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Methadone is used as a substitution drug for the treatment of opioid dependence and chronic pain. Despite its widespread use and availability, there is a serious concern with respect to the relative safety of methadone. The purpose of this study was to characterize how acute methadone overdose affects the cognitive and motor performance of naïve healthy rats. The methadone overdose was induced by administering an acute toxic dose of methadone (15 mg/kg; ip; the equivalent dose of 80% of LD50) to adolescent rats. Resuscitation using a ventilator pump along with a single dose of naloxone (2 mg/kg; ip) was administered following the occurrence of apnea. The animals which were successfully resuscitated divided randomly into three apnea groups that evaluated either on day 1, 5, or 10 post-resuscitation (M/N-Day 1, M/N-Day 5, and M/N-Day 10 groups) in the Y-maze and novel object memory recognition tasks as well as pole and rotarod tests. The data revealed that a single toxic dose of methadone had an adverse effect on spontaneous behavior. In addition, Recognition memory impairment was observed in the M/N-Day 1, 5, and 10 groups after methadone-induced apnea. Further, descending time in the M/N-Day 5 group increased significantly in comparison with its respective Saline control group. The overall results indicate that acute methadone-overdose-induced apnea produced delay-dependent cognitive and motor impairment. We suggest that methadone poisoning should be considered as a possible cause of delayed neurological disorders, which might be transient, in some types of memory or motor performance in naïve healthy rats.
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INTRODUCTION

Methadone is a long-acting, synthetic mu-opioid agonist having multiple actions and pharmacologic properties that are similar to morphine (Barbosa Neto et al., 2015). Methadone has long been used for the treatment of opioid dependence and detoxification or maintenance in cases of opioid addiction because of its long efficacy and low cost (Kleber, 2007). In addition, like other opioids such as buprenorphine, fentanyl, morphine, and oxycodone, methadone is used to alleviate severe pain (Argoff and Silvershein, 2009). Despite its considerable therapeutic applications, acute methadone intoxication may lead to morbidity and death (Shields et al., 2007; Soltaninejad et al., 2014). In the United States, opioid drugs were involved in 61% of all drug overdose deaths and caused more than 28,000 deaths in 2014 (Rudd et al., 2016). Acute poisoning with methadone continues to occur after therapeutic, recreational or accidental use (Jones et al., 2012). In Iran, opium was the drug of choice in 50% of all drug abuse from 2006 to 2009, but the prevalence of methadone toxicity has increased significantly from 2.26% in 2006 to 24.72% in 2011 (Hassanian-Moghaddam et al., 2014).

Since the opiate naïve patients have no tolerance to opiates, (Drummer et al., 1992; Milroy and Forrest, 2000) the stabilization phase should be carefully assessed to reduce the risk of overdose during the induction period to avert the risk of toxicity and death in methadone maintenance treatment (MMT) programs (Morgan et al., 2006; Modesto-Lowe et al., 2010). Several studies indicate a 10-fold increase in methadone-induced toxicity and related death after the increase in the number of methadone maintenance clinics and its arbitrary consumption in recent decades (Shields et al., 2007; Graham et al., 2008). The incidence of poisoning with methadone in children is common due to the availability of this drug as used by family members (Pragst et al., 2013; Shadnia et al., 2013). Methadone poisoning should be considered as a serious threat to naïve, healthy subjects, especially children, as very low doses can cause severe complications or death due to its toxicity (Modesto-Lowe et al., 2010; Jabbehdari et al., 2013; Hassanian-Moghaddam et al., 2017). Indeed, some studies have associated therapeutic doses of methadone with the occurrence of sudden death due to respiratory apnea or cardiac arrest (Chugh et al., 2008).

