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Abstract

Background: Methadone is a centrally-acting synthetic opioid analgesic widely used in the methadone
maintenance therapy (MMT) programs throughout the world. Considering its neurotoxic effects
particularly on the cerebellum, this study aims to address the behavioral and histological alterations in the
cerebellar cortex associated with methadone administration.

Materials and Methods: Twenty-four adult male albino rats were randomized into two groups of control
and methadone treatment. Methadone was subcutaneously administered (2.5—10 mg/kg) once a day for
two consecutive weeks. The functional and structural changes in the cerebellum were compared to the
control group.

Results: Our data revealed that treating rats with methadone not only induced cerebellar atrophy, but also
prompted the actuation of microgliosis, astrogliosis, and apoptotic biomarkers. We further demonstrated
that treating rats with methadone increased complexity of astrocyte processes and decreased complexity
of microglia processes. Our result showed that methadone impaired motor coordination and locomotor
performance and neuromuscular activity. Additionally, relative gene expression of TNF-a, caspase-3 and
RIPK3 increased significantly due to methadone.

Conclusions: Our findings suggest that methadone administration has a neurodegenerative effect on the
cerebellar cortex via dysregulation of microgliosis, astrogliosis, apoptosis, and neuro-inflammation.
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Introduction

Methadone (6-[dimethylamino]-4,4-diphenyl-3-heptanone) is a synthetic opioid used for the preservation
therapy of opiate addicts [1]. Characteristics including high bioavailability of 40-99% [2, 3], long half-
life of about 24 hours, and long duration of action ranging between 5 to 130 hours [4] has made it the
drug of choice for treatment of drug abuse [5]. However, acute methadone intoxication due to accidental
or intentional overdose has been reported to cause neurological mortality and morbidity [6-8]. Its effects
on the central nervous system (CNS) have generally been studied in the fetus of rats, raising questions
about potential impacts on exposed children during fetal life through their addicted mothers [9].

Rats are appropriate animal models for drug exposure [10-12]. Comparative anatomical research has
demonstrated that cerebellum is a protected structure in different species [13] and the presence of opioid
cells in the brain of a developing rat is well established [14]. The granule neurons’ movement from the
external granule layer (EGL) to the internal granule layer (IGL) is completed two weeks after the birth of
rats [15]. Migration is driven by many other signals and calcium ion (Ca®") influx is mediated by the N-
methyl-D aspartate receptor (NMDAR) [16]. The cerebellum, due to the prenatal development, is likely to
be the target of opioids in the late gestation.

The NMDARSs are a subfamily of excitatory ionotropic glutamate receptors considered as cation channels
with high permeability ligands for Ca®". The functional NMDARs consist of four subunits including two
NR3 or NR2 and two NRI1 subunits [17]. NMDARs play a key role in the development of brain,
including excitotoxic neuronal death [18], apoptosis [19], neuronal migration [16], and the neurite
outgrowth [20]. The localization and composition of NMDAR subunits are dynamic and change across
the CNS, especially in the development process. GIuN2B is largely expressed before birth in the rat CNS,
while the GIuN2A expression begins perinatally. Furthermore, GluN2B is smoothly limited to the
forebrain one week after delivery. GIluN2B and GIuN2A are predominant in higher brain structures in
adults, which might indicate that they are related to synaptic plasticity and function [17]. GluN2B
expression peaks around PNDI14 in the rat cerebellum, before GIuN2C and GIuN2A change into
adulthood [21]. Therefore, the expression of various NMDAR subunits, particularly GluN2B, is critical
for the plasticity growth of the cerebellum [22].

The short- and long-term complications of methadone have been studied in pregnant rats and its effect on
neurodevelopmental dysfunction and growth retardation in the brain of the fetus rats have been reported
[22]. Pre-clinical studies suggest that prenatal methadone exposure may alter the development of
dopaminergic, cholinergic, and serotonergic systems, and modify myelination. The Antenatal exposure to
the drug is associated with behavioral consequences including depression, anxiety, and impaired learning,
memory, and social function [23].

