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Methadone directly impairs central 
nervous system cells in vitro
Cristian De Gregorio 1,8, Javiera Gallardo 2,8, Pablo Berríos‑Cárcamo 2,8, Álex Handy 3, 
Daniela Santapau 2, Antonia González‑Madrid 2, Marcelo Ezquer 2, Paola Morales 4, 
Alejandro Luarte 5,6, Daniela Corvalán 5,6, Úrsula Wyneken 5,6 & Fernando Ezquer 2,7*

Methadone is a synthetic long-acting opioid that is increasingly used in the replacement therapy of 
opioid-addicted patients, including pregnant women. However, methadone therapy in this population 
poses challenges, as it induces cognitive and behavioral impairments in infants exposed to this opioid 
during prenatal development. In animal models, prenatal methadone exposure results in detrimental 
consequences to the central nervous system, such as: (i) increased neuronal apoptosis; (ii) disruption 
of oligodendrocyte maturation and increased apoptosis and (iii) increased microglia and astrocyte 
activation. However, it remains unclear whether these deleterious effects result from a direct effect 
of methadone on brain cells. Therefore, our goal was to uncover the impact of methadone on single 
brain cell types in vitro. Primary cultures of rat neurons, oligodendrocytes, microglia, and astrocytes 
were treated for three days with 10 µM methadone to emulate a chronic administration. Apoptotic 
neurons were identified by cleaved caspase-3 detection, and synaptic density was assessed by the 
juxtaposition of presynaptic and postsynaptic markers. Apoptosis of oligodendrocyte precursors 
was determined by cleaved caspase-3 detection. Oligodendrocyte myelination was assessed by 
immunofluorescence, while microglia and astrocyte proinflammatory activation were assessed by 
both immunofluorescence and RT-qPCR. Methadone treatment increased neuronal apoptosis and 
reduced synaptic density. Furthermore, it led to increased oligodendrocyte apoptosis and a reduction 
in the myelinating capacity of these cells, and promoted the proinflammatory activation of microglia 
and astrocytes. We showed that methadone, the most widely used drug in opioid replacement therapy 
for pregnant women with opioid addiction, directly impairs brain cells in vitro, highlighting the need 
for developing alternative therapies to address opioid addiction in this population.

Keywords  Methadone, Neurodegeneration, Opioid addiction, Brain damage, Neuroinflammation, Opioid 
substitution therapy

Opioid Use Disorder (OUD) is a medical condition characterized by problematic and uncontrolled use of opi-
oids, commonly prescribed for relieving acute and chronic pain. Beyond their potent analgesic effects, opioid 
consumption induces a profound sense of euphoria and well-being, making them highly addictive substances1. 
According to the United Nations World Drug Report 2020, over 19.4 million people worldwide suffer from 
OUD, resulting in more than 120,000 annual deaths, constituting two-thirds of all drug overdose fatalities2. 
Furthermore, in the United States and Europe, opioids are considered the most problematic drugs, driving 60% 
of the total demands for drug treatment3,4. This concerning trend is also emerging in South America countries, 
representing a severe issue with profound economic, social and public health consequences2.

Globally, one-third of individuals with OUD are women, and 80% of them are in the reproductive age5. 
Consequently, the incidence of newborns delivered by mothers addicted to opioids has quadrupled over the last 
decade in the United States, accounting for 5 per 1000 live births6, with 7% of routine maternal testing showing 
positive for opioids at the time of delivery7. Currently, the only therapy approved by the United States Food and 
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Drug Administration (FDA) for treating OUD, including pregnant women with OUD, involves replacing the 
abused short-acting opioid, such as fentanyl, morphine, or heroin, with a safer, long-acting synthetic opioid, 
such as methadone, administered under medical supervision. The final goal of this Opioid Replacement Therapy 
(ORT) is to avoid the harmful effects of opioid withdrawal symptoms and mitigate risky behaviors associated 
with relapse or overdose8. Indeed, opioid abstinence in pregnant women with OUD is strongly discouraged due 
to elevated risk associated with detoxification during pregnancy, including high rates of relapse, overdose death, 
and extreme maternal stress, potentially harming the fetus9–11. However, this replacement therapy also presents 
significant challenges because methadone readily crosses the placenta, resulting in short- and long-term altera-
tions in the developing brain prenatally exposed to this opioid12–14.

Several reports have indicated that children exposed to methadone during prenatal development face an 
elevated risk of experiencing both acute and long-term neurodevelopmental impairments. Infants between one 
and three months of age who have experienced in utero exposure to methadone exhibited white matter lesions, 
congenital structural malformations, and reduced brain volume15. In a later stage of development (2-year-old), 
these infants showed lower scores in motor and cognitive tests, including impairment in linguistic skills16. Addi-
tionally, they demonstrated poor regulation in crucial aspects such as self-control, emotions, feeding, learning, 
memory and sensory processing16,17, which may be directly correlated with reduced brain volume and neuronal 
death compared to infants not exposed to methadone18. In fact, prenatal exposure to methadone has been linked 
to lower cognitive scores, reduced learning capacity, impaired short- and long-term memory, and increased 
anxiety in later developmental stages16,17,19,20.

Several of the cognitive and behavioral alterations previously mentioned have also been observed in animal 
models of in utero methadone exposure. For example, young rats prenatally exposed to methadone exhibit 
deficits in cognitive function, with a decrease in spatial learning and recognition memory compared to control 
animals21. Similarly, exposure to methadone during gestation and lactation significantly increased anxiety in 
juvenile rats22. In these animal models, researchers have also evaluated the effects of methadone on central nerv-
ous system (CNS) cells, including neurons, oligodendrocytes, microglia and astrocytes.

At the cellular level, structural and functional alterations identified in the brains of animals exposed to 
methadone in utero include: (i) increased neuronal apoptosis and reduced neurogenesis23; (ii) disruption of the 
maturation and induction of apoptosis of oligodendrocytes, responsible for producing myelin that surrounds 
neuronal axons, resulting in altered myelination24; and (iii) proinflammatory activation of microglia and astro-
cytes, the immune cells of the CNS, in specific brain regions including the hippocampus and prefrontal cortex25. 
These cellular alterations are considered key contributors to the cognitive and behavioral impairments commonly 
observed in animal models exposed to methadone in utero25,26.

Despite these findings in the brain of animals prenatally exposed to methadone, the understanding of whether 
these impairments result from methadone-induced signaling cascades over different neural cell types, instead 
of a consequence of secondary insults of methadone toxicity, remain to be studied. To explore these aspects, we 
utilized highly enriched primary cultures of rat neurons, oligodendrocytes, microglia, and astrocytes during the 
mid-to-late period of brain development. Each cell type was treated individually with methadone for three days 
to mimic the chronic methadone exposure of fetal brain cells in the opioid replacement therapy for pregnant 
women. Under this methadone exposure paradigm, we assessed the direct impact of this drug on cell survival 
and cell function. Data indicated that methadone exposure significantly alters the survival and functionality of 
isolated cells, suggesting that new therapies to reduce methadone brain ailments would need to address neuron, 
oligodendrocytes, microglia, and astrocyte toxicity, emphasizing the importance of finding new non-opioid 
based pharmacotherapies for OUD in pregnant women.