Few studies have examined cognitive and sensorimotor performance after an acute dose of methadone-induced toxicity in clinical or experimental trials in healthy volunteers. Most studies have examined the effect of the prolonged use of methadone, which can result in neuropsychological impairment as compared to opioid-naïve, healthy controls (Prosser et al., 2006). There is considerable evidence that chronic exposure to methadone in animals can have an adverse effect on memory processes (Hepner et al., 2002; Verdejo et al., 2005). Moreover, patients undergoing the MMT program usually experience limited short-term memory and deficits in working memory (Sjøgren et al., 2000; Mintzer and Stitzer, 2002), visuospatial attention, long-term memory (Prosser et al., 2006) and general cognitive speed (Mintzer et al., 2005) which are in part due to white matter abnormalities (Lin et al., 2012). It has been shown that acute administration of methadone impairs sensorimotor abilities and memory retrieval in rats (Tramullas et al., 2007). Because it has a significantly long half-life of 25–52 h, even a single acute administration of methadone can cause delayed clinical manifestations, including respiratory depression, apnea and unexpected death (LoVecchio et al., 2007).

Despite the fact that, in recent years, methadone overdose has increased, little data is available about the adverse manifestations of methadone overdose in experimentally naïve animals. In addition, behavioral research in human subjects is extremely rare because of ethical considerations. The present study aimed to investigate whether or not a single toxic dose of methadone will result in apnea-caused impairment on cognitive and/or motor functions in adolescent rats.

MATERIALS AND METHODS

Animal

One-month- old male Wistar rats, (Pasteur Institute, Tehran, Iran) weighting 50-80 g, were kept under the standard laboratory conditions (22°C, 12-h light/12-h dark cycle) and randomly allocated to different experimental groups. All rats habituated to their new environment for 5 days before the experimental procedure started. The tests were performed between 8:00 and 16:00 h. All procedures were conducted according to the Guide for the care and use of laboratory animals (National Institutes of Health Publication No. 80–23, revised 1996) and were approved by the Research and Ethics Committee of School of Medicine, Shahid Beheshti University of Medical Sciences (IR.SBMU.MSP.REC.1395.33), Tehran, Iran.

Drugs

In the present study, Methadone hydrochloride 5 mg/ml (Darou-Pakhsh Pharmaceutical Company, Tehran, Iran) and Naloxone 0.4 mg/ml (Tolid-Darou Pharmaceutical Company, Tehran, Iran) were used.

