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Introduction

The opioid crisis continues to be a substantial public health 
concern and its impact has been noted during pregnancy 
with a doubling of diagnoses related to opioid misuse from 

2010 to 2017 and a parallel increase in incidence of neona-
tal opioid withdrawal syndrome (NOWS).1 An increase 
in maternal diagnosis rates may be related to heightened 
recognition and treatment of opioid use disorder (OUD) in 
pregnancy.1 Medication for opioid use disorder (MOUD) 
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Abstract
Methadone (MTD) is a commonly prescribed treatment for opioid use disorder in 
pregnancy, despite limited information on the effects of passive exposure on fetal 
brain development. Animal studies suggest a link between perinatal MTD exposure 
and impaired white matter development. In this study, we characterized the effect 
of perinatal MTD exposure through the evaluation of oligodendrocyte development 
and glial cell activation in the neonatal rat brain. Six pregnant Sprague Dawley 
rat dams were randomized to MTD (0.2 mL/L) or untreated drinking water from 
embryonic day 7. Pups were terminated at postnatal day 7 and tissue sections 
were harvested from six randomly selected pups (one male and one female per 
litter) of each experimental group for immunohistochemistry in areas of corpus 
callosum (CC), lateral CC, external capsule (EC), and cerebellar white matter. In 
the MTD-exposed rat pups, myelination was significantly decreased in the CC, 
lateral CC, EC, and arbor vitae compared with the controls. The increased density 
and percentage of oligodendrocyte precursor cells (OPCs) were observed in the 
CC and cerebellar white matter. The highly active proliferation of OPCs as well 
as decreased density and percentage of differentiated oligodendrocytes were 
found in the cerebellum but no differences in the cerebrum. Apoptotic activities 
of both differentiated oligodendrocytes and myelinating oligodendrocytes were 
significantly increased in all regions of the cerebrum and cerebellum after MTD 
exposure. There was no quantitative difference in astrocyte, however, cell density 

and/or morphologic difference consistent with activation were observed in microglia throughout MTD-exposed CC and cerebellum. 
Taken together, perinatal MTD exposure reveals global attenuation of myelination, accelerated apoptosis of both differentiated and 
myelinating oligodendrocytes, and microglia activation, supporting an association between antenatal MTD exposure and impaired 
myelination in the developing brain.

Keywords: Oligodendrocyte, myelination, microglia, methadone, perinatal opioid exposure, neonatal opioid withdrawal 
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Impact Statement

Methadone (MTD) is a common medication treat-
ment for opioid use disorder (OUD) during preg-
nancy. Recent studies support the impairment of 
myelination in the fetal rat brain after antenatal 
exposure to MTD. In this study, pregnant rats were 
administrated a dosing approximately equivalent 
to the OUD treatment and the effects of passive in 
utero and postnatal MTD exposure on myelin devel-
opment was investigated in neonatal rat brain. The 
findings reveal the potential mechanism(s) under-
lying the association between myelin impairment 
and antenatal opioid exposure. Our study alongside 
others concerns for fetal brain development when 
using MTD to manage the OUD during pregnancy. 
Improved understanding of the effects of opioid 
exposure will allow us to design treatments for OUD 
during pregnancy that minimize effects on the fetal 
brain or target postnatal treatment to mitigate the 
effects of antenatal opioid exposure.
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with methadone (MTD) has been the standard of care for 
OUD in pregnancy since the 1970s and has been shown to 
improve maternal and neonatal outcomes compared with 
illicit substance use.2 However, maternal MTD use during 
pregnancy does expose the developing fetus to exogenous 
opioids which may negatively influence neurological devel-
opment. Understanding the mechanisms through which 
MTD impacts fetal brain development is crucial to evaluating 
treatment choices for OUD during pregnancy and designing 
novel treatments that minimize adverse effects on the fetus.

A growing body of evidence shows that prenatal opioid 
exposure associates with altered brain development and 
functional outcomes. Observational clinical studies suggest 
perinatal exposure to exogenous opioids may negatively 
influence neurodevelopmental outcomes including cogni-
tive, psychomotor, and emotional development.3–6 In utero 
opioid exposure has been associated with neuroanatomi-
cal changes including decreased head circumference and 
decreased brain volume.7–9 Neuroimaging studies reveal 
decreased white matter volume and altered myelination pat-
terns in the brains of prenatal opioid exposed children.10–14 
Although observational clinical studies in this patient popu-
lation have many limitations and are prone to confounding, 
when coupled with evidence from in vitro studies the current 
evidence supports an association between MTD exposure 
and altered fetal brain development.