Despite some research on the effect of methadone on brain, the precise changes provoked by chronic
exposure to methadone in the brain and cerebellum remain unclear. The primary goal of the present study
is to clarify the chronic consequences of methadone on cerebellar cells in rats.
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MATERIALS AND METHODS

Reagents

Methadone hydrochloride 5 mg/ml was purchased from Darou-Pakhsh Pharmaceutical Company, Tehran,
Iran. Antibodies against Iba-1(ab5076), GFAP (ab7260), caspase-3 (ab32351), goat anti rabbit IgG
conjugated TRITC (ab6718), and Mouse and Rabbit Specific HRP/DAB (ABC). Detection
immunohistochemical (IHC) kits (ab64264) were purchased from ABCAM (ABCAM Co., Cambridge,
UK). Other material was procured from Sigma Aldrich (St. Louis, Mo, USA).

Animals and treatment protocols

Twenty-four adult male albino rats weighing 200-220 g were taken from the animal lab at Shahid
Beheshti University of Medical Sciences. The research was approved by the Animal Care and Use
Committee of Shahid Beheshti University of Medical Sciences (IR SBMU.MSP.REC.1398.292). Rats
were nurtured and kept at the animal room with controlled 12-h light/dark cycles and a temperature of 18
to 22°C. They were randomized into two groups of control and methadone treatment (n=12 in each
group). In the methadone group, methadone was dissolved in 0.9% saline and stored at room temperature.
The rats were injected with this solution once a day for two weeks with increasing doses. The injection
dose was 2.5 mg/kg in the two first days and 5 mg/kg in the following three days during the first week. In
the second week, the dose was increased to 10 mg/kg. The control group was injected with 0.9% saline.
All injections were performed subcutaneously (SC) in a dose of 1 ml/kg at 810 AM. They were
administered biweekly alternating between right and left side of the lower back. The maximum dose (10
mg/kg) was chosen based on LD50 for methadone in rats, which is 30 mg/kg and 9 mg/kg for oral and
intravenous (I'V) administration, respectively (www.bionichepharmausa.com)[24].

Evaluation of the motor coordination in treated rats

The rotarod performance test was run after 1 and 2 weeks. Rats were placed on an accelerating cylinder
with a velocity of 4 to 40 rpm in 300-second test sessions. If rats fell from the rung or grasped it and spun
for two consecutive revolutions without any effort to run, they were excluded (a total of 2). Finally, the
maximum time spent by each rat in the task was recorded.

Locomotor Activity Measurement

Animal behavior was studied using the open-field test. The test was conducted during the final
administration of methadone by placing animals into a 90% 90-cm area. The total distance travelled was
recorded automatically by a monitoring system. At the end of each experiment session, animals were
returned to their cages. The area was cleaned, dried, and prepared for the next trial. Moreover, to prevent
any environmental disturbance, all behavioral tests were performed in a close and quiet room. At the
beginning of the experiment, each rat was placed at the corner of the device floor with the ability to move
and explore the apparatus for five minutes. In addition to the distance travelled and the time spent at the
center, periphery and corners of the apparatus were quantified utilizing Ethovision® XT video tracking
software (Noldus) mounted with a digital video camera.

Electromyography (EMG) Recording
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The EMG recording was performed after the open field testing. Initially, the rats were deeply anesthetized
by intraperitoneal injection of a cocktail of ketamine hydrochloride (60 mg/kg) and xylazine (8 mg/kg)
using insulin syringes. The intervention site on the right hind limb of the rats was then disinfected by the
povidone-iodine solution. The skin of the posterior thigh of each animal was incised 3 cm longitudinally
from the greater trochanter to the popliteal fossa. To expose the sciatic nerve, the gluteus maximus and
biceps femoris muscles were dissected along with the gastrocnemius muscle. To record electrical
oscillation, two monopolar subdermal teflon needle electrodes were arranged in parallel at a fixed
distance of 7 mm from each other. Ringer’s solution was also used to hinder neural death during the
procedure. Finally, the sciatic nerve was stimulated (1 A, 0.2-Hz frequency, for 100 s) and the action
potentials of gastrocnemius muscle ipsilateral to the site of intervention were recorded. The desired
parameter was the latency of the compound muscle action potential.

