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Abstract
There is a growing concern related to the use of opioid maintenance treatment dur-
ing pregnancy. Studies in both humans and animals have reported reduced cogni-
tive functioning in offspring prenatally exposed to methadone or buprenorphine; 
however, little is known about the neurobiological mechanisms underlying these 
impairments. To reveal possible neurobiological effects of such in utero exposure, 
we examined brain tissue from methadone- and buprenorphine-exposed rat offspring 
previously shown to display impaired learning and memory. We studied µ-opioid 
receptor (MOR) and N-methyl-D-aspartate receptor (NMDAR) binding in the rat 
offspring cerebrum during development and in the hippocampus at young adulthood. 
Moreover, we examined activation of the Ca2+/calmodulin-dependent protein kinase 
II (CaMKII) and the extracellular signal-regulated kinase (ERK), which are central in 
the downstream signaling of these receptors. The methadone- and buprenorphine-ex-
posed rat pups displayed reduced MOR binding up to two weeks after birth, whereas 
the NMDAR binding was unaffected. Prenatal exposure to methadone or buprenor-
phine also resulted in decreased activation of CaMKII and/or ERK during develop-
ment, while young adult offspring displayed increased hippocampal ERK activation. 
In conclusion, our findings suggest that prenatal exposure to exogenous opioids, such 
as methadone or buprenorphine, may disturb the endogenous opioid system during 
development, with long-term effects on proteins important for cognitive functioning.
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1 |  INTRODUCTION

Opioid maintenance treatment (OMT) with the full µ-opioid 
receptor (MOR) agonist methadone or the partial MOR ago-
nist buprenorphine is the recommended therapy for pregnant 
opioid-dependent women (WHO, 2014). Patients in OMT 
generally take better care of their health and are less likely to 
relapse to illicit opioid use compared with those not receiving 
such treatment (Fajemirokun-Odudeyi et al., 2006; Finnegan, 
Amass, Jones, & Kaltenbach,  2005; Minozzi, Amato, 
Bellisario, Ferri, & Davoli,  2013); however, OMT during 
pregnancy may not be without risk for the fetus, as both 
methadone and buprenorphine cross the placenta (Kongstorp, 
Bogen, Stiris, & Andersen,  2019; Nanovskaya, Deshmukh, 
Brooks, & Ahmed, 2002; Nanovskaya, Nekhayeva, Hankins, 
& Ahmed, 2008).

Opioid receptors are highly expressed by developing neu-
ronal cells (Hauser & Knapp, 2017), and endogenous opioids 
act as inhibitory growth factors regulating dendritic growth 
and spine formation (Hauser, McLaughlin, & Zagon, 1987; 
Zagon & McLaughlin,  1987). As the endogenous opioid 
system plays a key role in brain development (Hauser & 
Knapp,  2017; Sargeant, Miller, & Day,  2008), the fetus is 
probably particularly vulnerable to exogenous opioid ex-
posure. Furthermore, methadone acts as a non-competitive 
antagonist at the N-methyl-D-aspartate receptor (NMDAR) 
(Ebert, Andersen, & Krogsgaard-Larsen,  1995) which also 
has been shown to be involved in brain development (Pearce, 
Cambray-Deakin, & Burgoyne, 1987).

A growing number of clinical studies indicate that chil-
dren born to mothers in OMT have an increased risk of 
cognitive impairments and attentional and behavioral prob-
lems compared with non-exposed children (summarized 
in Andersen, Hoiseth, & Nygaard,  2020; Baldacchino, 
Arbuckle, Petrie, & McCowan,  2015; Lee, Bora, Austin, 
Westerman, & Henderson,  2020; Monnelly, Hamilton, 
Chappell, Mactier, & Boardman, 2019). In support of these 
clinical findings, our research group (Kongstorp, Bogen, 
Stiris, & Andersen,  2020) and others (Chen et  al.,  2015; 
Jantzie et  al.,  2020; Peters, 1977; Van Wagoner, 
Risser, Moyer, & Lasky,  1980; Zagon, McLaughlin, & 
Thompson, 1979) have reported impaired cognitive func-
tioning in rat offspring prenatally exposed to methadone 
or buprenorphine. Furthermore, some studies describe that 
opioids affect various processes of brain development, 
such as neurogenesis, cell proliferation and myelination 
(Robinson, 2002b; Sanchez, Bigbee, Fobbs, Robinson, & 
Sato-Bigbee, 2008; Vestal-Laborde, Eschenroeder, Bigbee, 
Robinson, & Sato-Bigbee, 2014; Wu et al., 2014); however, 
the knowledge concerning the neurobiological effects of 
prenatal methadone or buprenorphine exposure is limited.