Oligodendrocyte precursor cells (OPCs) express Mu 
opioid receptors during proliferation and maturation, then 
downregulate Mu expression and develop Kappa recep-
tors once differentiated.15–17 In-vitro studies show a mito-
genic effect of Mu opioid receptor stimulation on immature 
oligodendrocytes, but little in vivo data exists.15,16 Further 
studies are required to fully understand the effect of Mu opi-
oid receptor stimulation on oligodendrocyte development 
in vivo. The aim of this study is to determine the impact of 
antenatal MTD exposure on the development of oligoden-
drocyte-lineage cells and myelination in neonatal rat brains.

Materials and methods

Animals

Animal use in this study was approved by the University of 
Louisville Research Resources Center and the Association 
for Assessment and Accreditation of Laboratory Animal 
Care approved facility (AAALAC), and all procedures 
were performed in accordance with the guidelines of the 
Animal Care and Use Committee of University of Louisville 
School of Medicine and National Institutes of Health (NIH) 

requirements for care and use of laboratory animals. Twelve-
week-old male and female Sprague Dawley rats from Charles 
River Laboratories (Wilmington, MA) were housed in an ani-
mal facility maintained at a temperature (22 ± 2°C) and in a 
light-controlled environment (12-h light/dark cycle) with ad 
libitum supply of standard chow and water.

Rat model of antenatal MTD exposure

The rat model is used to mimic the antenatal MTD exposure 
in human. Neural development and myelination of the rat 
brain at postnatal day 7 (P7) is roughly equal developmen-
tally to a full-term human newborn.18,19 Timed pregnant rats 
were achieved by mating female rats with a male rat and 
checking for insemination the next morning. Six pregnant 
Sprague Dawley rat dams were randomized at embryonic 
day 7 (E7) to MTD or control group (CTR), as described 
in our prior publication.20 Pregnant dams in the treatment 
group were dosed with 0.2 mL MTD (150 mg/mL) diluted in 
1 L drinking water according to the reported daily ad libitum 
water consumption of 40 mL 21 (3 mg/kg bodyweight/day). 
This dose is to approximate average weight-based dosing 
of an adult woman on opioid replacement therapy (roughly 
equivalent to the maximum day dose of MAT (40 mg) for 
75 kg American women) with interspecies adjustment.20,22 
Pups in the treatment group received MTD via placenta ante-
natally and via breast milk postnatally.23 The litter size was 
recorded at birth. Eight pups were culled for each litter to 
minimize the within-litter variation and their body weights 
were weighed at P7.

Tissue processing

Tissue processing was performed as previously described 
with minor modifications.24 Three male and three female 
rats (one male and one female pups per litter to minimize 
the litter effects)25 in each experimental group were anesthe-
tized with isoflurane (Covetrus) and terminated by intracar-
diac perfusion with cold phosphate-buffered saline (PBS) 
(Gibco) at P7. Whole brain was removed, and its size was 
assessed by wet weight and length (Table 1). The brain was 
separated into two halves by a mid-sagittal cut, followed by 
overnight fixation in 4% (w/v) paraformaldehyde (Sigma-
Aldrich) at 4°C. Brain tissues were cryoprotected in 30% 
(w/v) sucrose (Research Products International (RPI)) for 
48 h at 4°C and embedded in Tissue-Tek OCT Compound 
(Sakura Finetek) for cryostat. Coronal sections of cerebrum 
and sagittal sections of cerebellum were collected on a cry-
ostat (Leica Biosystems Inc.) with a thickness of 20 μm for 
immunohistochemistry.

Table 1. Measurements of litter size at birth and body weight and brain size at P7.