Immunohistochemistry

During the first step of IHC process, rats were deeply anesthetized by 100 mg/kg ketamine and 10 mg/kg
xylazine; rats were then transcardially perfused with chilled saline and fixed by a fixator containing 4%
paraformaldehyde in 0.1 M phosphate-buffered saline (PBS). Cerebellums were then extracted and placed
in formalin before being prepared and placed on the slides. Formalin-fixed tissues were embedded in
paraffin wax. Paraffin-embedded tissue section is normally sliced by a rotary microtome (Thermo Fisher
Scientific, Waltham, MA, USA) to give a thickness of 6 pm. The slide is immersed in xylene to remove
the paraffin and transferred through a series of diluted alcohols (100%, 95%, 70%, and 50%) to water
prior to staining. Afterwards, antigen retrieval was carried out before immunohistochemistry (0.01 M
citrate buffer solution (pH 6.0), 0.01 M PBS buffer (pH7.0), 0.05 M EDTA (pH 8.0), 0.05 M Tris-EDTA
(pH 9.0), 0.05 M Tris-HCI). The primary antibodies were anti-Iba-1 antibody (1: 300), GFAP antibody
(1: 100) and anti-caspase-3 (1: 300) diluted in the PBS solution containing 0.3% Triton X-100 and 1%
bovine serum albumin (BSA). Sections were incubated in the primary antibodies overnight at 4 °C.
Consequently, they were incubated with secondary antibodies of avidin-biotin complex substrate in 0.05
m Tris-buffer (pH 7.6) containing 0.05 % 3, 3-diaminobenzidine tetrahydrochloride, and 0.03% hydrogen
peroxide or secondary fluorescent TRITC-conjugated antibody (1:500). After immunohistochemical
reaction, sections were mounted by Mounting Medium for IHC (Abcam. Cambridge, UK, ab64230),
counter-stained, and observed under a microscope.

Sholl Analysis for Iba-1 Labeled Microglia and GFAP Labeled Astrocyte

Sholl analysis was performed on Iba-1 and GFAP immunostaining using the ImageJ software (Java. NIH,
USA). The microscopic images required for the analysis were captured by a 40X objective lens (Nikon
Eclipse E-100). As described in a previous study [25], a total of thirty individual microglia and astrocyte
were selected for the reconstruction. For the direct analysis, each figure was imported to Image] after
setting the image scale and marking the nucleus at the center. To determine the nearest neighbor distance
(NND), a script for Fiji (ImageJ) developed by Y.Mao [26] was used as explained in a previous study
[27]. After analysis, the results for each cell were saved in a separate file.

RNA extraction
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Based on the instructions of the manufacturers of Trizol and RNeasy Lipid Tissue Mini Kit (Qiagen,
USA), hippocampus lysates of six rats from each group were pooled for total RNA isolation. Saline and a
tramadol sample were prepared from the RNAs extracted from the pooled hippocampus lysates. Samples
were washed in 25 pL of RNase-free H20, quantified by a Nanodrop ND-1000 (Thermo Fisher
Scientific) spectrophotometer and RNA qualities were assessed by applying Agarose Gel Electrophoresis
and Bioanalyzer 2100 (Agilent Technologies Inc. CA, USA). All samples showed a concentration of
>100 ng/ul and an RNA integrity number (RIN) of >8.

Quantitative real-time PCR
Quantitative real-time PCR (qPCR) was carried out using specific primers for TNFa, IL-1pB, caspase-3,
RIPK3 and GAPDH were used as the reference genes (Table 1).

Data analysis

All statistical analyses were carried out using SPSS software version 23 (IBM Incorporations, Chicago,
Ill, USA). The graphs were created by Graph Pad Prism 7. Data was presented as mean + SEM.
Differences between experimental groups was evaluated using the independent sample t-test. P values
lower than 0.05 were considered as significant.
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Results

Methadone significantly decreased spontaneous locomotor activity, anxiety-like behavior, and
neuromuscular activity

To evaluate whether methadine impacts motor coordination, the rotarod test was performed. Motor
coordination was significantly impaired in the methadone-treated group as opposed to the control group
and the methadone-treated rats were inferior to the control at 1% (P<0.001) and 2" (P<0.001) weeks (Fig.
la). Administration of methadone had a significant effect on locomotor activity in rats. As illustrated in
Fig. 1b, the spontaneous locomotor activity declined in rats treated with methadone compared to the
control group (P<0.001). Also, the analysis of open field data showed that the duration of rats’
immobility in the center of the field (as an indicator of anxiety) dropped significantly in the methadone
group compared to the control group (P<0.001) (Fig. 1c). Moreover, the neuromuscular activity of the
methadone-treated rats decreased significantly due to the increased EMG latency as opposed to the
control group (P<0.05) (Fig. 2).