Results
To explore the autonomous cellular effects of methadone on different neural cell types during brain development, 
we established highly enriched primary cell cultures. Neurons were obtained from the brain of rat embryos at 
embryonic day 18 (E18), while astrocytes, microglia and oligodendrocytes were purified from the brain of rats 
at postnatal day 0 (P0). Immunofluorescence analysis, utilizing well-established molecular markers, revealed 
purities ranging from 88 to 97% in each of these primary cultures (Supplementary Fig. 1).

Previous research has reported that plasma concentration of methadone in pregnant women undergoing 
opioid replacement therapy falls within the range of 1–2 μM27,28. However, the degree of methadone exposure of 
fetal brain cells might be higher than the observed in plasma as methadone levels have been shown to be signifi-
cantly increased in the fetal brain compared to the mother brain in a rat model of prenatal methadone exposure29, 
suggesting specific fetal brain accumulation. Furthermore, in vitro studies using either primary cultures or cell 
lines derived from human or rodents, have employed a broad range of methadone concentrations from 0.1 to 100 
µM30–32. Thus, there is a notable gap in the literature regarding the dose that is relevant for methadone exposure 
on primary cultures of neurons, oligodendrocytes, microglia, and astrocytes. Therefore, we first studied the 
dose–response effects of methadone on cell viability in brain-derived primary cultures, conducting CellTiter-
Blue assays. Neurons, oligodendrocytes, microglia, and astrocytes were incubated for three days with increasing 
concentrations of methadone to determine the concentration were cell viability is inhibited by 50% (IC50) for 
each cell type. Intriguingly, all IC50 values consistently fell within the same concentration range (20–50 µM), 
Fig. 1, close to the physiologically relevant concentration discussed above, suggesting that methadone effectively 
induces an autonomous-cellular toxic response. Based on these results, we opted for a 10 μM methadone dose, 
which is below the IC50 for all cell types, to assess the functional and morphological responses of each cell type 
after three days of methadone exposure, aiming to emulate a chronic methadone exposure scenario for fetal 
brain cells during opioid substitution therapy in pregnant women.
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Methadone triggers neuronal apoptosis and reduces synaptic density in primary neurons 
in vitro
Previous studies have shown that opioid exposure, including methadone, significantly decreases the number of 
mature neurons in the hippocampus and prefrontal cortex in vivo33,34, and impair synaptic transmission in corti-
cal organoids in vitro35. To investigate the direct impact of methadone treatment on neuronal viability and syn-
aptic structure establishment, we modeled a chronic methadone exposure (three days in vitro) using rat primary 
cortical neurons. Data showed that methadone treatment increased the levels of cleaved caspase-3 (cCaspase-3), 
compared with vehicle-treated cells, evaluated by Western Blot, indicating a significant rise in the neuronal apop-
totic population (Fig. 2A,B; Supplementary Fig. 2). We also evaluated the co-expression of cCaspase-3 and the 
neuronal marker βIII-tubulin by immunofluorescence. The analysis confirmed that methadone-treated neuron 
cultures exhibited a significant increase in neuronal apoptosis compared to vehicle-treated neurons (Fig. 2C,D).

Prior research utilizing cortical organoids has indicated that exposure to methadone may lead to impair-
ments in synaptic transmission31,35,36. To thoroughly investigate methadone’s influence on synaptic structure, we 
employed immunofluorescent staining to detect proteins localized at presynaptic and postsynaptic sites (spe-
cifically, Synaptophysin and PSD-95, respectively) in mature neurons (16 days post-culturing). In a functional 
synapse, these presynaptic and postsynaptic proteins are typically juxtaposed at a nanometric scale, a detail that, 
while not entirely resolvable via confocal microscopy, manifests as colocalizing areas or puncta. Our analysis 
revealed that neurons exposed to methadone exhibited a significant decrease in the quantity of these colocal-
izing puncta, in comparison to vehicle-treated neurons (Fig. 3A,B). Additionally, there was a marked reduction 
in the colocalization area between the two markers in methadone-treated neurons (Fig. 3C). Collectively, these 

Figure 1.   Methadone-induced IC50 in highly purified cortex-derived primary cells cultures. Different cell type 
cultures from the CNS were subjected to increasing methadone concentration (ranging from 0.3 to 300 µM) 
for three days, and cell viability was assessed using CellTiter-Blue analysis. Fluorescence plots illustrate the 
dose–response impact of methadone on cell viability in neurons (A), oligodendrocytes (B), astrocytes (C), and 
microglia (D) cultures. The IC50 values for each cell type were determined adjusting the data to a non-linear 
equation of methadone concentration vs. normalized response. Plots display the mean fluorescence ± SEM. 
Assays were conducted with 3 different biological replicates with 6 technical replicates each.
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findings indicate that methadone treatment correlates to an increase in neuronal apoptosis and a decrease in the 
total number of synaptic contacts in cortical neurons.

Methadone induces oligodendrocyte apoptosis and reduces the oligodendrocyte‑myelinating 
population
Oligodendrocytes, responsible for producing myelin in the CNS, are susceptible to the effects of opioids, leading 
to increased cell apoptosis and diminished myelination capacity, which can result in cognitive impairments24,37. 
Previous studies have suggested that activated microglia, through the secretion of pro-inflammatory molecules, 
may impact the differentiation potential and survival of oligodendrocytes38,39. However, there is limited infor-
mation available on whether methadone can directly affect oligodendrocytes in a cell-autonomous manner.

In our analysis, purified oligodendrocyte cultures exhibited a low level of oligodendrocyte precursors cells 
(OPCs, defined as NG2+ cells), constituting a population of less than 5% of total Oligodendrocyte Specific Protein 
(OSP) positive cells (pan-oligodendrocyte marker40; data not shown), but were highly enriched in pre-myeli-
nating oligodendrocytes, detected by the expression of the O4 marker41 (Supplementary Fig. 3). Consequently, 
our focus was directed towards assessing whether methadone treatment exerts a direct impact on the viability 
of differentiated oligodendrocytes, rather than OPCs.

Figure 2.   Chronic methadone treatment induces apoptosis of primary neurons. Six-day-old primary neuronal 
cultures were treated for three days with either 10 μM methadone or vehicle. (A) Representative Western Blot 
analysis showing an increased abundance of cCaspase-3 in methadone-treated neurons, with total caspase-3 
and β-actin as housekeeping proteins. (B) Densitometric analysis from Western Blot in (A) expressed as fold 
change. Data are presented as MEAN ± SEM of three independent cultures. ***p < 0.001 Student’s T-test. (C) 
Representative confocal microscopy images confirm co-expression of cCaspase-3 (red) with the neuronal 
marker βIII-tubulin (green). Nuclei were counterstained with DAPI (blue). Scale bar = 50 µm. White arrows 
indicate cCaspase-3+/βIII-tubulin+ cells. (D) Quantification of double-positive cells (cCaspase-3+, βIII-tubulin+) 
for the images depicted in (C). Data are presented as mean ± SEM of three independent cultures. In total, ~ 1200 
neurons were quantified for each condition. **p < 0.01 Student’s T-test.
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Oligodendrocyte cultures were incubated for three days with 10 µM methadone or vehicle, and an immuno-
fluorescence assay was performed to detect apoptotic oligodendrocytes. Data revealed a significant increase in 
cCaspase-3 levels in O4+ oligodendrocytes following chronic methadone treatment (Fig. 4), providing evidence 
of increased apoptotic cell death, and underscoring the direct impact of this opioid on the viability of pre-
myelinating oligodendrocytes.