Treatment Litter N Litter size Sex Animal N Body weight (g) Wet brain weight (g) Brain length (cm)

Control 3 11.33 ± 2.08 Female 10 16.30 ± 2.69 0.65 ± 0.08 1.39 ± 0.04
Male 14 17.52 ± 2.47 0.67 ± 0.09 1.39 ± 0.05

Methadone 3 10.67 ± 1.53 Female 11 15.80 ± 2.11 0.65 ± 0.08 1.38 ± 0.06
Male 13 17.09 ± 2.10 0.68 ± 0.08 1.40 ± 0.06

Male versus female and CTR versus MTD do not show a statistical difference.
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Immunohistochemistry and quantification

Double immunohistochemistry was performed on cryostat 
sections as detailed in our previous reports.24,26,27 In brief, 
heat-induced epitope retrieval was performed in citric acid-
based antigen unmasking solution (Vector Laboratories). 
Slides were blocked in solution containing 5% goat or horse 
serum (Gibco) and 0.3% Triton X-100 (Sigma-Aldrich) for 1 h 
followed by overnight incubation in a PBS-based antibody 
solution containing 1% goat or horse serum and primary 
antibodies as listed in Table 2. Following washes with PBS, 
slides were incubated in secondary antibodies congregated to 
Alexa Fluor 488 or 594 (Table 2) for 2 h at room temperature. 
All tissue sections were stained with 4′,6-diamidino-2-phe-
nylindole (DAPI; Sigma) to visualize nuclei and mounted 
with Mowiol® 4-88 (Sigma) for microscopic visualization. 
For the staining of MBP, Iba1, and GFAP, positive staining 
area divided by respective region of interest (ROI) (corpus 
callosum (CC), lateral corpus callosum (Lateral CC), exter-
nal capsule (EC), or cerebellar white matter – arbor vitae) 
was quantified automatically with ImageJ software (http://
imagej.nih.gov/ij/; NIH) and reported as positive-labeling 
area fraction. Mean values from three rat pups was calcu-
lated to examine the effects of perinatal MTD exposure on 
each rat brain region. For the other co-staining, positive cells 
within each ROI were manually counted via ImageJ. Cells 
in the oligodendrocyte lineage were identified by Olig2+ 
staining. They were further characterized and categorized as 
follows: OPCs (Olig2+/Pdgfrα+), apoptotic OPC (Pdgfrα+/
cleaved Caspase-3+), proliferative OPCs (Ki67+/Pdgfrα+ 
cells), differentiated oligodendrocytes (CC1+/cleaved 
Caspase-3+), and myelinating oligodendrocytes (MBP+/
cleaved Caspase-3+). Each stage of oligodendrocyte devel-
opment was analyzed both by density in each ROI (cells/
mm) and as a percentage of the total oligodendrocyte CC1+ 
population. Mean values from three male and three female 
rat pups were used to analyze the changes after perinatal 
MTD exposure in each rat brain region. To limit the experi-
mental bias and improve the consistency and optimization 
in image, tissue-section of interest was chosen at the same 
anatomical level based on the hallmarks shown in rat brain 
atlas diagram. The immunostaining was run at the same 
condition and images were acquired using the same parame-
ters for uniform illumination. For image quantitation, image 
size was uniformed, and uniform background subtraction 
was applied to reduce noise. Blinded experiments were per-
formed for immunostaining, data acquisition, and analysis.

Statistics

Data are expressed as mean ± standard deviation (SD). Two-
way ANOVA was performed, with one factor being the com-
bination of MTD exposure, the other being sex, along with 
their interactions. It was examined whether the interaction 
and the main effect for sex are significant. Sexual dimor-
phisms of oligodendrocyte and white matter development 
were reported in rodents28,29 due to sex hormones including 
estradiol, progesterone, and testosterone.29 However, endog-
enous sex hormones are maintained at a very low level and no 
significant difference of estradiol and progesterone between 

sexes in neonatal rats.30 Furthermore, the linear mixed model 
which included each litter as a random effect to capture the 
“intralitter likeness,” and which also included sex and group 
as fixed effect to capture the sex effect and group effect.31 
No significant sex effects were found for all endpoints (p 
> 0.05). Since the effects for sex were not significant in this 
study, the data were pooled together to examine the MTD 
effect on oligodendrocytes and myelination. Comparisons 
between CTR and MTD groups were conducted by linear 
mixed models including group as fixed effect and litter as a 
random effect to control intralitter likeness.32 The analyses 
for linear mixed-effect models were carried out via IBM SPSS 
Statistical software for Mac (Version 28.0). The significant 
level was set at 0.05 for all comparisons.