Methadone administration upregulated Caspase-3 expression

After the administration of methadone for 2 weeks, immunohistochemistry was performed on cerebellum
samples to determine Caspase-3 expression. Caspase-3 immunoreactivity was approximately 2.5-fold
higher in the rats treated with methadone compare to the control group (P <0.001) (Fig. 3).

Methadone significantly increased microgliosis marker Iba-1 in rats’ cerebellum

Ibal-specific antibody was utilized to demonstrate microgliosis and morphological features of microglial
cells (Fig. 4a). The immunohistochemistry findings in the present study revealed a surge in the number of
Iba-1 positive cells in the cerebellum of the rats treated with methadone compared to the control group
(P<0.05) (Fig. 4b). To examine the morphology of the microglia, Iba-1 positive cells were submitted to
the Sholl analysis. The results showed a significant drop in the NND in the methadone group as opposed
to the control group (P<0.001) (Fig. 4c¢).

Chronic administration of methadone increased microglia activation

For the analysis of the microglia morphology, Iba-1 positive cells were submitted to the Sholl analysis.
The results revealed that the complexity of microglia processes decreased in methadone significantly
(P<0.05) (Fig.5a). Our results indicate that methadone could significantly increase the soma size of
microglia (P<0.05) (Fig. 5b). On the other hand, the total length of microglia process dwindled in the
methadone group in comparison to the control group (P<0.01) (Fig. 5c).
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Chronic administration of methadone reduces astrogliosis and alters astrocyte morphology

The findings suggested that methadone treatment increased the number of GFAP-positive cells in the
methadone-receiving group as opposed to the control group (P<0.001) (Fig. 6a, b). To study the
morphology of astrocytes, Sholl analysis was conducted on GFAP-positive cells. The results exhibited a
significant decrease in the NND in the methadone group as opposed to the control group (P<0.001) (Fig.
6¢). Our results showed that the complexity of astrocyte processes increased in methadone group
(P<0.05) (Fig.7a) Moreover, a substantial increase in soma size was observed in the methadone group
versus the control group (P<0.001) (Fig. 7b). Additionally, total astrocyte process length increased in
methadone group compared to the controls, but this increase was not statistically significant (Fig. 7c).

Methadone induced differential gene expression of inflammation, apoptosis, and necroptosis in the

cerebellum

The expression levels of inflammation-associated genes were examined by real-time qPCR (Fig. 8). The
pro-inflammatory cytokines (7NF-a) increased substantially upon methadone treatment (P<0.01) but
expression of /LI was not statistically significant. Moreover, the expression levels of caspase-3 were
also measured in the cerebellum (Fig. 8). According to our results, methadone led to a remarkable
increase in the expression of caspase-3 in the cerebellum (P<0.05). According to qPCR results, the
relative expression of the intrinsic necroptosis related gene (RIPK3) was drastically higher in methadone-

treated groups than in the control (P<0.05) (Fig. 8).
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DISCUSSION

The impact of opioid exposure on the brain of humans, animals, newborns, and children has been the
subject of many studies. In animals, it has been shown that opioids like methadone and buprenorphine can
have adverse effects on the CNS. On the other hand, certain alterations in myelination and
oligodendrocyte maturation are induced following changes in myelin thickness, axon size, cholinergic
neuron production, and decreased nerve expression of growth factor in the striatum [28-30]. Additionally,
morphine exposure in utero decreases the size and number of Purkinje cell numbers in the cerebellum of
the neonatal mice [31]. Pregnant mice’s pups exposed to heroin displayed altered apoptosis protein
exposure in the hippocampus, which is vital for memory and learning [32]. Morphine can also enhance
the rate of apoptosis in neuronal cells and microglia in the human fetus [33, 34]. Different areas of brain
have been shown to be affected by methadone [35]. Several studies have reported that narcotics can alter
the locomotor activity [36]. The results of studies with extensive doses generally suggest that narcotics
can both elevate and reduce the activity depending on the dose and elapsed time since injection [37].
Previous research suggests that certain effects of morphine are mediated by the release of catecholamines
from adrenergic neurons in the brain.

