mediators in the serum of methadone rats may in part be related
to increased secretion of TNFa and IL-1p from PBMCs. Indeed, the immune plasticity
altered by /n utero insults demonstrated here, may have long-term effects on the
inflammatory responses of circulating leukocytes and could serve as a fluid biomarker of
persistent or prior neuroinflammation and brain injury.%4:95 Significanlty, our data reveals a
sustained peripheral mflammatory Ayper-responsivity (SPIHR) in methadone-exposed pups.
Immune activation is enhanced after opioid exposure and continues to be hyperactivated by
secondary inflammatory stimuli. Specifically, PBMCs isolated from methadone-exposed
pups are hyper-responsive and hyper-secrete proinflammatory cytokines and chemokines
upon a second hit of LPS, similar to humans with cerebral palsy3’ and animals with complex
gait abnormalities secondary to /n utero chorioamnionitis.38 These data confirm that immune
cells are primed following perinatal methadone exposure and that peripheral immune
responses are altered following opioid exposure commencing /n utero. This may be an
important mechanism of deleterious feed-forward inflammatory pathophysiology and fetal
programming of immune system activation. Previously, we have reported altered sensory
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sensitivity in infants with prenatal opioid exposure compared to unexposed controls.3! Taken
together with the preclinical data shown here, this effect observed in infants, suggests that
the priming of the pain response may be mediated by the immune system. Thus, the
insidious effects of primed peripheral immune cells may compound brain injury secondary
to opioid exposure and increase susceptibility to later-life inflammatory, neuroinflammatory,
and neurological disease.

In the mature CNS, a significant relationship has been demonstrated between opioids and
inflammation mediated by TLR4.96.97 peripheral and CNS immune cells express a wide
array of receptors, including opioid receptors and TLR4. Classical TLR4 activation occurs
upon the recognition of molecular patterns and danger signals (lipolpolysaccharide/LPS,
danger-associated molecular patterns/DAMPs, Alarmins) to trigger an innate immune
response.?8 Upon recognition of these patterns, TLR4 dimerizes and signals through adaptor
proteins like Myd88 to phosphorylate NFxB, resulting in the production of pro-
inflammatory mediators, such as cytokines IL-18, TNFa and IL-6 and chemokines MCP-1
and CXCL1.78 In addition to this classical signaling pathway through Myd88, TLR4
signaling also occurs in response to all natural, semisynthetic and fully synthetic opioids,
including methadone, morphine, and oxycodone.®? While LPS is the classical TLR4 agonist,
major differences exist between LPS and opioids as TLR4-agonists, and the nature of their
TLR4-mediated immune responses. Specifically, LPS-inflammation relies upon peripheral
immune signals to activate glia due to poor brain- and placental-barrier penetrance.9
Opioids, however, rapidly cross the placenta and blood-brain barrier and directly activate
glia and other immune cells.®® Opioids increase the expression of GFAP and Ibal, key
astrocyte and microglial markers, and alter cellular morphology from a ramified to an
amoeboid state.190 In adults, opioid-induced glial activation opposes opioid analgesia and
enhances opioid tolerance, dependence and reward.199:101 Opioids also induce a central
immune response by increasing major pro-inflammatory cytokines including IL-1p, TNFa
and 1L-6 and chemokines MCP-1 and CXCL1 following acute and chronic exposure.102
Here, we confirm that perinatal methadone exposure augments brain levels of TLR4 and
Myd88, concomitant with upregulation of brain chemokines and changes in microglia/
macrophage morphology, thereby inducing a molecular and cellular neuroinflammatory
response. An increase in cerebral inflammatory mediators such IL-1p and CXCL1 could
contribute to perinatal brain injury through multiple mechanisms, including direct initiation
of programed cell death pathways, microglial activation, and neutrophil and peripheral
immune cell recruitment. When the trajectory of brain development over gestation and the
perinatal period is considered, these data support a signature of neural injury linked to a
toxic inflammatory profile induced by methadone exposure. Interestingly, IL-1p failed to
normalize over the time course examined in this study, but it is difficult to speculate whether
IL-1p is instrumental to the cognitive and microstructural injury observed following
exposure to methadone or is simply a bystander effect. Unquestionably, future work on
molecular mechanism is required and will be needed to define spatiotemporal analyses of
IL-1B, IL-1R expression and downstream signal transduction.