Additionally, evidence supports a role of the endogenous opioid system in regulating myelination42. To assess 
whether methadone directly impairs oligodendrocyte maturation, cells were incubated for three days with either 
10 μM methadone or vehicle and analyzed by immunofluorescence using different maturation markers for pre-
myelinating (O4) and myelinating (MBP) stages. The changes in maturation of oligodendrocyte cultures were 
evaluated in the presence and absence of the thyroid hormones T3 and T4, known as maturation stimulating 
agents43. Data indicates that methadone does not alter the percentage of O4+ cells (Supplementary Fig. 3); how-
ever, it significantly reduces the myelinating MBP+ population (Fig. 5A,B). Treatment with the pro-myelinating 
hormones T3 and T4 results in a two-fold increase in the myelinating population in vehicle-treated oligodendro-
cytes (from 11.3 ± 1.1% to 22.2 ± 1.5% of total OSP+ cells). Notably, T3/T4 hormone treatment leads to a three-fold 
increase in the MBP+ population in methadone-treated oligodendrocytes (from 4.0 ± 1.1% to 13.1 ± 1.7% of total 
OSP+ cells) (Fig. 5A,B, representative images of each marker in Supplementary Fig. 4). This result suggests that 
methadone-treated cultures may retain their maturation capacity in vitro, and methadone-induced impairments 
could potentially be reversed by stimulating alternative salvage pathways.

Neuroinflammatory features in methadone‑treated microglia and astrocyte cultures
Given the association between chronic opioid use and the upregulation of proinflammatory cytokines at the 
peripheral level44,45, as well as microglia and astrocyte activation at the brain level46,47, we analyzed the inflamma-
tory status in microglia and astrocytes exposed for three days to either 10 μM methadone or vehicle. An increased 
expression of proinflammatory markers CD11b and CD45 has been associated with microglia activation in sev-
eral neuroinflammatory diseases48. In addition to molecular and functional changes, activated microglia undergo 
significant morphological transformations, with a transition from a quiescent, branched state into an amoeboid 
shape with retracted processes and heightened phagocytic and migratory capabilities49,50. Microglia activation was 
evaluated by immunofluorescence assay to quantify the cell population exhibiting the characteristic amoeboid 

Figure 3.   Chronic methadone treatment reduces synaptic density in mature primary neurons. Thirteen-
day-old primary neuronal cultures were treated for three days with either 10 μM methadone or vehicle. 
(A) Representative confocal slices depict synaptic structures, revealed by the juxtaposition of a presynaptic 
marker puncta (synaptophysin, green) and a postsynaptic marker puncta (PSD-95, red). Scale bar = 10 μm. 
(B) Quantification of colocalizing puncta and (C) quantification of colocalizing area for the images depicted 
in (A). For each experimental condition, 37–48 dendritic fields were analyzed from 10 to 15 neurons. Data are 
presented as mean ± SEM of three independent cultures.**p < 0.01; ***p < 0.001 Mann–Whitney test.
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Figure 4.   Chronic methadone treatment induces apoptosis of primary oligodendrocyte cells. Four-day-old 
primary oligodendrocyte cultures were treated for three days with either 10 μM methadone or vehicle. (A) 
Representative confocal microscopy images showing apoptotic oligodendrocytes, indicated by cCaspase-3 
immunoreactivity (red). Differentiated oligodendrocytes were detected using the O4 antibody (green). Nuclei 
were counterstained with DAPI (blue). Scale bar = 50 µm. White arrows indicate cCasp-3+ O4+ cells. (B) 
Quantification of the cCaspase-3 population, expressed as a percentage of the total oligodendrocyte population 
(O4+ cells). Data are presented as mean ± SEM of three independent cultures. In total, ~ 1000 oligodendrocytes 
were quantified for each condition. **p < 0.01 Student’s T-test.

Figure 5.   Chronic methadone treatment reduces the oligodendrocyte myelinating population. Four-day-old 
primary oligodendrocyte cultures were treated for three days with 10 μM methadone or vehicle in the presence 
or absence of the thyroid hormones T3 and T4 to promote myelination. (A) Representative confocal microscopy 
images showing the myelinating population, visualized through the Myelin Basic Protein marker (MBP, red). 
Nuclei were counterstained with DAPI (blue). Scale bar = 200 µm. (B) Quantification of the MBP+ population, 
expressed as a percentage of the total oligodendrocyte population (OSP+ cells, see Supplementary Fig. 4). Data 
are presented as mean ± SEM of three independent cultures. In total, ~ 2000 oligodendrocytes were quantified for 
each condition. *p < 0.05; **p < 0.01 determined by a one-way ANOVA followed by Tukey post-hoc test.
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phenotype of activated microglia and elevated intensity of pro-inflammatory markers CD11b (CD11bhigh) or 
CD45 (CD45high), compared to the CD11b and CD45 detection in resting state microglia. Data suggests that 
methadone exposure effectively stimulates an inflammatory phenotype of the microglial population compared 
to vehicle-treated microglia (Fig. 6A–D).

Astrocytes are another key player controlling neuroinflammatory cascades51. Previously, using mixed glial 
cultures containing astrocytes and microglia, it was found that endogenous (met-enkephalin) or exogenous 
(morphine) opioids can induce astrocytes activation, evidenced by a transition from a hexagonal to a branched, 
hypertrophic shape under in vitro conditions52–54, often influenced by the proinflammatory molecules secreted 
by activated microglia55. However, in this instance, we want to analyze whether methadone could stimulate 
astrocytic activation at a cell-autonomous level, using highly pure primary astrocyte cultures. Through immu-
nofluorescence analysis, we determined that astrocyte cultures incubated for three days with 10 μM methadone 
exhibited an activated phenotype compared to vehicle-treated cells. This was evidenced by a significant increase 
in the average cell area and in the number of cellular processes per cell (Fig. 7A–C). Additionally, astrocyte acti-
vation was evaluated by quantifying GFAP+ cells showing high levels of the astrocyte activation marker CD3856 
through immunofluorescence. In agreement with previous morphological data, we showed that methadone 
treatment induced a significant increase in the number of CD38high astrocytes compared to vehiche-treated 
cells (Fig. 7D,E). To support our results, the mRNA levels of classic proinflammatory cytokines were compared 
between methadone-treated microglia and astrocytes versus vehicle-treated cells by RT-qPCR. Importantly, for 
these experiments we supplemented microglia cultures with macrophage colony-stimulating factor (M-CSF), a 