The aim of the present study was therefore to examine 
neurobiological effects of prenatal exposure to methadone 

or buprenorphine in brain tissue taken from young adult 
rats previously shown to display impaired cognitive per-
formance (Kongstorp et  al.,  2020). We examined bind-
ing to the MOR and the NMDAR as well as activation of 
downstream signaling pathways during development and at 
young adulthood.

2 |  MATERIALS AND METHODS

2.1 | Brain tissue harvesting and 
preparation

The animal exposure and experiments were approved by the 
Norwegian Animal Research Authority (Norwegian Food 
Safety Authority, Oslo, Norway) and performed in accord-
ance with the ARRIVE (Animals in Research: Reporting in 
Vivo Experiments) (Kilkenny, Browne, Cuthill, Emerson, & 
Altman, 2010) and the laws and regulations controlling ex-
periments on live animals in Norway. The brain tissue used in 
the present study was harvested from rat offspring (Sprague–
Dawley; n = 200) exposed through gestational treatment of 
the dams to racemic methadone–HCl (10 mg/kg/day; n = 10), 
buprenorphine–HCl (1 mg/kg/day; n = 10) or vehicle (sterile 
water; n = 10), as described in Kongstorp et al. (2019) and 
Kongstorp et al. (2020). The drugs were delivered by a 28-day 
osmotic minipump (2ML4; Alzet, Cupertino, CA) implanted 
subcutaneously in females 5 days prior to mating with drug-
naïve males. We have previously shown that this exposure 
regimen provides blood concentrations of 0.25  ±  0.02  µM 
methadone and 5.65 ± 0.16 nM buprenorphine in the dams 
during gestation (Kongstorp et al., 2019), which are compa-
rable to the concentrations reported in pregnant women in 
OMT (Bartu, Ilett, Hackett, Doherty, & Hamilton,  2012; 
Concheiro, Jones, Johnson, Shakleya, & Huestis,  2010; 
Gordon, Lopatko, Somogyi, Foster, & White,  2010). The 
neonatal outcomes, growth parameters (body weight and 
length), withdrawal symptoms (ultrasonic vocalizations and 
corticosterone levels) and long-term cognitive effects in the 
offspring included in this study and, their littermates, have 
been reported previously (Kongstorp et al., 2019, 2020).

The day of delivery was noted as postnatal day (PND) 
0. On PND 1, 7, 14, and 21, the cerebrum from one or two 
randomly chosen offspring from each litter was isolated after 
decapitation. On PND 77, one or two offspring from each 
litter were decapitated and the hippocampus was dissected. 
The brain tissue was weighed, snap-frozen in liquid nitro-
gen, and stored at −80°C. For sample preparation, the tissue 
was thawed on ice, homogenized (600–900 rpm; glass-Tef-
lon) in ice-cold 0.32 M sucrose (100 mg tissue/ml) contain-
ing 1× cOmplete protease inhibitor cocktail (Roche, Basel, 
Switzerland) and batched. The tissue was stored at −80°C 
until further analysis.
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2.2 | Receptor binding