Experimental Design and Drug Administration

In order to induce acute methadone overdose, rats intraperitoneally (i.p.) received a single toxic dose of 15 mg/kg of methadone at equivalent doses (80% of the LD50) which was chosen based on Chevillard study (Chevillard et al., 2009). Slow and difficult breathing, dizziness, cold and clammy skin, motionlessness, drowsiness, straub tail, muscular rigidity, plantar cyanosis, and irritability were seen after the administration of a single toxic dose of methadone in adolescent rats. It has been noted that the primary signs of opioid intoxication include: pinpoint pupils, respiratory depression, and confusion/unconsciousness, referred to as the opioid overdose triad (Ford, 2001). In 35% of all rats, methadone- induced apnea and caused death if they were left untreated, but the rest of the animals regained normal respiration rate after a few hours without any intervention which was randomly selected as methadone group. In order to evaluate cognitive and motor functions in the rats which experienced apnea (cessation of respiration was for 20 s) (Gaspari and Paydarfar, 2007), an acute single dose of naloxone (2 mg/kg; i.p.) (Farahmandfar et al., 2010; Zamani et al., 2015) was administered following methadone-induced apnea. In addition, resuscitation procedure was performed by a respirator pump to serve artificial respiration (Model V5KG, Narco-Biosystems Inc., Houston, TX, United States). Naloxone administration which was done concomitantly with resuscitation, recovered apnea in 67% of all rats in which had cessation of respiration for 20 s. Therefore, animals which have been successfully resuscitated, were randomly divided into three groups so-called “M/N” groups (rats which received naloxone after methadone overdose) to measure neurological functions either on day 1st, 5th, or 10th post- resuscitation (including M/N-Day 1, M/N-Day 5, and M/N-Day 10 groups; Figure 1). In other groups all behavioral tests were carried out only 1 day after the drug administration. Methadone group was selected randomly from the animals which re-obtained normal respiration rate after administration of a single toxic dose of methadone without any intervention. There was another group without apnea (M/N-Sedate) in which they received the same dose of methadone but naloxone administration was delivered at the beginning of the sedation state. Naloxone group with a single administration dose was designated to test memory and motor functions exclusively in a separated group. Control (Saline) group received an equal volume of saline 0.9% and behavioral assessment was performed 1 day after saline injection. It has been noted that data in the M/N-Day 1, 5 and 10 groups were compared with the Saline control-Day 1, Day 5 and Day 10 groups, respectively. Each group consisted of 6–14 rats while were grouped in 10 experimental groups.
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FIGURE 1. Schematic illustration of the experimental schedule. (A) Protocol overview of the study. After 2 days of behavioral training (rotarod and pole tasks), all rats were administered drug injection on day 0. According to the time of the behavioral test, (starting on day 1, 5, or day 10 after drug administration) they represented here in three parts. (B) After drug application, six separated animal groups (Saline, Methadone, Naloxone, M/N-Sedate, Saline control-Day 1, and M/N-Day 1) were used to evaluate different behavioral tests including Y-Maze, Rotarod test and Pole test on day 1 after drug administration and Novel object recognition (NOR) test from day 1 to day 4 post-treatment. (C) In two other separated groups (Saline control-Day 5, M/N-Day 5), after administration of saline alone or methadone + naloxone on day 0, Y-Maze, Pole test, and Rotarod test were carried out on day 5 followed by NOR test from day 5 to day 8. (D) In Saline control-Day 10 and M/N-Day 10 groups, 10 days after administration of saline alone or methadone + naloxone, Y-Maze, Pole test and Rotarod test were carried out on day 10 followed by NOR test from day 10 to day 13.



Behavioral Training

For five consecutive days, rats were handled for 5 min before starting any test procedure. All rats had multiple behavioral tests including the Y-maze, novel object memory recognition (NOR) tests as well as pole, rotarod tasks to investigate neurological functions. Animal behaviors were observed by a researcher who was blind to the experimental groups. The order of tests was the same for all animals. In order to avoid the effect of any confounding factors or minimize the influence of stress on animals for each task, the order of behavioral tests was as follow; (1) Y-maze test, (2) NOR test, (3) pole test, and (4) rotarod test. In addition, locomotor activity was measured for each rat during a 5-min period on the test day (Figure 6).

Spontaneous Alternation Behavior Test (Y-Maze)

The Y-maze test can be used as a measure of spatial working memory in rodents. It is applied to evaluate the natural tendency of animals to explore new places by recording spontaneous alternation behavior. In this study, the Y-maze apparatus consisted of the Y-shaped maze with three identical arms at 120 degrees to each other which was made of gray- painted Plexiglass. Rats were placed at the end of the one arm and allowed to navigate the maze during an 8-min trial. The sequence and number of the total arm entries were manually registered. An arm entry was defined when four paws were within the arm. An alternation behavior was determined from consecutive entries into the three different arms. The percentage of alternation was calculated as the following equation:
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Total number of arm entries were recorded as well. In addition, animals with 8 arm entries or less were omitted from analysis during an 8-min session (Holcomb et al., 1998; Ma et al., 2007; Farhadinasab et al., 2009).