Figure 6.   Chronic methadone treatment induces microglial activation. One-day-old primary microglia cultures 
were treated for three days with either 10 μM methadone or vehicle. (A, C) Representative confocal microscopy 
images illustrating microglial activation, evidenced by changes in cellular morphology and the expression of the 
activation-associated markers CD11b (green, A) and CD45 (green, C). Microglial cells were detected using an 
anti-Iba-1 antibody (red). Nuclei were counterstained with DAPI (blue). Scale bar = 50 µm. Arrows indicate the 
presence of microglia expressing high levels of the activation-associated markers and exhibiting an amoeboid 
morphology. (B, D) Quantification of activated microglia based on increased levels of the activation-associated 
markers (CD11bhigh) (B) and CD45high (D), combined with an amoeboid cell morphology. Data are presented 
as mean ± SEM of three independent cultures. In total, ~ 500 microglia were quantified for each condition. 
*p < 0.05; **p < 0.01 Student’s T-test.
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cytokine that promotes microglia homeostasis and resting state, preventing spontaneous activation and helping to 
reduce divergence between independent experiments57–59. For microglia, among the different cytokines evaluated 
we observed a significant ~ 3.5 fold increase in IL6 mRNA levels after a three-day methadone treatment (Fig. 8A). 
On the other hand, the three-day methadone treatment to astrocyte primary cultures failed to show significant 
alterations in proinflammatory mRNA analyses (Fig. 8B). However, due to the higher variability of primary 
cultures we also investigated proinflammatory alterations in microglia (HMC3) and astrocyte (DI TNC1) cell 
lines. Indeed, cell lines treated with the same three-day methadone scheme showed a significant increase in IL6, 
TNFa, and IL8 mRNA levels for HMC3 cells (Fig. 8C) and a significant increase in TNFa and CCL5 mRNA levels 
for DI TNC1 cells (Fig. 8D) compared to vehicle-treated cells. Taken together, these results show that methadone 
directly induces neuroinflammatory activation in isolated microglia and astrocyte cultures.

Methadone reduction of cell viability dependency on opioid receptors activation
To study whether the direct effect of methadone treatment on isolated neurons, oligodendrocytes, microglia, 
or astrocytes was dependent on opioid receptors, we examined whether the co-treatment of methadone with 
the opioid receptor antagonist naloxone for three days could prevent the reduction in cell viability induced by 
methadone. Results show that 100 μM naloxone did not significantly alter methadone-induced viability reduc-
tion at 10 μM or at the IC50 methadone concentrations, in any of the assayed cells (Fig. 9A–D), which suggests 
that methadone affected CNS cell viability via a non-canonical pathway.

Discussion
In this study, we examine for the first time the direct effects of methadone at therapeutically relevant concentra-
tions on single brain cell types, all of which express opioid receptors in the developing CNS60.

Figure 7.   Chronic methadone treatment induces astrocyte activation. One-day-old primary astrocyte cultures 
were treated for three days with either 10 μM methadone or vehicle. (A) Representative confocal microscopy 
images showing astrocyte activation, evidenced by changes in cellular morphology visualized through the Glial 
Fibrillary Acidic Protein marker (GFAP, green). Nuclei were counterstained with DAPI (blue). Scale bar = 50 µm. 
(B–C) Quantification of the astrocyte area (B) and the mean number of astrocytic processes per cell (C). (D) 
Representative confocal microscopy images showing astrocyte activation evidenced by the expression of the 
activation-associated marker CD38 (red) in GFAP + cells (green). (E) Quantification of activated astrocytes 
based on increased levels of activation-associated marker (CD38high), combined with a stellate GFAP+ cell 
morphology. Data are presented as mean ± SEM of three independent cultures. In total, ~ 300 astrocytes were 
quantified for each condition. *p < 0.05; **p < 0.01 Student’s T-test.
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It has been proposed that methadone-induced cognitive and behavioral alterations are associated with func-
tional impairments of the main brain-resident cell types, including neurons, oligodendrocytes, microglia, and 
astrocytes25,35,61–63. In the brain, different cell types are in constant interaction with each other, and they receive 
blood-borne signals, e.g. from the peripheral immune system. Therefore, these alterations could be mediated by 
the direct effects of methadone acting on each individual cell type, but also indirectly by the action on selective 
cell types or by periphery-to brain signaling pathways. For instance, it has been reported that the production of 
proinflammatory cytokines by microglia and astrocytes impairs the differentiation of oligodendrocyte precursor 
cells and increase the apoptosis of mature oligodendrocytes, ultimately leading to decreased myelination64–66. 
Furthermore, the reduction of brain-derived neurotropic factor (BDNF) and insulin-like growth factor-1 (IGF-1) 

Figure 8.   Chronic methadone treatment induces proinflammatory mRNA expression in cultured microglia 
and astrocytes. Primary microglia cultures, primary astrocyte cultures, HMC3 microglia cell line, and DI TNC1 
astrocyte cell line were treated for three days with either 10 μM methadone or vehicle. Comparison of mRNA 
levels of proinflammatory cytokines in methadone-treated primary microglia (A), methadone-treated primary 
astrocytes (B), methadone-treated HMC3 microglia cell line (C), and methadone-treated DI TNC1 astrocyte 
cell line (D), compared to vehicle-treated controls. The expression levels of each target gene was normalized to 
the expression level of GAPDH in the same sample and expressed as fold change relative to the vehicle-treated 
controls. Data are presented as mean ± SEM of three (primary cells) to four (cell lines) independent cultures. 
*p < 0.05; **p < 0.01, ***p < 0.001 ****p < 0.0001 Two-way ANOVA with Šídák’s multiple comparisons test.
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levels, induced by opioid exposure, can negatively impact oligodendrocyte maturation and survival67,68. On the 
other hand, the proinflammatory mediators derived from microglia and astrocytes can directly impact neurons 
by initiating programmed cell death pathways69,70, while oligodendrocyte alterations significantly contribute 
to axon damage and neuronal dysfunction71. Both neuronal and oligodendrocyte death has been linked to the 
impaired ability of activated astrocytes to promote neuronal survival, outgrowth, and synaptogenesis72. In addi-
tion, neurons cultured with activated astrocytes exhibited 50% less synapses compared to neurons grown with 
resting astrocytes72.

Understanding the mechanisms through which methadone impacts fetal brain development is crucial for 
evaluating treatment options for OUD during pregnancy. This understanding can help to identify the specific 
targets of methadone that induce malaise and could potentially minimize adverse effects on the fetus. To achieve 
this goal, the generation and characterization of new models of greater simplicity are highly needed. In this 
context, Wu et al.31. has made significant advancements in studying the neural toxicity of methadone on corti-
cal organoids. This model has been validated as a relevant neuron-glia 3D system for studying nervous system 
development under specific pharmacology treatments31,35,36,73. However, one drawback of this in vitro model is 
that organoids are generated from human induced pluripotent stem cells (hIPSCs), which may not consistently 
emulate the temporal development, cellular differentiation, and multicellular interactions observed during the 
intricate embryonic development of the mammalian brain. Additionally, it is not possible to dissect the inde-
pendent effects that methadone might have on each neural cell type.