The receptor binding studies were performed as previously 
described (Fjelldal et al., 2019; Kvello et al., 2019). In brief, 
cerebrum and hippocampus homogenates were diluted to 
10  mg tissue/ml in ice-cold incubation buffer containing 
50 mM Tris–HCl, 120 mM NaCl, 5 mM KCl, 2 mM CaCl2, 
and 0.5 mM MgCl2. The samples were centrifuged for 30 min 
(30,000 g, 4°C), and the pellets were resuspended in incuba-
tion buffer before incubation for 30 min at 37°C to remove 
endogenous opioids. The samples were then centrifuged for 
30 min (30,000 g, 4°C) and the resulting pellets were resus-
pended in 0.5 ml of the incubation buffer. For MOR binding, 
the samples (duplicates, 100 µl) were preincubated at room 
temperature for 10 min followed by incubation with 2 nM 
[3H]-DAMGO ([D-Ala2-N-Me-Phe4-Gly-ol5]-Enkephalin; 
PerkinElmer, Oslo, Norway) at room temperature for 60 min 
(final volume 200 µl). Non-specific binding was deter-
mined by adding 50 µM naloxone to parallel samples prior 
to incubation with [3H]-DAMGO (final volume 200 µl). For 
NMDAR binding, the samples (duplicates, 75 µl) were pre-
incubated for 10  min at room temperature followed by in-
cubation with 4 nM [3H]-ifenprodil (PerkinElmer) at room 
temperature for 60 min (final volume 200 µl). Non-specific 
binding was determined by adding 50 µM ifenprodil to par-
allel samples prior to incubation with [3H]-ifenprodil (final 
volume 200 µl).

The reactions were terminated by adding 4  ml of ice-
cold 50  mM Tris–HCl (pH 7.4) to the samples, followed 
by rapid filtration through GF/B glass microfiber filters 
(1.0  µm; GE Healthcare Life Sciences, IL). The filters 
were washed 3 times with ice-cold Tris–HCl. UltimaGold 
(4  ml; PerkinElmer, MA) was added to each filter and the 
radioactivity was counted in a liquid scintillation analyzer 
(Tri-Carb 2810TR; PerkinElmer). Total tissue protein was 
measured as previously described (Lowry, Rosebrough, Farr, 
& Randall, 1951). Specific receptor binding was calculated 
as total binding minus non-specific binding, and calculated 
as the amount of [3H]-DAMGO or [3H]-ifenprodil bound per 
mg tissue protein. The presence of methadone or buprenor-
phine in the prepared samples was measured by UHPLC-MS/
MS, as previously described (Kongstorp et al., 2019).

2.3 | Western blotting

Activation of the Ca2+/calmodulin-dependent protein ki-
nase II (CaMKII) and the extracellular signal-regulated ki-
nase (ERK) were studied by measuring phosphorylated and 
total CaMKII and ERK expression, respectively, by west-
ern blotting. The cerebrum and hippocampus homogenates 
were diluted to a final concentration of 14.3 mg tissue/ml in 
ice-cold 0.32  M sucrose containing 1× cOmplete protease 

inhibitor cocktail (Roche). The samples were then added 
loading buffer to a final concentration of 0.06 M DTT and 
0.96× Laemmli buffer (Bio-Rad laboratories, CA). After 
protein denaturation (100°C for 5  min), the samples were 
loaded into wells (10 µg protein/well for PND 1 and 7; 11 µg 
protein/well for PND 14; 15  µg protein/well for PND 21 
and 77) on SDS-gels (12% Criterion TGX, 18 wells; Bio-
Rad Laboratories) and separated by electrophoresis (200V; 
PowerPac HC 300W, Bio-Rad Laboratories). Next, the sam-
ples were electrophoretically transferred to a nitrocellulose 
membrane, confirmed by Ponceau S staining. The mem-
branes were incubated in blocking buffer (3% low-fat dry 
milk in 0.1 M Tris-buffered saline containing 0.05% Tween 
20 [TBS-T]; pH 7.4) for 1 hr, and probed with primary anti-
bodies against CaMKII (1:500, #3362, Cell Signaling, CA), 
pCaMKII (1:3000, #12716, Cell Signaling), ERK (1:750000, 
SC-153, Santa Cruz Biotechnology, TX), pERK (1:750, 
SC-7383, Santa Cruz Biotechnology), or β-actin (1:100000, 
A5316, Sigma Aldrich, MO) overnight at 4°C. The mem-
branes were washed in TBS-T (4 × 5 min) and incubated with 
a HRP-conjugated secondary antibody for 2 hr at room tem-
perature. Each blot was then washed in TBS-T (3 × 5 min) 
and TBS (5 min) before being exposed to a chemilumines-
cent substrate (SuperSignalTM, Thermo Scientific, MA) for 
5 min. The blots were visualized using a ChemiDoc XRS im-
ager (Bio-Rad Laboratories). The 50-kDa band was used to 
quantify CaMKII and pCaMKII, the 42-kDa band was used 
to quantify ERK and pERK, and the 43-kDa band was used 
to quantify β-actin (see Figures 3–5 for representative blots). 
The blots were stripped with Reblot Plus Mild Antibody 
Stripping Solution (Millipore, MA) and proceeded with the 
next primary antibody after confirmation of complete strip-
ping. Total tissue protein was measured as previously de-
scribed (Lowry et al., 1951).