Our motor activity analysis showed diminished motor function of rats in the methadone group. We also
observed mounting anxiety in this group of rats. Methadone can function both as an antagonist for the N-
methyl-d-aspartate receptor (NMDA), and an agonist for the mu-opioid receptor [38]. Mu-opioid
receptors, which mainly reside in the limbic system and the cerebellum can enhance the impacts of
opioids by simplifying the long-term potentiation [39]. The globous pallidus, basal ganglia, and
hippocampus have been shown to be prone to hypoxia caused by short-term memory deficits and
alterations in physical and cognitive functions [40, 41]. However, some previous studies have reported
impaired executive function and motor coordination after methadone overdose [42, 43]. The
administration of NMDA receptor antagonists such as MK-801 and AP5 can tamper with the spatial
working memory. Thus, methadone antagonistic actions on the NMDA receptors may support the
hypothesis that methadone regulates via both NMDA and opioid receptors to exert neurotoxic/adverse
impacts on motor function and memory in several behavioral actions [12, 44-46].

Our EMG analysis suggested impaired nerve function of the muscle in the methadone group. Various
neuromodulation and neurotransmitter systems seem to undergo changes in the cerebellum of animals
acutely exposed to opioids, along with alterations in the intracellular signaling molecules. Cholinergic
transmission is associated with various abused drug actions [47-49]. Cholinergic receptors have been
demonstrated to exist in different layers of the cerebellum [50, 51], and alterations in this system can
modify the behavior of synaptic plasticity and cerebellar neurons [52-54]. According to this system,
morphine injection could increase cerebellar acetylcholine concentrations [55], but might reduce the total
level of choline acetyltransferase [56]. There is a growing body of research on high methadone-induced
leukoencephalopathy, which may be detected by the magnetic resonance imaging [57, 58]. The
underlying mechanism is still unclear, but it is hypothesized to be partly due to the lack of energy
metabolism, which is caused by demyelination after respiratory arrest/depression following methadone
overdose [59]. The direct activation or damaged immunological reactions to the brain tissue is another
possible  hypothesis that explains pathogenesis involvement in the methadone-induced
leukoencephalopathy [57, 58, 60, 61]. It has been reported that methadone toxicity in the cell culture
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provokes methadone-induced cell death that cleaves mitochondria and leads to the impaired ATP
synthesis [62].

The results also indicate that methadone administration can cause cell death in the cerebellum, which is
associated with the augmented expression of caspase-3 protein. Recent investigations show that caspase
proteases are crucially involved in the signal transduction route and contribute to the apoptosis [63, 64]. It
has been declared that apoptotic properties induced by loperamide and buprenorphine were determined by
Z-Asp-CH2-DCB, a caspase inhibitor with a wide range of selectivity [65, 66] following assessment by
DNA-laddering analysis and flow cytometry. These outcomes imply that the caspase inhibitors can block
the apoptosis induced by some anticancer treatments such as camptothecine, etoposide, and adriamycin
[67]. YOSHIDA et al. reported that treatment with buprenorphine could generate an active caspase-3-like
protease through the conversion process, generating apoptotic properties like nuclear fragmentation and
DNA laddering. Lately, it has been reported that caspase-3 triggers the caspase-3-activated DNase
(CAD), leading to DNA fragmentation via the digestion process of an CAD inhibitor [68, 69].