Other works conducted by Nylander et al. have investigated the toxic effects of various opioids, such as 
morphine, fentanyl, and methadone, on the viability of immortalized cell lines of neural origin32 and in primary 
mixed cortical cell cultures from rats30,74,75. However, in these mixed cultures, cell type differentiation was not 
performed, making it impossible to analyze the specific toxicity effects of methadone on each specific cell type 
individually.

In this sense, primary cultures of the isolated different brain cell types emerge as a valuable tool for studying 
the direct effects of opioids on these cells. Here, we used highly pure primary cultures of neurons, oligoden-
drocytes, microglia and astrocytes obtained from E18 rat embryos or neonatal rats, which were incubated with 

Figure 9.   Naloxone co-treatment with methadone does not alter methadone-induced viability reduction in 
primary neuron, oligodendrocyte, astrocytes, or microglia cultures. Primary neuron (A), oligodendrocyte (B), 
microglia (C), or astrocyte (D) cultures were co-treated with to 10 µM or their corresponding IC50 methadone 
concentrations and 100 µM naloxone or vehicle, for three days. Cell viability was assessed using CellTiter-Blue 
analysis. Plots display the mean fluorescence normalized to vehicle-treated controls. Data are presented as 
mean ± SEM of 3–4 different biological replicates with 3 technical replicates each. *p < 0.05; **p < 0.01 One-way 
ANOVA with Tukey’s multiple comparisons test.
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methadone for three days. However, whether our isolated cultures of these cells express opioid receptors needs to 
be further discussed. Transcriptome analyses of primary cultures of CNS cells show that their receptor pattern is 
not necessarily replicating what is observed in vivo76. In addition, it has been shown that the different strategies 
to obtain the cultures can alter their protein expression77. Therefore, we opted to include references of studies that 
show opioid receptor expression in cells obtained similarly to the present study. Historically, embryonic rat corti-
cal neurons respond to specific opioid stimulation and antagonism, suggesting their functional expression of mu, 
delta, and kappa-opioid receptors78,79. Astrocytes obtained from P1-2 rat cortices show mRNA expression of mu, 
delta, and kappa-opioid receptors80, respond to morphine and naloxone81, and to delta and kappa-opioid receptor 
agonists82. Oligodendrocyte precursor cells obtained from newborn rat cerebral hemispheres express kappa and 
mu-opioid receptors for at least 30 days of culture83. It has also been shown that rat-derived primary microglia 
cells express mu-opioid receptors and show naloxone-dependent responses after exposure to an opioid agonist84.

In concordance with the literature75, we showed that the IC50 for methadone in neuron, oligodendrocyte, 
microglia, and astrocyte primary cultures ranges between 20 and 50 μM, which is higher than the methadone 
dose commonly detected in the plasma of pregnant women under opioid replacement therapy27,28. This suggest 
that therapeutically relevant methadone concentrations (2–10 μM) do not induce massive cell death in isolated 
primary cultures. Thus, we decided to incubate the different primary cell types with 10 μM methadone for three 
days to emulate opioid replacement therapy in vitro, a methadone treatment scheme also used in organoids 
and mixed cells culture studies30,35. We also showed that a naloxone co-treatment to neuron or glial cultures 
do not alter the viability impairment induced by methadone (either at 10 μM or at methadone IC50 concentra-
tions for each cell type) at a naloxone concentration that has been previously reported to antagonize mu, delta, 
and kappa-opioid receptors85. This suggests that this direct toxic alteration of cell viability after a methadone 
treatment occurs via a non-opioid receptor pathway, such as its activation of acetylcholine receptors86 or others, 
regardless of the brain cell exposed.

Studies in animals exposed to opioids in utero have demonstrated a decrease in the number of mature neurons 
in the cerebral cortex87 and the hippocampus33,34, areas of the brain associated with memory and learning. An 
effect that could be the result of insults secondary to methadone toxic effects. However, for the case of primary 
neurons, we observed that chronic methadone treatment induced a significant increase in cCaspase-3 levels, 
suggesting apoptosis induction.

Additionally, we observed a significant reduction in synaptic density in mature neurons, as evidenced by a 
decrease in colocalizing puncta and colocalizing area of the presynaptic and postsynaptic markers synaptophy-
sin and PSD-95, respectively, consistent with a possible loss of synapses. These findings agree with prior studies 
that show that methadone impacts in vivo synaptic physiology88, alters the composition of the pre- and post-
synaptic components36, and induces the suppression of neuronal function through altered electrophysiological 
properties31 in cortical organoids. Further electrophysiological and electron microscopy studies are needed 
to confirm the direct effects of methadone over the synapse structure and function, and to dissect the specific 
molecular mechanisms associated to these impairments.

Oligodendrocytes, the myelin-producing cells in the CNS, are generated from highly proliferative progenitors 
that undergo several stages of differentiation before becoming mature myelinating cells89. This complex sequence 
of events is subjected to multiple regulatory mechanisms, making the generation of mature oligodendrocytes and 
myelin formation among the most vulnerable processes during brain development90. High-resolution magnetic 
resonance studies of infants with prenatal opioid exposure, including methadone, have demonstrated a significant 
decrease in fractional anisotropy,—a marker of axonal diameter and myelination—in brain regions responsible 
for impulsive control and motivation91,92. Myelin insulation, due to its essential role in the efficient conduction of 
brain impulses, has been directly associated with cognitive abilities, working memory, and anxiety responses93. 
Therefore, hypomyelination may underlie the increased risk of cognitive and behavioral difficulties commonly 
observed in children with prenatal opioid exposure. Accordingly, we observed that the incubation of primary 
oligodendrocyte cultures with 10 μM methadone for three days resulted in a significant increase in the apoptosis 
of pre-myelinating oligodendrocytes and impaired oligodendrocyte maturation. These data agree with previous 
reports in animal models of prenatal methadone exposure showing a significant increase in the apoptosis of 
myelinating oligodendrocytes and impaired differentiation of oligodendrocyte precursor cells24,25, suggesting 
that the maturation process from OPCs to myelinating oligodendrocyte is disturbed by methadone exposure. 
OPCs express mu-opioid receptors during proliferation and maturation, then downregulate mu-opioid expres-
sion and develop kappa-opioid receptors once differentiated83. There is evidence supporting a crucial role of the 
endogenous opioid system in myelination42, providing potential explanation for the direct effects of methadone 
on myelination. However, our oligodendrocyte isolation protocol resulted in a high proportion of differentiated 
pre-myelinating oligodendrocytes (> 95% of the total population). This limitation prevented us from assessing 
whether methadone could be involved in the apoptosis of OPCs and in the maturation step from OPCs (NG2+ 
cells) to differentiated oligodendrocytes41.