Novel Object Recognition Test (NOR)

The task procedure consisted of three distinct phases: habituation, familiarization, and test. The NOR task was performed to measure non-spatial memory. An open field box (40 × 40 × 40 cm) (length × width × height) was made of black wood used as an apparatus to test recognition memory. Rats were allowed 1 h of accustomed to the test room before starting each phase. All rats were given a 10-min session to explore apparatus with no objects as a habituation phase in two consecutive days. During the familiarization phase, two identical objects (A1 and A2) were attached to the floor at an equal distance, 10 cm from the walls while positioned in the two adjacent corners. Each rat was placed in the box facing the wall opposite the two identical objects allowed to explore freely for 3 min. If the total exploration time was less than 12 s for the novel and familiar objects during familiarization phase, the rat excluded from the data analysis. Then, object A1 or A2 was replaced with object B before starting the test phase. Evaluation of short-term memory was conducted 90-min later in which the familiar object and the new object (object B) located in the open field. Rats were allowed to explore freely for 3-min in the box. After 24 h, object B was replaced with object C for testing long-term memory in a 3-min period to explore the box. The time spent exploring both objects (familiar and novel) was recorded by a video tracking system. The preference index was calculated as the exploration time for the novel and familiar objects relative to the total time (Antunes and Biala, 2012; Cohen and Stackman, 2015).

Pole Test

Pole test was first introduced by Ogawa (Ogawa et al., 1985) to evaluate movement impairment and coordination in mice indicating a practical task for the basal ganglia dysfunction. The apparatus consisted of a 90 cm vertical wooden pole length and 5 cm in diameter which covered with the rough surface that led into their home cage. All animals received training sessions on two consecutive days (10-trials/day) before the test day where they were placed with the head facing upward right below the top. During the first trial on the first day, if the rat failed to climb down, it was gently turned around on the pole and thus forced to return to its home cage. On the test day, three parameters were measured; t-turn (the time to turn downward), descending time (the time to descend the pole) and total time (the time to turn downward and descent the pole to reach the floor). When the animal failed to turn downward after 120 s, it was taken as a default value. The animals were tested on 3 trials on the test day and the average time was used as the pole test score.

Rotarod Test

Rotarod apparatus is used to evaluate motor coordination and skills in rodents (Dunham and Miya, 1957; Deacon, 2013). Animals were placed on a 2.5 cm diameter drum supported 25 cm above the base of the apparatus. Rats were trained 5 trials a day, separated by 30 min inter-trial intervals on the two successive days. Animals were placed in the testing room for 1 h before starting the test to acclimate to the testing. The rats were held by their tails while facing away from the direction of rotation the drum such that animals released on the horizontal rod while walking forward to keep their balance. The Rotation speed was set at 20 rpm in the training and testing sessions. If the rat failed to grasp rod properly and fell before 5 s, the procedure would start again to keep the balance. During the test session, animals were assessed by placing on the rod until either they fell off or reached a maximum 300 s. The mean values of the 3 test trials were calculated for each rat.

Locomotor Activity

Total numbers of infrared beam break automatically were recorded. Rats were placed in a box (40 × 40 × 40 cm) to evaluate locomotion. Locomotor activity was tracked by a 5 × 5 photobeam configuration for each rat in which sensed infrared beam interruption caused by movement of the animal in real time for 5 min (Zhang and Kong, 2017).

Statistical Analysis

All data were represented as mean ± SEM (standard error of mean) and were analyzed by commercially available software GraphPad Prism® 5.0. In order to compare data between two groups in familiarization phase in NOR, data in apnea groups which have been compared with their respective Saline control groups, paired or unpaired t-test were used, respectively. For multiple comparisons between groups, one-way analysis of variance (ANOVA) followed by post hoc Newman–Keuls test was applied as needed. The level of statistical significance was set at P-value less than 0.05 (P < 0.05).

RESULTS

Effect of a Single Acute Toxic Dose of Methadone Administration on Spatial Working Memory in the Y-Maze Test