2.4 | Data and statistical analysis

All data are presented as mean  ±  SEM. A maximum of 2 
offspring (males and females) from each litter were included 
in the study, and each animal was counted as n = 1. The re-
ceptor binding results from the methadone- and buprenor-
phine-exposed animals were normalized to the average of 
the vehicle-exposed animals on the respective PND. For the 
western blot studies, each gel was run with samples from 5 to 
6 offspring from the different treatment groups. The expres-
sion of each individual methadone- or buprenorphine sample 
was normalized to the average of the vehicle-treated samples 
on the respective blot (% of vehicle). For each sample, 3–6 
technical replicates were performed and the average value (in 
% of vehicle) was reported as n = 1. The results were ana-
lyzed by a one-way analysis of variance (ANOVA), followed 
by Tukey's post hoc test. Statistical analyses were performed 
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using SPSS version 25 (SPSS, Chicago, IL). A value of 
p < .05 was considered statistically significant.

3 |  RESULTS

The brain tissue used in the present study was taken from off-
spring that have been characterized in two previous studies 
focusing on pharmacokinetic parameters and birth outcomes 
(Kongstorp et  al.,  2019) and behavioral effects (Kongstorp 
et al., 2020). In Kongstorp et al. (2019), we reported that pre-
natal exposure to methadone or buprenorphine did not affect 
the litter size, the number of stillborn offspring, or the sex 
ratio. Prenatal exposure to methadone resulted in a small re-
duction in the birth weight (Kongstorp et al., 2019), whereas 
no differences were revealed in growth parameters from 
PND 3 to 21 (Kongstorp et al., 2020). The methadone- and 
buprenorphine-exposed offspring showed impaired cognitive 
functioning at young adulthood (Kongstorp et al., 2020).

3.1 | Offspring brain weight

A significant effect of the treatment was found on the brain 
weight in 14-day-old pups [F(2,37) = 4.98, p = .013]. Prenatal 
exposure to methadone reduced the brain weight by 9 ± 3 
and 13 ± 3% compared with the vehicle- and buprenorphine-
exposed offspring, respectively (p < .05; Figure 1). No sig-
nificant differences were observed in offspring brain weight 
between the treatment groups on PND 1, 7, or 21.

3.2 | Receptor binding

3.2.1 | MOR

The binding of DAMGO to MORs in cerebrum homogenate 
(fmol/mg protein) from vehicle-exposed pups decreased dur-
ing the three first weeks after birth [F(3,38) = 5.33, p = .004, 
Figure 2a]. Prenatal exposure to methadone or buprenorphine 
significantly reduced the cerebral MOR binding in rat pups 
on PND 1 [F(2,25) = 5.78, p = .009], PND 7 [F(2,32) = 6.16, 
p = .006], and PND 14 [F(2,33) = 3.86, p = .032]. On PND 
1, the MOR bindings in the methadone- and buprenorphine-
exposed offspring were 59.3 ± 3.5 and 61.9 ± 8.3%, respec-
tively, of those of the vehicle-exposed animals (p  <  .05; 
Figure  2b). On PND 7, the corresponding numbers were 
81.3  ±  3.4 and 82.7  ±  3.5% for the methadone- and bu-
prenorphine-exposed animals, respectively (p  <  .05). The 
buprenorphine-exposed offspring also displayed a reduced 
MOR binding on PND 14 which accounted for 84.8 ± 3.1% 
of the vehicle group (p < .05). No differences in MOR bind-
ing were observed between the treatment groups on PND 21. 
Prenatal exposure to methadone or buprenorphine did not af-
fect MOR binding in the hippocampus from young adult rat 
offspring (PND 77; Figure 2b).