Interestingly, we observed that the co-incubation with the promyelinating hormones T3 and T4 leads to a 
three-fold increase in the MBP+ population in methadone-treated oligodendrocytes, suggesting that methadone-
induced impairments could potentially be reversed by stimulating alternative salvage pathways. This finding sug-
gests that co-therapies accompanying opioid replacement therapy could be beneficial in normalizing the reduced 
myelination observed after methadone exposure. For instance, sobetirome, which mimics T3 thyroid hormone 
to promote OPC differentiation and myelin repair in short-term disease settings94, may serve as a methadone 
co-therapy to induce remyelination in the CNS. Remyelination therapies, which target myelin disorders such as 
multiple sclerosis, may also be advantageous as co-therapies with methadone to counteract myelination impair-
ment. In this sense, treatment with the kappa-opioid receptor agonist ( ±)U-50488 significantly enhances differen-
tiation and myelination in purified oligodendrocyte cultures and greatly accelerates the kinetics of remyelination 
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in vivo95. Moreover, (±)U-50488 promotes the differentiation of hIPSCs-derived OPCs95, suggesting that kappa-
opioid receptor agonism is likely to be an effective strategy for remyelination in humans.

While acute opioid administration has been linked to immunosuppression96, chronic opioid administration 
up-regulates pro-inflammatory cytokines at peripheral level44,45, while at central level, it induces microglia and 
astrocyte activation, hallmarks of neuroinflammation97. Although, it was not reported whether microglia and 
astrocyte activation were secondary to the peripheral inflammation or directly produced by central opioid activ-
ity. In our study, we showed that in purified primary cultures of microglia and astrocytes, methadone incubation 
induced morphological and molecular changes indicative of proinflammatory activation, and also that primary 
microglia significantly increased the expression level of IL6. To overcome the more divergent nature of independ-
ent primary cultures that could mask changes, we also studied whether microglia or astrocyte cell lines increased 
their proinflammatory gene expression after the same three-day methadone treatment. We observed significantly 
increased levels of TNFα mRNA for both cell lines, IL6 and IL8 mRNA increases in the microglia cell line, and 
CCL5 mRNA increase in the astrocyte cell line, compared to the respective vehicle-treated cells. Non-classical 
methadone pharmacology may be responsible for this findings, as it directly activates the receptor for foreign 
molecules Toll-like receptor 4 (TLR4), triggering the activation of the NF-κB transcription factor98, leading to the 
expression of proinflammatory molecules46,47. One limitation of the present study is the potential sex-differences 
in the responses induced by methadone incubation. Since neuronal cells were obtained at embryonic day 18 and 
microglia, astrocytes, and oligodendrocyte at post-natal day 0, unequivocal sex determination in these animals 
was difficult to perform. Nevertheless, each culture was obtained from the brains of four animals, likely contain-
ing male and female samples. Further studies could evaluate the direct methadone effect over cells obtained from 
male or female animals since emerging clinical data suggest sex-specific effects in infants including white matter 
injury following prenatal opioid exposure99.

In this study, it has been determined that methadone independently and autonomously affects the four major 
cell types crucial for brain development. This work could serve as a starting point for studying, with greater 
resolution, the acute and chronic events that may be occurring in the neonatal brain in response to prenatal 
opioid exposure. The characterization performed in this study could be extrapolated to future morphological, 
functional, electrophysiological and pharmacological studies, which could subsequently be complemented with 
2D and 3D co-culture studies to add greater complexity and achieve better resolution of both cell-autonomous 
and non-cell-autonomous specific mechanisms.

Conclusion
Opioid replacement therapy with methadone is the gold-standard treatment for pregnant women with OUD 
because it helps to reduce the return to illicit opioid use since treated pregnant women do not experience 
euphoria or withdrawal symptoms, promoting fetal stability. However, our data using highly purified developing 
brain cells indicated that chronic methadone exposure directly induces (i) neuronal apoptosis and a reduction 
in synaptic density; (ii) oligodendrocyte apoptosis and impaired myelination; and (iii) proinflammatory acti-
vation of microglia and astrocytes. In sum, the presented evidence suggest that therapies aimed to reduce the 
negative consequences of opioid substitution therapy would need to address a direct central effect of methadone 
on neurons, oligodendrocytes, microglia, and astrocytes, emphasizing the importance of finding new pharma-
cotherapies for maternal OUD.

Materials and methods
Animals
Generation of cortex‑derived primary neuronal cultures
To obtain cortical neurons, pregnant Sprague Dawley rats were euthanized using a carbon dioxide (CO2) cham-
ber, in accordance with ARRIVE guidelines, and approved by the Universidad de los Andes Ethical Scientific 
Committee (Protocol CEC2022106). Following established procedures100, rat embryos of 18 days (E18) were 
quickly removed and decapitated. Heads were placed on ice, and brains were collected in sterile cold phosphate 
buffered saline (PBS). For each culture, forebrain hemispheres were separated, meninges removed, and brain 
cortices of 4 embryos, likely containing male and female samples were isolated, collected in dissection media 
composed of 1X HBSS (Gibco) and 1 M HEPES buffer (Gibco), and digested with 0.25% trypsin (Gibco) for 
15 min at 37 °C in a 5% CO2 humidified incubator. Following digestion, tissues were washed three times with 
plating media, corresponding to Minimum Essential Medium (MEM, Gibco) supplemented with 10% horse 
serum (HS, Gibco), 1 mM sodium pyruvate (Gibco) and 0.6% w/v glucose (Sigma-Aldrich). Cortical tissue was 
triturated and dissociated using Pasteur pipettes. Finally, the cell suspension was seeded at a density of 75,000 
cells/cm2 on 96-well plates or 26,000 cells/cm2 on 12 mm coverslips (pre-coated with 10 µg/mL poly-d-lysine, 
Gibco) in plating medium. After 3 h, the culture medium was removed, and neurons were maintained in Neu-
robasal Medium (Gibco) supplemented with 2% B27 (Gibco), 1X Glutamax (Gibco), 0.6% p/v glucose, penicil-
lin–streptomycin (10,000 units/ml, Gibco), and 2.5 µg/mL amphotericin B (Corning) in a 5% CO2 humidified 
incubator at 37 °C. The medium was replaced every 3 days.

Generation of cerebral cortex‑derived primary glial cultures
To obtain the three main types of glial cells—microglia, oligodendrocytes, and astrocytes—we took advantage of 
their differential adherence properties. Mixed primary cultures of microglia, oligodendrocytes, and astrocytes 
were derived from the brain hemispheres of Wistar neonatal rats at post-natal day 0 (P0). All protocols were in 
accordance with ARRIVE guidelines, and approved by the Ethics Committee for experimentation with labora-
tory animals at the Medical Faculty, Universidad de Chile (Protocol CBA0943 FMUCH). After removing the 
meninges, the cortical tissue was collected from four pups, likely containing male and female samples. Tissue 
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was minced and enzymatically digested with 0.25% trypsin (Gibco) for 15 min at 37 °C. Then, tissue was treated 
with DNase I (Roche) at 60 µg/mL and mechanically disaggregated 20 times with a 5 mL serological pipette. 
Brain homogenate was allowed to decant, and after 5 min cell suspension was collected. This step was repeated 
once. The obtained cell suspension was centrifuged at 300 g for 15 min at room temperature. The cell pellet was 
resuspended in a medium composed of Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco), supplemented 
with 10% fetal bovine serum (FBS, Hy-Clone), and 0.2% gentamicin (Sanderson), and evenly distributed among 
four T75 flasks. The culture medium was changed the following day and subsequently every 3 days.