Opioids impair adult brain function and cognitive skills acutely.2:103 However, their effects
on the developing brain may be subtle and long-lasting.2 Our data confirm that opioid
exposure during crucial /n utero and perinatal periods of neurodevelopment induce lasting
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and permanent changes in brain structure and function in rats. Notably, methadone pups
have decreased expression of MBP and altered pNF:NF expression, synonymous with
impaired myelination and axonal injury, similar to that which has been reported in animal
models of placental insufficiency and chorioamnionitis.%>> These data also corroborate
prior data demonstrating that buprenorphine and methadone disrupt complex sequences of
molecular events essential to connectivity in the developing brain, including oligodendrocyte
maturation and timing of myelination.194.105 To this end, using high-resolution, translational
neuroimaging with diffusion sequences, we found that FA was decreased in major white
matter tracts, including the corpus callosum, in methadone pups at P21 compared to
controls. FA is a marker of tract microstructure that reflects fiber density, axonal diameter,
wrapping by pre-myelinating oligodendrocytes and myelination.24 Therefore, these data
suggests that rats exposed to perinatal methadone have more immature, less coherently
organized fiber tracts compared to controls, consistent with microstructural brain injury.
Interestingly, white matter injury can be driven by immune dysregulation.82:196.107 Oyr data
are similar to those in human neonates exposed to methadone 77 utero,?* and are consistent
with the observation that FA is reduced through the white matter of neonates born to
mothers who were prescribed methadone.17:24

Reductions in neonatal FA are associated with neurodevelopmental impairment.17.24.108
Thus, because many infants with prenatal opioid exposure from the current US epidemic
will soon be school-age children, we assessed learning and cognition in adult rats following
perinatal methadone exposure using a touchscreen platform. Adult rats exposed to
methadone in the perinatal period performed markedly slower in the acquisition of pairwise
visual discrimination in adulthood compared to controls. Moreover, when the reinforced
contingencies of the learned association were reversed, methadone rats were significantly
impaired compared to controls. Analysis of reversal performance by stage revealed that
methadone rats were impaired both on the early, perseverative phase of reversal, as well as
the later learning stage. Numerous previous studies have shown that discrimination, as well
as the learning stage of reversal, is mediated primarily by the dorsal striatum, while efficient
early reversal requires intact cortical functioning.61:63.109.110 Qur results suggest that
methadone significantly impairs both the efficient learning of a new association during
discrimination, as well as cortically-mediated early phases of reversal. Not surprisingly, the
deficits in associative learning in the methadone rats also impaired the learning of the new
association during late reversal. Importantly, these impairments were not due to
sensorimotor-related performance or nonspecific lack of motivation, as evidenced by normal
scores on response reaction times and reward retrieval latencies. Collectively, these data
show that methadone exposure /n utero leads to long term impairments in both associative
learning and executive control. Perhaps more compelling, however, is that these data support
clinical literature, and are in direct alignment with a recent meta analysis demonstrating
prenatal opioid exposure is negatively associated with neurocognitive and physical
development!1, along with numerous other smaller studies.112-115 Specifically, prenatal
opioid exposure is associated with lower cognitive scores, with the largest differences
observed between ages 6 months and 6 years. Indeed, data show that neurodevelopment does
not improve after preschool and worsens by school age.111 This persistence of deficits
through school age is significant, as these children are also often vulnerable to multiple
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tenuous social and environmental factors. They are at increased risk of neglect and abuse,
and have a greater likelihood of behavioral and attention deficits, all of which contribute to
poorer academic, social and lifestyle factors16:117 and are contingent on cognitive function,
associative learning and executive control 111