3.2.2 | NMDAR

The binding of ifenprodil to NMDARs in cerebrum ho-
mogenate (fmol/mg protein) from vehicle-exposed pups 
decreased during the three first weeks after birth [F(3,28) = 
7.30, p = .001, Figure 2c]. Prenatal exposure to methadone 
or buprenorphine did not affect NMDAR binding when 
measured on PND 1, 7, 14, and 21 (Figure 2d). Furthermore, 
the NMDAR binding in the hippocampus from young adult 
offspring did not differ between the three treatment groups 
(PND 77; Figure 2d).

Chemical analyses confirmed that no methadone or bu-
prenorphine were present in the brain samples prepared for 
receptor binding studies (data not shown).

3.3 | Expression of CaMKII and ERK

Prenatal exposure to methadone or buprenorphine signifi-
cantly reduced the expression of pCaMKII in 7-day-old rat 
pups [F(2,25) = 5.08, p = .015]. The pCaMKII expression in the 
buprenorphine-exposed pups was 53.4 ± 10.8% of the control 
group (p <  .05; Figure 3a). The methadone-exposed animals 
also showed a tendency to reduced pCaMKII expression on 
PND 7, displaying 70.2 ± 10.1% of the level in the vehicle-
exposed group (p = .06; Figure 3a). There was no significant 
effect of the treatment on the expression of pCaMKII on PND 

F I G U R E  1  Offspring brain weight (g) following prenatal 
exposure to methadone or buprenorphine. The whole brain weight 
from rat pups was measured on postnatal days 1, 7, 14, and 21. 
Values are shown as mean ± SEM. n = 11–16 offspring from 7 
to 9 L. *p < .05 compared with vehicle, †p < .005 compared with 
buprenorphine, one-way ANOVA followed by Tukey‘s post hoc test
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1, 14, and 21. The total CaMKII expression did not differ be-
tween the three treatment groups at any time point; however, 
there was a tendency of increased expression in the methadone-
exposed offspring on PND 21 (p =.06; Figure 3b). The expres-
sion of pCaMKII and total CaMKII in the hippocampus from 
young adult offspring were not affected by prenatal exposure to 
methadone or buprenorphine (PND 77; Figure 3a,b).

Prenatal exposure to methadone or buprenorphine signifi-
cantly reduced the expression of pERK in 14-day-old rat pups 
[F(2,16) = 5.36, p = .019]. The pERK expression in the meth-
adone-exposed pups was 75.9 ± 5.1% of the control group, 
which was significantly lower than the expression in both 
the vehicle- and the buprenorphine-exposed animals (p < .01 

and p < .05; Figure 4a). No significant effects on the pERK 
expression were observed in the opioid-exposed animals on 
PND 1, 7, and 21. The total ERK expression in the cerebrum 
did not differ between the treatment groups during develop-
ment (Figure 4b).

Young adult rats prenatally exposed to methadone or bu-
prenorphine exhibited increased ERK phosphorylation in 
the hippocampus [F(2,15) = 14.9, p < .001]. The expression 
of pERK in the methadone- and buprenorphine-exposed 
offspring were 123 ± 4 and 140 ± 6% of the control group, 
respectively (p < .05 and p < .001; Figure 4a), whereas no 
differences were observed in the expression of total ERK 
(Figure 4b).