Results

Measurements of litter size and neonatal body 
weight and brain size

The high dose of maternal MTD exposure (8–16 mg/kg/
day) to mimic the OUD in utero significantly reduces litter 
size33 and neonatal body weight.23,33 In the current study, 
the pregnant dams were exposed to 3 mg/kg/day of MTD. 
Compared with the controls, the litter size at birth and pup’s 
body weight at P7 were slightly reduced without statistical 
significance when exposed to MTD. Brain wet weight and 
length were not changed in either the male or the female 
offspring (Table 1).

Perinatal MTD exposure inhibits myelination in 
neonatal rat brains

Myelination, measured by area labeled with myelin basic 
protein (MBP), was observed in both cerebral and cerebellum 
(Figure 1(A) and (B)) of the rat pups exposed to MTD from 
E7 to P7. Myelination was attenuated in the CC (Figure 1(C); 
p < 0.05), lateral CC (Figure 1(D); p < 0.01), and EC (Figure 
1(E); p < 0.001) of the cerebrum and arbor vitae (Figure 1(F); 
p < 0.001) of the cerebellum of MTD exposed rat pups.

Effects of MTD exposure on OPC generation, 
proliferation, and differentiation

OPC density (cells/mm2) and proportion of OPCs rela-
tive to total oligodendrocyte population were significantly 
increased within the corpus callosum (Figure 2(A), (C), and 
(F); p < 0.01 for OPC density, p < 0.05 for OPC proportion) 
and cerebellar white matter of MTD exposed pups (Figure 
2(B), (E) and (H); p < 0.01 for OPC density, p < 0.001 for OPC 
proportion). There were no significant differences in OPC 
density or proportion of oligodendrocyte population in the 
lateral CC (Figure 2(D) and (G)).

OPC proliferation was increased in the cerebellum (Figure 
3(B) and (E); p < 0.05), but not the CC and lateral CC of the 
MTD group (Figure 3(A), (C), and (D)).

Reduced density of differentiated oligodendrocytes and 
significantly decreased proportion of differentiated oligo-
dendrocytes relative to the total oligodendrocyte population 
were noted in the cerebellum of the MTD exposed group 
(Figure 4(B) and (E)), and H; p = 0.056 for cell density, p < 0.05 

http://imagej.nih.gov/ij/
http://imagej.nih.gov/ij/
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Figure 1. Perinatal MTD exposure attenuates myelin development. (A, B) Representative photomicrographs of neurofilament (NF, red) and myelin basic protein (MBP, 
green) in (A) cerebrum and (B) cerebellum from control and MTD-exposed rat pups. Scale bar: 500 µm. (C–F) Quantification of MBP+ area fraction (%) in corpus 
callosum, lateral corpus callosum, external capsule, and cerebellar white matter. The area fraction was compared with the CTR group of each brain region (*p < 0.05, 
**p < 0.01, ***p < 0.001, n = 6). (A color version of this figure is available in the online journal.)
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for cell proportion. There were no differences in differenti-
ated oligodendrocyte population or density in the cerebrum 
(Figure 4(A), (C), (D), (F), and (G)).

MTD exposure causes divergent apoptosis in 
oligodendrocyte-lineage cells

The apoptotic OPCs in the CC and lateral CC were not 
increased when exposed to MTD (Figure 5(A) and (B)). 
Increased apoptosis of differentiated oligodendrocytes in 

the CC (Figure 5(D) and (E); p < 0.001), lateral CC (Figure 5(D) 
and (E); p < 0.001), and EC (Figure 5(D) and (E); p < 0.001) 
was found without a change in overall oligodendrocyte den-
sity (Figure 5(C)) after MTD exposure. There was also an 
increase in apoptosis of myelinating oligodendrocytes in the 
CC (Figure 6(A) and (B); p < 0.01), lateral CC (Figure 6(A) 
and (B); p < 0.001), and EC (Figure 6(A) and (B); p < 0.001) of 
the MTD group. Apoptosis was also increased in the overall 
oligodendrocyte population of the cerebellum in the MTD 
group (Figure 7(A) and (B); p < 0.01).