We acknowledge limitations to the design and implementation of our study. These
limitations will be the subject of additional, future investigations. First, our study was not
powered to exclude sex differences in outcome measures despite both sexes being used in
each outcome measure. Now that this study is complete, further investigations beyond the
scope of the present investigation will examine sex differences in executive function and
cognitive control as has been done in similar studies with prenatal exposures including
alcohol® This is essential as sex-specific modifiers of opioid induced inflammation may
yield important data about molecular and biobehavioural outcomes and be central to the
development of novel therapeutic approaches. Similarly, differentiation of the postnatal
versus the /n utero onset of opioid induced neuroinflammation and definition of the
inflammatory signature /n uterowill be essential for defining therapeutic window and
putative timing for neurotherapeutic intervention. Second, we used Ibal as a cellular marker
of microglia. However, Ibal can also be expressed by monocytes and macrophages. Given
the degree of inflammation shown here, and because opioid use has been shown to disrupt
the blood-brain barrier, further studies on the contribution of resident and infiltrating
immune cells are needed. Indeed, it is very likely that resident and infiltrating immune cell
populations are also contributing to opioid induced pathophysiology and future studies
beyond the present scope will more fully elucidate the nature of the inflammatory response
with complete flow cytometry panels, individual immune cell gene analyses, RNA seq and
differential immunolabeling. Third, we used a laboratory grade ELISA kit to perform
urinalysis for methadone levels in both rat dams and pups. Sensitive, clinical assays are
needed to distinguish between methadone, endogenous opioids and their metabolites. Future
studies will also address regional differences in diffusion metrics and expanded MRI
analyses, as well as assessment of the nociceptive phenotype in animals exposed to
methadone in the perinatal period.

In conclusion, we provide evidence that methadone exposure in the perinatal period leads to
a unique immune, neural and behavioral phenotype, associated with a systemic pro-
inflammatory signature indicative of widespread brain and immune system injury. This
signature reflects a significantly altered cerebral and immune microenvironment
concomitant with dysregulated developmental homeostasis in the perinatal period. This
disruption not only alters early CNS development, but also induces lifelong changes in brain
structure and function. The structural and functional brain injury observed in this
investigation as pups exposed to methadone aged into adulthood is consistent with other
forms of perinatal brain injury hallmarked by neuroinflammation.#0:47.59.60 However, it is
the differences between various forms of perinatal brain injury that may be truly informative
to outcomes. For example, we previously have shown a much more robust and persistent
CXCL1 signature in preclinical models of chorioamnionitis and different biobehavioral and
cognitive control phenotypes in models of prenatal alcohol exposure, infant trauma and
cerebral palsy.3846:47.60 |nterestingly, naloxone or interventions that are anti-inflammatory;,
neurorestorative,118 and support myelination and cognition, such as erythropoietin and
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melatonin,#0:41,49.53,55,59.60 may have utility during the perinatal period and potential
clinical applications in this patient population with methadone exposure. Undoubtedly, these
data support the need for further study of the mecahnisms of neural and immune cell
dysfunction in the context of opioid exposure and demand concern considering the rapid rise
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Highlights
. Perinatal methadone increases inflammatory cytokines in the peripheral
circulation
. Methadone reprograms and primes lymphocytes and induces a sustained

peripheral immune hyper-reactivity

. Perinatal methadone increases cerebral TLR4 and Myd88 gene expression
concomitant with increased microglial activation

. Perinatal methadone decreases essential myelin and axon protein expression
and induces abnormalities on diffusion tensor imaging