As shown in Figure 2A, unpaired t-test analysis revealed that administration of an acute toxic dose of methadone (15 mg/kg; i.p.) which caused apnea and subsequent naloxone injection (2 mg/kg; i.p.), impaired the percentage of the spontaneous alternation behavior in the M/N-Day 5 [t(9) = 2.908, P < 0.01] and M/N-Day 10 groups [t(10) = 2.695, P = 0.0225] when compared with their respective Saline control groups (right panel) while this parameter was not different in the M/N-Day 1 as compared to its Saline control group [t(12) = 0.9745, P = 0.3491; ns]. As depicted in Figure 2A, one way ANOVA followed by Newman–Keuls post hoc analysis showed that there was not significant deficient in the alternation behavior in M/N-Sedate, M/N-treated rats (with apnea, right panel), methadone (without apnea) or naloxone groups as compared with the Saline [F(6,46) = 1.571, P = 0.1773] group. Moreover, in Figure 2B, unpaired t-test analysis manifested that the number of arm entries were not different in the M/N-Day 1 [t(12) = 1.947, P = 0.0754; ns], Day 5 [t(9) = 0.8357, P = 0.4249; ns] and Day 10 [t(10) = 1.010, P = 0.3363; ns] groups as compared with their respective Saline control groups (right panel). In addition, One-way ANOVA followed by Newman–Keuls post hoc analysis revealed no significant reduction in the number of total arm entries in the M/N-Sedate, as well as M/N-Day 1 and Day 10 groups (with apnea, right panel), methadone or naloxone groups when compared with the Saline group [F(6,47) = 2.232, P < 0.05] but not for the M/N-Day 5 groups which showed significant reduction as compared with the Saline group.
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FIGURE 2. (A) Spontaneous alternation behavior and (B) Total number of arm entries were recorded in different groups, including; M/N-treated groups (a single dose of naloxone was administered after methadone overdose in apnea stage, in animals which experienced apnea and spontaneous alternation behavior was evaluated either on day 1, 5, or 10 day post-resuscitation; M/N-Day 1 (n = 6), M/N-Day 5 (n = 6) and M/N-Day 10 (n = 6) groups and their respective Saline control groups; n = 6 right panel), M/N-Sedate (n = 8; a single dose of naloxone was administered following methadone overdose, immediately in the initial stage of sedation, so behavioral evaluation was carried out only 1 day after drug administration), Saline; n = 12, methadone; n = 8 and naloxone; n = 7 (saline, methadone or naloxone were administered alone in separated groups in which spontaneous alternation behavior and the number of arm entries were recorded only 1 day after drug administration during an 8-min trial in adolescent rats) groups. Animals received methadone (15 mg/kg; i.p.) or naloxone (2 mg/kg; i.p.) alone or both (apnea groups) in a single dose. Each bar shows the mean ± SEM for 6–12. ∗P < 0.05 different from the Saline group. +P < 0.05 and ++P < 0.01 different from their respective Saline control groups.



Effect of an Acute Toxic Dose of Methadone Administration in Recognition Memory in Adolescent Rats

The novel object recognition task is the ability to distinguish the novel from familiar stimuli which is directly dependent on the prefrontal cortex and hippocampus function (Banks et al., 2012; Pezze et al., 2017). In Figure 3A, the data obtained analyzed using paired t-test exhibited that animals spent equal time to explore both object A1 and A2 and there were not any significant preference in exploring two objects in familiarization phase in the M/N-Day 1 [t(6) = 0.7381, P = 0.4883; ns], Day 5 [t(6) = 0.5558, P = 0.5984; ns] and Day 10 [t(6) = 0.5176, P = 0.6109; ns] groups as compared with their respective Saline control groups (right panel). In Figure 3B which shown short-term memory phase, unpaired t-test analysis indicated that a single toxic dose of methadone (apnea groups) significantly impaired recognition memory in the M/N-Day 1 [t(12) = 2.785, P < 0.01] and M/N-Day 5 [t(9) = 3.032, P < 0.01] when compared with their respective Saline control groups (right panel). One-way ANOVA followed by Newman–Keuls post hoc test exhibited that administration of an acute toxic dose of methadone (15 mg/kg; i.p.) with subsequent naloxone (2 mg/kg; i.p.) administration in sedation state (M/N-Sedate group), three M/N-treated groups, as well as methadone and naloxone groups did not have attenuating effects on short-term memory when compared to the Saline group [F(6,46) = 3.871, P = 0.0010], while this parameter shown significant reduction in the M/N-Day 5 groups as compared with the Saline group. In Figure 3C, the data obtained for long-term memory test revealed detrimental effect of methadone overdose on long-term memory in the M/N-Day 1 [t(11) = 3.903, P = 0.0025] and Day-5 [t(9) = 4.512, P < 0.001] groups which have been continued on day 13 in M/N-Day 10 group [t(11) = 4.285, P < 0.001] when compared with their respective Saline control groups (right panel). Moreover, administration of an acute toxic dose of methadone (15 mg/kg; i.p.) or naloxone (2 mg/kg; i.p.) alone as well as M/N-treated rats (right panel) and M/N-Sedate groups did not show any significant deficit in long-term memory when compared to the Saline group [F(6,46) = 2.384, P = 0.0434].