Figure 2. Perinatal MTD exposure tends to increase OPCs in corpus callosum and cerebellum. (A, B) Representative photomicrographs of OPCs (Olig2+ Pdgfrα+) 
in (A) corpus callosum, lateral corpus callosum, and (B) cerebellar white matter from control and MTD-exposed rat pups. Dashed white line indicates the margins of 
region. Scale bar: (A) 100 µm (B) 50 µm. Representative double labeling is indicated by white arrowhead in the inset. (C–H) Quantification of OPC density (C–E, Olig2+ 
Pdgfrα+ cells/mm2) and OPC proportion in oligodendrocyte-lineage cells (F–H, Olig2+ Pdgfrα+/Olig2+%). The cell density and proportion were compared with the 
CTR group of each brain region (*p < 0.05, **p < 0.01, ***p < 0.001, n = 6). (A color version of this figure is available in the online journal.)
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MTD exposure triggers the microglial response but 
not astrocytic activation

Compared with the control group, the MTD group had an 
increased microglia density only in the CC (Figure 8(A) and 
(C); p < 0.05), however there were morphological changes 
including reduced cellular processes and diminished degree 
of branching in all targeted brain areas (Figure 8(B), inserts). 
There were no differences in astrocyte activation between 
groups (Figure 8(A) and (D)).

Discussion

Our animal model demonstrates disruption of fetal brain 
development with perinatal MTD exposure in neonatal rat 
pups. This finding may provide additional insight into the 
influence of MTD on human fetal brain development and 
functional outcomes.

In this study we found attenuation of myelination and 
increased apoptosis of mature and myelinating oligodendro-
cytes in brains of MTD exposed rat pups. These findings add 

to our previous work which noted decreased myelin basic 
protein (MBP) and proteolipid protein (PLP) expression in 
the hindbrains of the MTD exposed rats20,34 and regional 
differences in the effect of MTD on expression of myelin-
related proteins in the cerebral cortex and hippocampus.20 
Altered myelination in cerebrum and cerebellum reported in 
this study (Figure 1) are consistent with our prior findings. 
The combination of decreased myelin protein expression 
and myelin tissue staining corroborate our hypothesis that 
antenatal MTD exposure alters myelination in neonatal rat 
pups and lends further support to alteration in myelination 
as the etiology of decreased white matter volume in neonates 
with antenatal opioid exposure.9–12

The mechanism by which opioid exposure leads to altered 
myelination is still unclear. Our results suggest that these 
differences are unlikely due to changes in proliferation or 
differentiation and possibly due to increased apoptosis or 
impaired migration in cerebral white matter. We found a 
slight increase of OPCs only in the CC area (Figure 2(A), (C) 
and (F)), but no significant change in proliferation (Figure 
3(A), (C) and (D)) and differentiation (Figure 4(A), (C), (D), 

Figure 3. Changes in OPC proliferation after perinatal MTD exposure. (A, B) Representative photomicrographs of proliferative OPCs (Ki67+ Pdgfrα+) in (A) corpus 
callosum, lateral corpus callosum, and (B) cerebellar white matter from control and MTD-exposed rat pups. Dashed white line indicates the margins of region. Scale 
bar: (A) 100 µm (B) 50 µm. Representative double labeling is indicated by white arrowhead in the inset. (C–E) Quantification of proliferative OPC density (Ki67+ 
Pdgfrα+ cells/mm2). The cell density was compared with the CTR group of each brain region (*p < 0.05, n = 6). (A color version of this figure is available in the 
online journal.)
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(F), and (G)) in the cerebrum, which suggests that there is not 
an arrest of development nor is there accelerated terminal 
differentiation. There was a significant global increase in 
apoptosis of differentiated and myelinating oligodendro-
cyte, but not OPCs in the cerebrum (Figures 5 and 6). This 
suggests that the developmental process from mature to 
myelinating oligodendrocytes was disturbed by MTD expo-
sure and resulted in the programmed death of differenti-
ated/myelinating oligodendrocyte.

Interestingly, MTD appeared to have a mitogenic effect 
on OPCs in the cerebellum as evidenced by increased den-
sity and percentage of OPCs (Figure 2(B), (E), and (H)) and 
increased proliferative oligodendrocytes (Figure 3(B) and (E)). 
There was a parallel decrease in the density and proportion 
of mature oligodendrocytes (Figure 4(B), (E), and (H)) which 
may represent an arrest of oligodendrocyte differentiation in 
response to MTD exposure. Similar to cerebrum, increased 
apoptosis also occurred in oligodendrocyte-lineage cells 