. Perinatal methadone induces functional brain injury and cognitive deficits in
adult animals
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Figure 1. Animal Model Summary.
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Osmotic mini pumps were implanted into rat dams on embryonic day 16 (E16). Rat fetuses
then received methadone or saline through the placenta until delivery at E23. After birth,
from postnatal day (P) 0 to P21 pups received methadone or saline through maternal milk

until weaning.
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Figure 2. Perinatal Methadone Exposure Yields Smaller Offspring.
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Osmotic minipumps containing methadone or saline were implanted in pregnant rats on E16.
Pups were born and body weights measured on postnatal day 1 (P1, A) and P21 (B). Pups in
the 12mg/kg and 16 mg/kg methadone group were already significantly smaller by P1 (A).
A dose-response effect was more evident by P21, with pups exposed to 8mg/kg, 12 mg/kg
and 16 mg/kg of methadone /i utero and through the perinatal period, being smaller
compared to pups born to dams who had osmotic mini pumps with saline. *p<0.05,

***n<0.001, n=9-10/group.
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Figure 3. Methadone Dose-Response.
Osmotic minipumps were implanted in pregnant rats on E16 and urine methadone

concentrations established in the dams at E19 (A) and in offspring pups on P14 (B). The
urine concentration of methadone significantly increased as the methadone dose in the
minipump was increased. *p<0.05, ***p<0.001, n=9-10/group.
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Figure 4. Perinatal Methadone Exposure Causes a Sustained Neonatal Increase in Serum
Inflammatory Biomarkers.

Osmotic minipumps containing methadone or saline were implanted in pregnant rats on E16.
Pups were born and serum collected on P10(A-D) and P21 (E-H). Using a translational
multiplex electrochemiluminescent platform, biomarkers were assayed. On P10, those pups
exposed to perinatal methadone had significantly increased IL-1B (A), TNFa (B), IL-6 (C)
and CXCL1 (D) compared to saline pups. By P21, serum levels of IL-1f (E) remained
significantly increased compared to methadone pups, while other cytokines and chemokines
normalized. These data reflect significant and persistent increases in pro-inflammatory
proteins in the serum throughout the perinatal period, consistent with a diverse inflammatory
response syndrome. *p<0.05, **p<0.01, ***p<0.001, n=3-4/group.
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Figure 5. Methadone Peripheral Blood Mononuclear Cells (PBMCs) are Primed and
Hypersecrete Pro-Inflammatory Cytokines Following LPS stimulation but are Blocked by
Naloxone.

PBMCs were isolated from P7 saline or methadone pups and stimulated with control
(+media) (A) or lipopolysaccharide (+LPS) (B) for 3 or 24h. Secreted levels of TNFa from
PBMCs were significantly increased at baseline (A). When PBMCs were challenged with
LPS (100ng/mL), secreted levels of TNFa and IL-1p were also significantly increased
compared to the response observed in saline PBMCs (B). Notably, treatment of PBMCs with
naloxone (10puM) blocked the hypersecretion of TNFa and IL-1p (B). Together, these data
indicate methadone induces a sustained peripheral mflammatory Ayper response (SPIHR), a
phenomenon that can be blocked by naloxone (n=4,*p<0.05, **p<0.01, ***p<0.001).
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Figure 6. Methadone Increases TLR4 and Myd88 Inflammatory Gene Expression in the
Developing Brain.

Osmotic minipumps containing methadone or saline were implanted in pregnant rats on E16.
Brain cortex on postnatal day 10 (P10) was assayed for levels of TLR4 (A) and Myd88 (B)
gene expression. Methadone significantly increased cerebral TLR4 and Myd88 mRNA
expression compared to cortex from pups born to dams with osmotic minipumps containing
saline. These data are consistent with a cerebral inflammatory microenvironment during a
crucial period of neurodevelopment. *p<0.05, **p<0.01, n=4-6/group.
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Figure 7. Perinatal Methadone Exposure Causes Sustained Neuroinflammation.
Osmotic minipumps containing methadone or saline were implanted in pregnant rats on E16.