F I G U R E  2  Receptor binding in rat offspring prenatally exposed to methadone or buprenorphine. (a) Timeline of µ-opioid receptor (MOR) 
binding by [3H]-DAMGO (fmol/mg tissue protein) in cerebrum from vehicle-exposed rat offspring on postnatal day (PND) 1, 7, 14, and 21. (b) 
MOR binding by [3H]-DAMGO in the cerebrum during development (PND 1–21) and in the hippocampus from young adult offspring (PND 
77) prenatally exposed to vehicle, methadone, or buprenorphine. The values were normalized to the average of the vehicle-exposed offspring 
(% of vehicle) and are shown as mean ± SEM. (c) Timeline of N-methyl-D-aspartate receptor (NMDAR) binding by [3H]-ifenprodil (fmol/mg 
tissue protein) in cerebrum from vehicle-exposed rat offspring on PND 1, 7, 14, and 21. (d) NMDAR binding by [3H]-ifenprodil in the cerebrum 
during development (PND 1–21) and in the hippocampus from young adult offspring (PND 77) prenatally exposed to vehicle, methadone, or 
buprenorphine. The values were normalized to the average of the vehicle-exposed offspring (% of vehicle) and are shown as mean ± SEM. PND 
1, n = 7–10 offspring from 7 to 9 litters; PND 7, n = 7–15 offspring from 6 to 8 litters; PND 14, n = 7–12 offspring from 7 to 9 litters; PND 21, 
n = 7–8 offspring from 6 to 8 litters; PND 77; n = 4–5 offspring from 4 to 5 litters. *p < .05, **p < .01 compared with vehicle, one-way ANOVA 
followed by Tukey‘s post hoc test
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Prenatal exposure to methadone or buprenorphine did not 
affect the expression of β-actin neither in the cerebrum during 
development (PND 1–21) nor in the hippocampus at young 
adulthood (PND 77; Figure 5). We did not observe any differ-
ences in total tissue protein between the methadone-, buprenor-
phine- and vehicle-exposed offspring (data not shown).

4 |  DISCUSSION

In the present study, we examined possible neurobiological 
changes induced by prenatal exposure to methadone or bu-
prenorphine in a rat model. We have previously reported that 
this exposure regimen used leads to long-term impairments 
in cognitive functioning in young adult offspring (Kongstorp 
et  al.,  2020). Here, we show that the opioid-exposed pups 
displayed reduced cerebral MOR binding and decreased ac-
tivation of CaMKII and ERK the first two weeks after birth. 
Moreover, we found an increased activation of ERK in the 
hippocampus of young adult animals.

The MOR binding was significantly reduced up to 
one and two weeks after birth in the methadone- and 

buprenorphine-exposed offspring, respectively, with more 
prominent reductions in the newborns compared with the 
7- and 14-day-old offspring. This shows that the MOR 
binding gradually normalized after the exposure ceased. 
In the buprenorphine-exposed offspring, this normaliza-
tion was delayed which could possibly be explained by the 
somewhat slower elimination of buprenorphine from the 
neonatal brain as compared with methadone (Kongstorp 
et  al.,  2019). There are also other studies showing de-
creased MOR binding in fetuses and rat pups after prena-
tal exposure to methadone, buprenorphine, or morphine 
(Belcheva et  al., 1994, 1998; Darmani, Schnoll, Pandey, 
& Martin, 1992; Hammer, 1991; Hou et al., 2004; Tempel, 
Habas, Paredes, & Barr,  1988; Tsang & Ng,  1980). In 
some of these studies, the binding was found to be normal-
ized already one week after birth (Belcheva et al., 1994; 
Darmani et  al.,  1992; Hou et  al.,  2004). The deviating 
findings may be due to differences in the opioid doses 
and exposure regimen used; however, as pharmacokinetic 
data are missing it is difficult to draw conclusions. While 
binding affinities were not examined in the present work, 
previous studies have reported normal binding affinity 