Figure 4. Changes in oligodendrocyte differentiation after perinatal MTD exposure. (A, B) Representative photomicrographs of mature oligodendrocytes (Olig2+ 
CC1+) in (A) corpus callosum, lateral corpus callosum, and (B) cerebellar white matter from control and MTD-exposed rat pups. Dashed white line indicates the 
margins of region. Scale bar: (A) 100 µm (B) 50 µm. Representative double labeling is indicated by white arrowhead in the inset. (C–H) Quantification of mature 
oligodendrocyte density (C–E, Olig2+ CC1+ cells/mm2) and its proportion in oligodendrocyte-lineage cells (F–H, Olig2+ CC1+/Olig2+%). The cell density and 
proportion were compared with the CTR group of each brain region (*p < 0.05, n = 6). (A color version of this figure is available in the online journal.)
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in cerebellar white matter (Figure 7). Taken together, these 
findings suggest that perinatal MTD exposure may affect 
the proliferation and differentiation of OPCs in a region-
dependent manner followed by increased oligodendroglial 
apoptosis, eventually leading to compromised myelination 
(Figure 9). Oligodendrocytes in cerebellar white matter are 
more vulnerable to MTD than those in cerebral white matter 
probably due to arrest of oligodendrocyte differentiation, 
which supports the observation of significantly reduced 

volume of white matter in cerebellum but not in cerebrum in 
school-aged children with prenatal opioid exposure.14 It may 
provide a therapeutic basis for early-stage interventions to 
prevent the regional diversity of brain white matter deficits 
in children with prenatal opioid exposure.

There was also qualitative activation in microglia but 
not astrocytes (Figure 8(A) and (B)), which could suggest 
a pro-inflammatory state in the brains of MTD exposed 
pups. Activated microglia with reduced cellular processes 

Figure 5. Divergent apoptotic activities of OPCs and mature oligodendrocytes after perinatal MTD exposure. (A) Representative photomicrographs of apoptotic OPCs 
(Pdgfrα+ Cleaved Caspase-3 +) in corpus callosum and lateral corpus callosum. (B) Quantification of the apoptosis ratio of OPCs (Pdgfrα+ Cleaved Caspase-3+/
Pdgfrα+%) in corpus callosum and lateral corpus callosum. (C) Quantification of oligodendrocyte-lineage cell density (Olig2+ cells/mm2) in corpus callosum and 
lateral corpus callosum. (D) Representative photomicrographs of apoptotic mature oligodendrocytes (CC1+ Cleaved Caspase-3+) in corpus callosum, lateral corpus 
callosum, and external capsule. (E) Quantification of the apoptosis ratio of mature oligodendrocytes (CC1+ Cleaved Caspase-3+/CC1+%) in corpus callosum, lateral 
corpus callosum and external capsule. Scale bar: 50 µm. The cell density and ratio were compared with the CTR group of each brain region (***p < 0.001, n = 6).  
(A color version of this figure is available in the online journal.)
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Figure 6. Divergent apoptotic activities of myelinating oligodendrocytes after perinatal MTD exposure. (A) Representative photomicrographs of apoptotic myelinated 
oligodendrocytes (MBP+ Cleaved Caspase-3+) in corpus callosum, lateral corpus callosum, and external capsule. (B) Quantification of the apoptosis ratio of 
myelinated oligodendrocytes (MBP+ Cleaved Caspase-3+/MBP+%) in corpus callosum, lateral corpus callosum and external capsule. Dashed white line indicates 
the margins of region. Scale bar: 50 µm. The cell density and ratio were compared with the CTR group of each brain region (**p < 0.01, ***p < 0.001, n = 6). (A color 
version of this figure is available in the online journal.)