After 12 days of culture, microglia were the first cell population purified from the primary mixed glial cul-
ture. The flasks were placed on an orbital shaker at 200 rpm for 1 h at 37 °C. The culture medium was collected 
and centrifuged at 600 g for 5 min, while fresh medium was added to the cells remaining in the culture flasks. 
The resulting pellet enriched in microglial cells was seeded at a density of 75,000 cells/cm2 on 96-well plates, or 
26,000 cells/cm2 on 12 mm covers (pre-coated with 10 µg/mL poly-d-lysine) in DMEM supplemented with 1% 
FBS and 0.2% gentamicin. T75 flasks with fresh medium were mounted again on the orbital shaker for another 
21 h at 200 rpm and 37 °C to separate oligodendrocytes from the remaining astrocyte layer. The cell suspension 
was collected and centrifuged at 600 g for 5 min. The resulting pellet containing oligodendrocytes was seeded 
at a density of 75,000 cells/cm2 on 96-well plates or 26,000 cells/cm2 on poly-D-lysine pre-treated coverslips in 
Neurobasal medium supplemented with 2% B27. After collecting microglia and oligodendrocytes, the astrocyte 
layer, that remains tightly adhered to the culture flask, was subjected to trypsinization. Cells were centrifuged at 
600 g for 5 min and seeded at a density of 75,000 cells/cm2 on 96-well plate or 26,000 cells/cm2 on 12 mm covers 
in DMEM supplemented with 1% FBS and 0.2% gentamicin.

Evaluation of primary cell cultures purity by immunofluorescence
Primary cell cultures underwent two washes with phosphate buffered saline (PBS), followed by fixation using 4% 
paraformaldehyde (PFA, Merck) in PBS for 20 min at 37 °C. Subsequently, cells were washed three times with 
PBS, permeabilized with 0.2% Triton X-100 (Sigma-Aldrich) in PBS and blocked with 5% fish gelatin (Merck) 
for 1 h at room temperature. Cell samples were incubated with primary antibodies (Supplementary Table 1) at 
4 °C overnight. Samples were washed four times with 0.1% Tween-20 (Sigma-Aldrich) in PBS and incubated 
with secondary antibodies (Supplementary Table 1) for 2 h at room temperature. Subsequently, they were washed 
four times with PBS. Nuclei were counterstained with DAPI (Sigma-Aldrich) and the samples were mounted 
with fluorescence mounting medium (Dako). Images were acquired in a Fluoview FV10i confocal microscope 
(Olympus), using Z-stack with 1 μm interval. 3D reconstruction (Z-stack) and image analysis were performed 
using Fiji software (NIH). To assess cell purity, positive cells for each lineage marker were counted relative to the 
total number of cells (DAPI+ cells). At least 20 fields for each experimental condition were analyzed.

Determination of primary cell cultures viability after methadone treatment
Neurons, oligodendrocytes, microglia , and astrocytes were seeded at a density of 75,000 cells/cm2 in 96-well 
plates, as described above. Cells were treated for three days with increasing concentrations of methadone ranging 
from 0.1 to 300 µM. The methadone treatment was renewed every 24 h. Cell viability was measured using the 
resazurin-based CellTiter-Blue assay (Promega). Hence, immediately after finalizing the methadone incubation, 
20 μl of CellTiter-Blue reagent was added to each well according to the manufacturer’s instructions. For neurons, 
astrocytes, and oligodendrocytes, the fluorescence was measured after 1.5-h incubation with CellTiter-Blue, using 
a microplate reader (Turner Biosystems) at excitation/emission wavelengths of 525/580–640 nm. Conversely, 
for microglia cultures, a 24-h incubation period with CellTiter-Blue was required to assess their viability due to 
a slower resazurin conversion.

Evaluation of neuronal apoptosis
To assess neuronal apoptosis, 6 days-old neuronal cultures were incubated in Neurobasal/2% B27 medium sup-
plemented for three days with either 10 μM methadone or vehicle, with methadone renewal every 24 h. Neuronal 
apoptosis was evaluated measuring cleaved caspase-3 (cCaspase-3) by Western Blot and immunofluorescence. 
For Western Blot analysis, total proteins were extracted using RIPA buffer (Thermo‐Fisher) containing pro-
tease inhibitors. 25 μg of proteins were used to examine the level of cCaspase-3 and total Caspase-3. The same 
membranes were assessed for β‐actin immunoblotting as loading control (Supplementary Table 1). Reactive 
bands were detected using the Odyssey Imaging System (LI‐COR) and quantified using the Image Studio Lite 
5.2 software. For immunofluorescence evaluation, cell samples were double labeled with anti-cCaspase-3 anti-
body for detecting apoptotic cells, and anti-β-III tubulin as a neuronal marker (Supplementary Table 1). Images 
were captured in a Fluoview FV10i confocal microscope, and image analysis and Z-stack reconstruction were 
performed using Fiji software. Neuronal apoptotic cells were defined as cCaspase-3+ and β-III tubulin+ cells and 
were expressed as % of total neuronal population.

Evaluation of synaptic density in mature primary neurons
To assess synaptic density, 13-day-old neuronal cultures were incubated for three days in Neurobasal/2% B27 
medium supplemented with either 10 µM methadone or vehicle, methadone was renewed every 24 h. After this 
period, neuronal cultures were fixed, permeabilized, and blocked as described above. Cell samples were incubated 
with PSD-95 (postsynaptic) and synaptophysin (presynaptic) antibodies (Supplementary Table 1) to determine 
the number of pre- and post-synaptic clusters by immunofluorescence. Images were captured using a Fluoview 
FV10i confocal microscope, and image analysis and Z-stack reconstruction were performed using Fiji software. 
Images were deconvolved with the software deconvolutionlab2 as previously reported101. Point spread function 
(PSF) was obtained from the confocal stacks of analyzed images for each fluorescent channel by using the FIJI 
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command “extract PSF”. Then, the Richardson-Lucy algorithm was used to deconvolve images with 15 itera-
tions for each channel of both synaptic proteins. A fixed region of interest (ROI) of all the dendrites proximal to 
the neuronal cell bodies were analyzed for each neuron. Only the most intense confocal slice (1 µm width) for 
both synaptic proteins was analyzed. From selected confocal slices, a binary mask to highlight synaptic puncta 
was independently stablished for both PSD-95 and Synaptophysin fluorescent channels. The average number of 
colocalizing PSD-95/Synaptophysin puncta was normalized by the corresponding ROI area. Finally, the aver-
age area covered by the overlapping pixels in each colocalizing puncta was quantified (PSD95/Synaptophysin 
colocalizing area).