The immunohistochemical results suggest that methadone increases microgliosis. Microglia are
inflammatory cells in the brain, and their increased number may be associated with inflammation. The
link between the function/expression of mu opioid receptor (MOR) and microglial activation has been
further studied, particularly by in vitro investigations on the primary murine microglial cultures. Low
levels of DAMGO, as a selective agonist of MOR, along with morphine triggered the rat microglia, but
this activation process was later prevented by the MOR-selective antagonist D-Phe-Cys-Tyr-D-Trp-
ArgThr-Pen-Thr-NH2 (CTAP) [70]. The expression of Toll-like receptors (TLRs) is enhanced by
morphine and weakened by the MOR-selective antagonist D-Phe-Cys-Tyr-D-Trp-Orn-Thr-Pen-ThrNH2
(CTOP). In addition, this effect of morphine was reversed in the mouse microglia cultured with the MOR
knockout (KO) [71]. Morphine activated the PKCe-Akt-ERK1/2 kinase route and enhanced the cytokine
expression in the murine microglia, but these impacts could be prevented by Oprmi RNA silencing and
by CTAP [72, 73]. Low concentration of morphine has been shown to improve NF-kB function through
MOR, which is inhibited by CTAP. On the other hand, a high level of morphine induced non-opioid
response mediated by the TLR4 [74, 75].

In the present study, the IHC analysis manifested a surge in the number of astrogliosis in the methadone
group. The growing number of astrocytes is a pathologic event that reflects damages to the neural tissue.
Moreover, the relationship between astrocytes and microglia can cause inflammation. The simultaneous
activation of microglia and astrocytes has also been shown during chronic morphine administration. In
particular, chronic injections of morphine in rats trigger both spinal astrocytes and microglia with the
release of TNF-a [76]. In animals with neuropathic conditions, both microglia and spinal astrocytes could
be activated by the chronic intake of morphine. In addition, morphine analgesia and glial activation are
mitigated following a chronic concomitant therapy with botulinum toxin, which suggests a potential
clinical use [77]. The simultaneous activation of astrocytes and microglia has also been reported in the
ventrolateral periaqueductal gray matter (vVIPAG) after several injections of morphine, suggesting that
glial cells and neurons are involved in opioid-induced hyperalgesia (OIH)-related process in the PAG
[78]. Furthermore, consistent peripheral inflammation reduced the chronic morphine activation of
microglia and astrocytes in VIPAG and swindled analgesic tolerance, exhibiting a long-distance peripheral
damage to the PAG-mediated OIH processes [79]. Subsequently, similar outcomes were observed in the
pattern that peripheral inflammation affected analgesic tolerance [80]. Lin et al. presented a new
approach for quantifying various parameters of astrocyte and microglia activation in OIH, which can
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improve glia activation mechanisms in OIH in the future [81]. Furthermore, while morphine activates
astrocytes-microglia and OIH, several new endomorphine derivatives provide less tolerance following a
deficit in glia activation or OIH [82]. This suggests that mu opioid agonists with analgesic features but
without adverse effects following glia could be improved [83]. These can explain our findings. Several
studies on the transcription of microglia have reported the concurrent regulation of gene modules or
subsets, which allow place microglia in the class of subspecies that express high concentrations of
special gene modules [75].

For the first time, the results of Sholl analysis in our study showed astrocytes hypertrophy in the
methadone group suggesting reactive astrocytes. It means that astrocytes, aggressive in this state, can
inflict damage on the neural tissue. The term reactive astrogliosis, also known as the reactive gliosis,
explains astrocytes’ reactions in conditions like stroke, spinal cord or brain trauma, neurodegenerative
disorders, or epilepsy. This reaction has been described as a multi-stage, graded, conserved, and
constitutive defensive astroglia response [84]. Compared to astrocytes in the CNS with no damages,
reactive astrocytes alter their function and morphology, which is demonstrated by the altered expression
of several genes [85-89]. Reactive astrocytes exhibit some morphological and molecular properties, the
most prominent feature of which is the upregulation of the glial fibrillary acidic protein. Also, a major
part of the astrocyte intermediate filament structure is considered the nanofilament structure. The
upregulation of GFAP and some other symptoms of astrocyte reactivity is related to a range of
neuropathologies, such as diabetic retinopathy, stroke, neuroinflammation, brain hemorrhage, Batten
disease, CNS tumors, epilepsy, amyotrophic lateral sclerosis, retinal ischemia, Parkinson's disease,
neurotrauma, Alzheimer's disease, or multiple sclerosis. Some cytokines such as leukemia inhibitory
factor (LIF), oncostatin M, interleukin-6, and transforming growth factor-a, or ciliary neurotrophic factor
have been shown to activate astrocytes [90-95]. The astrocytes can be activated by the gp-130/ activator
of transcription 3 (STAT3) signaling route, or latter nuclear translocation and phosphorylation of STAT3
in the astrocytes [94, 96].