Figure 7. Perinatal MTD exposure exacerbates the apoptosis of oligodendrocyte-lineage cells in cerebellum. (A) Representative photomicrographs of apoptotic activity 
of oligodendrocyte-lineage cells (Olig2+ Cleaved Caspase-3+) in cerebellar white matter. Scale bar: 50 µm. (B) Quantification of the density of apoptotic oligodendrocyte-
lineage cells (Olig2+ Cleaved Caspase-3+/mm2) in cerebellar white matter. (C) Quantification of oligodendrocyte-lineage cell density (Olig2+ cells/mm2) in cerebellar white 
matter. The cell density was compared with the CTR group of each brain region (**p < 0.01, n = 6). (A color version of this figure is available in the online journal.)
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Figure 8. Divergent responses of astrocyte and microglia after perinatal MTD exposure. (A) Representative photomicrographs of astrocyte (GFAP+) and microglia 
(Iba1+) in corpus callosum, lateral corpus callosum, external capsule, and cerebellum. (B) MTD exposure stimulates the activation of microglia with morphological 
change. Dashed white line indicates the margins of region. Scale bar: 100 µm for cerebral regions, 500 µm for cerebellum. Representative labeling is displayed in the 
inset. (C, D) Quantification of microglial response (C, Iba1+ area fraction%) and astrocytic response (D, GFAP+ area fraction%) in corpus callosum, lateral corpus 
callosum, external capsule, and cerebellum. The area fraction was compared with the CTR group of each brain region (*p < 0.05, n = 6). (A color version of this figure 
is available in the online journal.)
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and branching following perinatal MTD exposure is con-
sistent with previously reported alternations in microglial 
morphology and activation in the cortex from MTD-exposed 
P10 rat pups.23 It is possible that increased neuroinflamma-
tion leads to increased apoptosis of mature and myelinating 
oligodendrocytes, resulting in overall decreased myelina-
tion. Alternatively, MTD-induced oligodendrocyte injury 
and apoptosis may prime microglia and neuroinflammation. 
These findings also suggest the divergent neuroinflammatory 
responses of astrocyte and microglia to MTD in cerebrum 
and cerebellum.

Our results are concordant with the work from Jantzie 
et al, who report decreased levels of MBP and neurofilament 
proteins in the cortex of MTD exposed pups at P21, sug-
gestive of impaired myelination. They also showed poorly 
organized white matter tracks in the corpus callosum or 
MTD exposed rat pups via magnetic resonance imaging 
(MRI) with fractional anisotropy, which mirrors data from 
clinical studies and our work.23 Conversely, Vestal-Labor 
et al. found increased expression of myelin-related proteins 
myelin basic protein (MBP), myelin proteolipid protein 
(PLP), and myelin oligodendrocyte glycoprotein (MOG) 
in the MTD exposed brains compared with controls at P11 
and P19.35 Notable differences exist between these groups’ 
work and ours. Both Jantzie et al. and Vestal-Laborde et al. 
dosed pregnant rats using an implanted medication pump 
and targeted higher doses, from 8 mg/kg/day to 16 mg/
kg/day.23,35,36 The higher doses investigated seem to mimic 
opioid abuse in contrast to our dose, which was chosen to 
approximate dosing for OUD 3 mg/kg/day when inter-
species differences are accounted for.20,34 Taking all of the 
differences into account, our findings do seem concordant 
with the findings from Jantzie et al. and corroborate clinical 
studies which suggest impaired myelination in infants with 
in utero MTD exposure.

Additional studies should build upon this relationship 
and explore regional differences in the effect of MTD at dif-
ferent doses. Using implanted pumps may provide more 
precise dosing of MTD and measuring the urine MTD levels 
in rat dams provides an additional level of precision. The 
corpus callosum and peri corpus callosum are areas densely 
populated with oligodendrocytes and contain the highest 
level of myelin; however, the peri-ventricular white matter 
should be studied because this is where OPCs originate and 
migrate from.37 The OPCs in the periventricular white matter 

were too densely populated to accurately perform counts 
at E7, however differences might be detected at later time 
points after a larger proportion of cells have migrated, or 
by a different methodology. The methods used in this study 
to analyze the changes in cell density and immunoreactive 
tissue area fraction are standard but limited in accuracy, 
stereological estimation may provide non-biased and more 
objective quantification of immunohistochemistry. Clinical 
imaging studies showed both diffusive and punctate brain 
white matter lesions in infants with prenatal opioid expo-
sure,10,11,38 which were correlated with cognitive function.11 
Thus, the neurofunctional consequences relating to the 
region-different oligodendrocyte impairment need a further 
investigation on this model.

Our work suggests direct effects of perinatal MTD expo-
sure on oligodendrocyte development and function in neo-
natal rat pups, which may be a possible etiology for clinical 
differences observed in opioid exposed neonates if findings 
translate across species. Improved understanding of the 
effects of opioid exposure will allow us to design treatments 
for OUD during pregnancy that minimize effects on the fetal 
brain or target postnatal treatment to mitigate the effects of 
antenatal opioid exposure.
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