Cerebral cortex collected on postnatal day 10 (P10) was assayed using a translational
multiplex electrochemiluminescent platform to quantify cytokine and chemokine levels.
Those pups exposed to methadone had significantly increased IL-18 (A), and CXCL1 (D)
compared to saline control pups. Levels of TNFa (B) and IL-6 remained unchanged. These
data reflect a robust and prolonged increase in pro-inflammatory proteins the brain during a
critical period of neurodevelopment. *p<0.05, **p<0.01, ***p<0.001, n=6-7/group.
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Figure 8. Perinatal methadone exposure alters microglia/macrophage morphology
Cortex from methadone-exposed and saline-exposed P10 pups was immunolabeled for

microglia/macrophage marker Ibal (red) and cellular nuclei (DAPI; blue) (A). The
morphology of Ibal+ microglia/macrophages in methadone-exposed pups was distinct
compared to saline-exposed microglia/macrophages (B). Microglia/macrophages in
methadone-exposed pups exhibited fewer cellular processes with a diminished degree of
branching (C). Scale bars = 30 um. n=4/group.
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Figure 9. Methadone Reduces the Expression of Essential Cerebral White Matter Proteins.
Osmotic minipumps containing methadone or saline were implanted in pregnant rats on E16.

Pups were born and then cerebral white matter collected on P21. Immunoblotting for the
axonal proteins phopho-neurofilament and total neurofilament (pNF/NF, A), and myelin
basic protein (MBP, B) demonstrate reduced axonal and myelin health in pups exposed to
methadone (M) compared to saline (S) controls. *p<0.05, **p<0.01, n=6-7/group.
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Figure 10. Methadone Reduces White Matter Fractional Anisotropy, Increases Axial Diffusivity
and Impairs Cerebral Structural Coherence.

Osmotic minipumps containing methadone or saline were implanted in pregnant rats on E16.
Pups were born and underwent ex vivo diffusion tensor imaging on postnatal day 21 (P21).
Compared to sham, methadone pups have abnormal directional diffusion (top panel) and
reduced fractional anisotropy (FA, A and B) in major white matter tracts. Notably, axial
diffusivity (AD) is significantly decreased in the corpus callosum of methadone pups (C),
while radial diffusivity (RD) remained unchanged (D). While AD in the external capsule
was not statistically different, RD was increased in methadone pups compared to shams.
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These data are consistent with reduced integrity of white matter microstructure, axon and
myelin injury. *p<0.05 n=4-5/group.
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Figure 11. Methadone Significantly Impairs Cognitive Function in Adult Rats Following
Perinatal Exposure.

Osmotic minipumps were implanted in pregnant rats on E16. Pups were born and in
adulthood were tested on a touchscreen cognitive assessment platform for visual
discrimination and reversal learning. All rats exposed to saline and methadone were able to
pass the visual discrimination (VD) task (A). However, those exposed to methadone
committed more discrimination errors (B) and required more testing sessions (C) in order to
achieve passing criteria. There were no significant differences in reaction time (D) or latency
to retrieve reward from the magazine (E) between groups. After achieving VD criterion,
reversal learning was assessed. Adult rats exposed to methadone during the perinatal period
had diminished ability to reverse the previously learned association (F). Methadone animals
made significantly more incorrect responses (G) across the reversal paradigm, and also
required more sessions to achieve passing criterion (H). As in discrimination, no differences
were seen in motor function or motivation as measured by reaction time (I) or magazine
latency (J) during reversal. In order to determine whether poor performance during reversal
was associated with deficits in cognitive control or learning acquisition, we assessed the
number of correction trials (K) required during the initial perseverative phase (accuracy
<50%, L) and later learning phase (accuracy =50%, M). Consistent with findings in sessions
and errors, methadone rats required significantly more correction trials compared to sham.
Methadone rats committed significantly more correction errors both during the perseverative
phase (L) and during the later learning phase (M) compared to saline control animals.
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Together, these data indicate that adult rats exposed to perinatal methadone are impaired in
both early and late reversal learning, consistent with widespread learning and executive
control dysfunction. *p<0.05, n=10-11/group.
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