The results of the present study also suggest that methadone can induce M1 or toxic phase microglia.
Factors associated with the expression of opioids in glial and immune cells can explain inconsistencies in
the findings about the composition of cell population (such as microglia or astrocytes, lymphocytes,
monocytes, macrophages, granulocytes), their subgroups (including M2 or M1 macrophages, B or T
lymphocytes, microglia, or T helper 2 or T helper 1 lymphocytes), their original tissue, duration and type
of the pathological state, physiological vs. pathological conditions and in vivo or in vivo pharmacological
drugs [97]. Based on the M1 phenotype, microglia generate neurotoxic molecules and pro-inflammatory
cytokines, which trigger cytotoxic and inflammation reactions. In contrast, M2 phenotypes release
nutrient factors and anti-inflammatory cytokines which enhance the function of regeneration, restore, and
repair homeostasis [98].

In this study, the expression levels of inflammatory genes, as well as apoptosis and necroptosis, were
higher in the methadone group than in the control group, according to real-time analysis. During disease
or injury, astrocytes can detect endogenous "danger signals," which are generated by injured cells to
alarm the immune system [99]. The recognition of these molecules is possible by the expression of
astrocytic of specific pattern-recognition receptors, such as different members of the Toll-like receptor
family [100]. TLR3 is expressed strongly in astrocytic cells in brain tissues and in vitro [101-103],
however TLR2, TLR9, TLRS, TLR4, and are only found at low levels in astrocyte cultures [101, 102]. In
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vitro stimulation of astrocytic TLRs, on the other hand, appears to trigger a positive feedback loop that
leads to increased expression of several of these receptors, including TLR2, TLR4, and TLR3 [104, 105].
TLR activation can also trigger fast immunological responses in astrocytes, resulting in the production
and secretion of a variety of mediators, including chemokines and cytokines [101, 103-105]. The ability
of microglia and astrocytes is to produce the cytokines IL-1, IL-10, IL-6, interferon g (IFN-g), TNF-a,
Granulocyte- TGF-B, and Macrophage Colony-Stimulating Factor (GM-CSF), as well as the chemokines
CCL20, (C—C motif) ligand (CCL) 2, (C—X—C motif) ligand, and CCL5 [100]. Some of these mediators
have been found to have the ability to activate nearby glial cells as well as draw immune cells from the
bloodstream, thereby increasing local immunological responses in the CNS [100]. These elements appear
to be aimed at the astrocytes themselves. In fact, genetic manipulation or intracerebral injections of IFN-y,
IL-2, IL-1, TNF-a, IL-6, or TGF- revealed that these cytokines have a role in inducing extensive
astrocytosis in vivo [90, 106-108].

Excessive production of toxic chemicals (e.g., free radicals, NO) or cytokines can result in astrocytic
malfunction and cell death [109-111], which can worsen neurodegeneration and neuronal dysfunction
[109-111]. Several lines of evidence suggest that TLR-4 and IL-1RI stimulation can activate NF-xB
pathways and MAP kinases, potentially leading to the generation of inflammatory mediators such as
TNF-0, COX-2, iNOS, IL-1, and IL-12, [112]. MAPK signaling cascades, which include the protein
kinases ERK1/2, P38, and JNK, are critical for the start of cellular processes such as inflammatory
responses, apoptosis, proliferation, and stress [110, 113-115].

This study explored the precise effect of methadone on the cerebellum, which can be of great significance
in developing new therapeutic strategies for the opioid use or assessment of neuronal markers related to
the vulnerability. This, in turn, can reduce the enormous costs that opioid-related diseases impose on the
society.
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Figure legends

Fig. 1 Motor coordination and locomotion assessment in different groups using a rotarod and
open field tests. (a) Methadone decreased motor coordination. Motor coordination was
significantly impaired in the methadone-treated group in comparison with the control group at the
1t and 2™ weeks. (b) In methadone-treated group, the total distance traveled, which is a measure
of spontaneous exploration in the open field area and a good indicator for motor ability in rats,
decreased significantly compared to control group. (c) Presence at the center of the field, as an
indicator of anxiety, decreased in the methadone group compared to the control group. (*P< 0.05;
**P<0.01, ***P<0.001) (n=7). The values are expressed as means + SEM.