Determination of apoptosis in oligodendrocytes
4-days-old oligodendrocytes cultures were incubated for three days in Neurobasal/2% B27 medium supple-
mented with either 10 μM methadone or vehicle, methadone was renewed every 24 h. After that period, oli-
godendrocyte cultures were fixed, permeabilized and blocked as described above. Cell samples were incubated 
with anti-cCaspase-3 antibody for detecting apoptotic cells (Supplementary Table 1). Images were captured in 
a Fluoview FV10i confocal microscope, and image analysis and Z-stack reconstruction were performed using 
Fiji software. Apoptotic oligodendrocytes were defined as cells positive for both cCaspase-3+ and O4+ (marker 
for differentiated oligodendrocytes41), and expressed as a percentage of total O4+ cells. At least 20 fields for each 
experimental condition were analyzed.

Evaluation of oligodendrocyte myelination capacity
4-Days-old oligodendrocyte cultures were incubated for three days in Neurobasal/2% B27 medium (Gibco) 
supplemented with either 10 μM methadone or vehicle in the presence or absence of the thyroid hormones 
3,3′,5-Triiodo-l-thyronine (T3, Sigma-Aldrich) and l-Thyroxine (T4, Santa Cruz Biotechnology) at a final con-
centrations of 20 ng/mL to promote oligodendrocyte myelination as described previously43,102. Methadone, T3 
and T4 treatments were renewed every 24 h. After this period, oligodendrocyte cultures were fixed, permeabi-
lized and blocked as described above. Cells were incubated with Myelin Basic Protein marker (MBP), a major 
component of the myelin sheath, and Oligodendrocyte Specific Protein (OSP), a specific oligodendrocyte marker 
(Supplementary Table 1). Images were captured using a Fluoview FV10i confocal microscope, and image analysis 
were performed using Fiji software. Myelinating oligodendrocytes were defined as MBP+ and OSP+ cells, and 
expressed as a percentage of the total oligodendrocyte population (OSP+ cells). At least 20 fields for each experi-
mental condition were analyzed.

Determination of microglia and astrocyte activation
One-day-old microglia and astrocyte cultures were incubated for three days in DMEM/1%FBS/0.2% gentamicin 
supplemented with either 10 μM methadone or vehicle, media that was renewed every 24 h. After that period, 
cells were fixed, permeabilized and blocked as described above. Cell samples were incubated with anti GFAP 
antibody as an astrocyte marker, with anti-CD38 antibody as astrocyte activation marker56, and phalloidin for 
evaluating astrocyte morphology (Supplementary Table 1). Astrocyte cell area and the mean number of processes 
per cell (defined as a protrusion ≥ 20 µm-length) were quantified using Fiji software. Astrocyte activation was 
also evaluated by quantifying the number of CD38high GFAP+ astrocytes with an activated-like morphology (at 
least 1 protrusion ≥ 20 µm-length). For assessing microglia activation, microglia cultures were incubated with 
anti-CD11b and anti-CD45 antibodies. Iba-1 was used as a general microglia marker (Supplementary Table 1). 
Images were captured in a Fluoview FV10i confocal microscope, and image analysis and 3D reconstruction were 
performed using Fiji software. Activated microglia were defined as Iba-1+ cells expressing high levels of CD11b 
or CD45 markers (CD11bhigh or CD45high), and amoeboid morphology as previously reported48. Cell population 
was determined as a percentage of total Iba-1+. At least 20 fields for each experimental condition were analyzed.

Determination of mRNA levels of pro‑inflammatory molecules by RT‑qPCR
One-day-old microglia and astrocyte cultures were seeded in 12-well plates and incubated for three days in 
DMEM/1%FBS/0.2% gentamicin supplemented with either 10 μM methadone or vehicle, renewed every 24 h. 
Microglia media was also supplemented with M-CSF 20 ng/mL (Miltenyi) to prevent spontaneous activation. 
HMC3 (inmortalized human microglia, CRL-3304, ATCC) and DI TNC1 (inmortalized P1 rat astrocytes, CRL-
2005, ATCC) cell lines were seeded at a density of 40.000 cells per well in 6-well plates to avoid overgrow and 
treated for three days using the same culture conditions as the primary cultures. Then, cells were washed and 
resuspended in 500 μL Trizol (Invitrogen). The aqueous layer containing the RNA was obtained by the addi-
tion of chloroform (Merck) and a 12,000×g, 15 min, 4 °C centrifugation, collected in new tubes, and 20 μg of 
molecular-grade glycogen (Invitrogen) was added to each sample. Then, the addition of isopropanol (Merck) 
and a 20-min incubation at − 20 °C was performed to promote RNA precipitation. Samples were centrifuged at 
12,000×g, for 10 min at 4 °C, and an RNA pellet was obtained. Pellets were washed using 75% ethanol, resus-
pended in 12 μL RNAse/DNAse free water (Invitrogen), and stored at − 80 °C. One μg of RNA was used for the 
cDNA synthesis with M-MLV Reverse Transcriptase (Invitrogen). The expression levels of the proinflammatory 
molecules IL6, TNFa, IL-1β, IL8, MCP1 and CCL5 were determined by RT-qPCR using SYBR green (Brilliant II 
SYBR green master mix, Agilent) and QuantStudio 12K Flex (Thermo-Fisher) equipment. Data were normalized 
to the mRNA levels of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Primer sequences are listed in 
Supplementary Table 2.
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Determination of the dependency of opioid receptors on methadone’s effect on cell viability
Neurons, oligodendrocytes, microglia , and astrocytes were seeded as described above in 96-well plates. Cells 
were treated for three days with 10 µM methadone or the methadone concentration in which cell viability is 
inhibited by 50% (IC50), obtained in previous three-day viability experiments, and co-treated with the opioid 
receptor antagonist naloxone at 100 µM or with vehicle. The media was renewed every 24 h. Cell viability was 
measured using CellTiter-Blue assay (Promega) as described above.

Statistical analysis
All experiments with primary cultures were conducted with three-to-four biological replicates (obtained from 
independent animals), unless otherwise indicated. When employing image analysis, the specific number of quan-
tified cells was included in the corresponding figure caption. The normal distribution of data was verified using 
Shapiro–Wilk test. To assess the statistical significance of differences between two groups, a two-tailed Student’s 
T-test was applied. For comparisons involving three or more groups, a one-way analysis of variance (ANOVA) 
followed by a Tukey post-hoc test was employed. For RT-qPCR analysis of expression of multiple genes, a two-way 
ANOVA was employed, followed by Šidák’s multiple comparisons test. For non-parametric data Mann–Whitney 
test was used. For methadone dose response viability analyses, half-maximal inhibitory concentrations (IC50) 
were determined by adjusting the data to a non-linear equation of methadone concentration (Log10[Methadone]) 
vs. normalized response, using a variable slope model. P-values less than 0.05 were considered indicative of a 
significant difference. All statistical analyses were performed using GraphPad Prism V.9 software.

Data availability
All data supporting this study are included within the article and supporting material.
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