F I G U R E  3  Expression of (a) phosphorylated Ca2+/calmodulin-dependent protein kinase II (pCaMKII) and (b) total CaMKII in the 
cerebrum during development (PND 1–21) and in the hippocampus from young adult offspring (PND 77) prenatally exposed to vehicle (Veh), 
methadone (Met), or buprenorphine (Bup). The value of each of the methadone and buprenorphine sample was normalized to the average of the 
vehicle-exposed samples on the blot (% of vehicle) and are shown as mean ± SEM. n = 5–9 offspring from 4 to 8 litters. The right panel shows 
representative examples of western blots with the protein bands of 60 (upper) and 50 kDa (lower). The 50-kDa band was used for quantification. 
*p < .05 compared with vehicle, #p = .06 compared with vehicle, one-way ANOVA followed by Tukey‘s post hoc test
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to the MOR in 1- and 7-day-old rat pups prenatally ex-
posed to buprenorphine (Belcheva et  al.,  1994, 1998). 
This suggests that the reduced MOR binding observed in 

the present study is a result of fewer MOR binding sites. 
As no methadone or buprenorphine was detected in the 
prepared homogenates, it is unlikely that the reduced 

F I G U R E  4  Expression of (a) phosphorylated extracellular signal-regulated kinase (pERK) and (b) total ERK in the cerebrum during 
development (PND 1–21) and in the hippocampus from young adult offspring (PND 77) prenatally exposed to vehicle (Veh), methadone (Met), or 
buprenorphine (Bup). The value of each methadone and buprenorphine sample was normalized to the average of the vehicle-exposed samples on 
the same blot (% of vehicle) and are shown as mean ± SEM. n = 5–9 offspring from 4 to 8 litters. The right panel shows representative examples 
of western blots with the protein bands of 44 (upper) and 42 kDa (lower). The 42-kDa band was used for quantification. *p < .05, **p < .01, 
***p < .001 compared with vehicle, †p < .05 compared with methadone, one-way ANOVA followed by Tukey‘s post hoc test

F I G U R E  5  Expression of β-actin in the cerebrum during development (PND 1–21) and in the hippocampus from young adult offspring (PND 
77) prenatally exposed to vehicle (Veh), methadone (Met), or buprenorphine (Bup). The value of each methadone and buprenorphine sample was 
normalized to the average of the vehicle-exposed samples on the same blot (% of vehicle) and are shown as mean ± SEM. n = 5–9 offspring from 4 
to 8 litters. The right panel shows representative examples of western blots with the protein band of 43 kDa that was used for quantification
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DAMGO binding was caused by remaining opioids in the 
samples.

Neither methadone nor buprenorphine affected the cere-
bral NMDAR binding in the offspring. Recently, we reported 
similar findings in the cerebellum from chicken embryos ex-
posed to methadone on embryonic days 13 and 14 (Fjelldal 
et al., 2019). However, we also found that continuous gesta-
tional exposure to buprenorphine, but not methadone, reduced 
the cerebellar expression of the NMDAR subunit GluN2B 
in 14-day-old rat offspring (Fjelldal et  al., 2019). This was 
surprising as buprenorphine does not bind to the NMDAR, 
while methadone acts as an NMDAR antagonist (Garrido & 
Troconiz, 1999; Robinson, 2002a). It is well known that MOR 
and NMDAR co-localize on single neurons in many regions 
of the CNS (Rodriguez-Munoz, Sanchez-Blazquez, Vicente-
Sanchez, Berrocoso, & Garzon,  2012; Trujillo, 2002), and 
previous studies indicate that some of the adverse effects seen 
in offspring prenatally exposed to methadone or morphine 
can be prevented by co-administration of the NMDAR antag-
onist dextromethorphan (Chiang et al., 2015; Tao, Yeh, Su, & 
Wu, 2001). Although we did not observe any changes in the 
NMDAR binding, these previous findings indicate that the 
NMDAR might be involved in some of the effects of prenatal 
exposure to methadone or buprenorphine, probably through 
cross-talk with MORs.