Fig. 2 Methadone increased EMG latency. (a) The sciatic nerve stimulated and the muscle action
potential recorded in the gastrocnemius muscle are shown as excitatory postsynaptic potential
(EPSP). (b) The EMG latency increased significantly in the methadone-treated rats (**P< 0.01)
(n=7) compared to the control group. The values are expressed as means + SEM.

Fig. 3 Immunohistochemistry against caspase-3 was performed in various groups. The analysis
showed that the administration of methadone increased the expression of caspase-3 positive cells.
(*P<0.05; **P<0.01, ***P<0.001). The values are expressed as mean +£ SEM (n = 3).

Fig. 4 Microgliosis in methadone-treated rats. (a) Immunohistochemistry against Iba-1 was
performed for the methadone and the control groups, with the b Iba-1 exhibiting a surge in the
methadone group. (c) Nearest neighbor distance (NND) was longer in the methadone group than
in the control group (**P<0.01; ***P<0.001). The values are expressed as means =+ SEM (n = 3)

Fig. 5 Quantitative microglia analyses. The results of Sholl analysis (n=30) showed that the
complexity of microglia processes declined in the methadone group. (a) According to the
microglia soma size measurement, the cell body significantly increased in the methadone-treated
group. (b) The assessment of total microglia processes length showed the decreased length of this
processes in the methadone group (c). ). (*P<0.05; **P<0.01, ***P<0.001). The values are
expressed as mean + SEM.

Fig. 6 Immunohistochemistry against GFAP. The analysis showed the increased number of
GFAP positive cells in the methadone group compared to the control (a,b). (*P<0.05; **P<0.01,
**%P<(0.001). The values are expressed as mean = SEM, (n = 3). Nearest neighbor distance
(NDD) (n=10) was significantly lower in the methadone group than in the control group (c).

Fig. 7 Quantitative astrocyte analyses (n=30). Complexity of astrocyte processes increased in
methadone group compared to the control group (a). The measurement of astrocyte soma size
showed a significant increase in the cell body in the methadone group (b). The assessment of total
astrocyte processes length suggested that length of this processes increased in methadone group
(c). The values are expressed as mean + SEM. *P<0.05, **P<0.01, ***P<0.001.
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Fig. 8 Methadone induced several genes related to apoptosis, necroptosis and inflammation
pathways. Real-time qPCR data showed that the expression level of inflammatory cytokines
including TNF, was significantly increased under methadone treatment. Furthermore, methadone
induced substantial increases in mRNA expression of apoptotic markers caspase-3. Moreover,
necroptosis associated markers (RIPK3) showed a significant rise. Relative mRNA expression
was normalized to GAPDH. The values are expressed as means (= SEM; n=3)
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Table 1

Primer Name Sequence Annealing Accession Number

Ripk3 F:5'GGAGTCAGGGGAATCAAGCC 3' 60°C x25s NM_139342.2
R: 5'TTTGTAGTCTTTGACCTCTTGTTGG 3'

IL1-8 F:5'GGGAACTGTGCAGACTCAAACTC3' 60°Cx 25s NM_031512.2
R: 5' AAAGAAGAAGATGGAAAAGCGGTT 3'

TNF F: 5" ACCACGCTCTTCTGTCTACTG 3' 60°Cx25s NM_012675.3
R:5' CTTGGTGGTTTGCTACGAC 3'

Caspase 3 F: 5' GGTATTGAGACAGACAGTGG 3' 55°Cx25s NM_012922.2
R: 5' CATGGGATCTGTTTCTTTGC 3'

GAPDH F: 5' ATGGAGAAGGCTGGGGCTCACCT 3' 60°C x 25s NM_017008.4
R: 5' AGCCCTTCCACGATGCCAAAGTTGT 3'
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