It has been shown that prenatal exposure to methadone 
or buprenorphine decreases the level of brain-derived neu-
rotrophic factor and affects neurotransmitter biosynthesis, 
neurogenesis, cell proliferation, and myelination in the rat 
pup brain the first two weeks after birth (Robinson, 2002b; 
Sanchez et  al.,  2008; Vestal-Laborde et  al.,  2014; Wu 
et al., 2014). In the present study, we examined the effect of 
prenatal opioid exposure on the activation of CaMKII and 
ERK, two proteins that are central in the downstream sig-
naling pathways of the MOR (Al-Hasani & Bruchas, 2011; 
Williams, Christie, & Manzoni, 2001) and critically involved 
in neuronal and glial maturation (Kennedy, 2000; Rongo & 
Kaplan, 1999; Samuels, Saitta, & Landreth, 2009), as well 
as in the processes of learning and memory (Frankland, 
O'Brien, Ohno, Kirkwood, & Silva,  2001; Peng, Zhang, 
Zhang, Wang, & Ren,  2010). The buprenorphine-exposed 
pups displayed reduced activation of CaMKII one week after 
birth. Similar findings have been reported in the hippocam-
pus from 4-week-old rats prenatally exposed to morphine 
(Nasiraei-Moghadam et al., 2013).

The methadone-exposed offspring displayed reduced 
phosphorylation of ERK in the cerebrum at two weeks of 
age. No such effect was observed in the buprenorphine-ex-
posed offspring, which is different from the findings of Hung 
et  al.  (2013) who reported reduced pERK in the cortex of 
3-week-old rat pups prenatally exposed to daily injections 
of buprenorphine. Wu and colleagues have reported reduced 
phosphorylation of ERK in prefrontal cortex in 7-week-old 

rat offspring after maternal exposure to daily injections of 
buprenorphine during gestation (Wu et al., 2017). Our studies 
in the hippocampus of young adult rat offspring previously 
shown to display impaired cognitive functioning (Kongstorp 
et al., 2020) revealed increased activation of ERK. To date, 
a possible relationship between increased hippocampal ERK 
phosphorylation and cognitive impairments remains unex-
plored. However, excessive ERK activation has been asso-
ciated with increased GABA release and reduced long-term 
potentiation in mice (Costa et  al.,  2002; Cui et  al.,  2008), 
which could be a possible mechanism involved in the ob-
served learning and memory deficits in the methadone- and 
buprenorphine-exposed rats.

In accordance with previous studies (Field, McNelly, & 
Sadava, 1977; Zagon & McLaughlin, 1977a, 1977b, 1978), 
we found that prenatal exposure to methadone reduced brain 
weight in two-week-old rat pups. While we did not observe 
any effect of buprenorphine, other studies have reported re-
duced offspring brain weight also following maternal expo-
sure to daily injections of buprenorphine (Hung et al., 2013; 
Wu et al., 2017). In humans, neuroimaging studies of chil-
dren born to mothers using opioids during pregnancy have 
indicated reduced brain volume compared with non-exposed 
children (Walhovd et al., 2007; Yuan et al., 2014), which has 
been associated with poorer cognitive performance later in 
life (Peterson et al., 2000).

One limitation of the present study is the use of the ce-
rebrum to study receptor binding and protein expression 
during development, as this does not allow for detection 
of regional specific alterations, as previously reported for 
MOR binding (Vathy, Slamberova, Rimanoczy, Riley, & 
Bar,  2003), and expression of myelin proteins in rats pre-
natally exposed to opioids (Oberoi et  al.,  2019). Another 
limitation is that the number of animals did not allow us to 
examine sex differences, which have been reported by others 
after in utero exposure to opioids, both in respect to neurobi-
ological mechanisms and behavioral effects (Daly, Hughes, 
& Woodward,  2012; Gholami et  al.,  2020; Rimanoczy & 
Vathy, 1995; Vathy et al., 2003).

In conclusions, the present study shows that prenatal ex-
posure to methadone or buprenorphine affects opioid recep-
tors and downstream signaling in the rat offspring brain. We 
report decreased MOR binding and reduced activation of 
CaMKII and ERK the first two weeks after birth. Moreover, 
the ERK activation was increased in the hippocampus at 
young adult age. Our findings suggest that prenatal exposure 
to exogenous opioids such as methadone or buprenorphine 
may disturb the endogenous opioid system during develop-
ment, with long-term effects on proteins important for cogni-
tive functioning.
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