[image: image]

FIGURE 3. Performance of recognition memory in the novel object recognition task in three sessions as follow; (A) Familiarization (rats were allowed to explore freely two identical objects A1 and A2 for 3-min), (B) Short-term memory (object A1 or A2 was replaced with object B while rats were allowed to explore for 3-min), (C) long-term memory (object B was replaced with object C which provided rats explored freely two objects for 3-min) in different groups, including; M/N-treated groups (a single dose of naloxone was administered after methadone overdose in apnea stage, in animals which experienced apnea and recognition memory was evaluated either on day 1, 5, or 10 day post-resuscitation; M/N-Day 1 (n = 7), M/N-Day 5 (n = 6) and M/N-Day 10 (n = 6) groups and their respective Saline control groups (n = 6); right panel), M/N-Sedate (n = 7; a single dose of naloxone was administered following methadone overdose, immediately in the initial stage of sedation, so behavioral evaluation was carried out only 1 day after drug administration), Saline; n = 10, methadone; n = 11, naloxone; n = 8 (Saline, methadone or naloxone were administered alone in separated groups which recognition memory was evaluated only 1 day after the drug administration in adolescent rats) groups. Animals received methadone (15 mg/kg; i.p.) or naloxone (2 mg/kg; i.p.) alone or both in a single dose. Each bar shows the mean ± SEM for 6–11. ∗P < 0.05 and ∗∗P < 0.01 different from the Saline group. ++P < 0.01 and +++P < 0.001 different from their respective Saline control groups.



Effect of an Acute Toxic Dose of Methadone Administration on Motor Functions in Pole Test in Adolescent Rats

As exhibited in Figure 4A (right panel), unpaired t-test analysis showed that there was no significant difference in t-turn between the M/N-Day 1 [t(18) = 1.674, P = 0.1115; ns], Day 5 [t(10) = 1.820, P = 0.0988; ns] and their respective Saline control groups but this parameter increased in the M/N-Day 10 group as compared with its respective Saline control group [t(12) = 2.180, P < 0.05]. Moreover, one-way ANOVA followed by Newman–Keuls post hoc test showed that in the M/N-Sedate, methadone and naloxone groups no change has been observed in t-turn values when compared with the Saline group [F(6,57) = 6.007, P < 0.0001] but significant increase revealed in the M/N-Day 10 when compared with the Saline or the M/N-Sedate groups. In Figure 4B (right panel), unpaired t-test analysis indicated that there was no significant difference in descending time in the M/N-Day 1 [t(18) = 1.793, P = 0.0898; ns] and Day 10 [t(11) = 1.442, P = 0.1772; ns] groups as compared with their respective Saline control groups, but in the M/N-Day 5 group, the impairment was obvious in descending time when compared with its respective Saline control group [t(10) = 2.209, P < 0.05]. However, as shown in Figure 4B, one way ANOVA revealed that in the M/N-Sedate, the M/N-Day 1 and Day 10 groups as well as methadone (without apnea) and naloxone groups, motor functions were not impaired as compared with the Saline group [F(6,56) = 4.221, P = 0.0014] but significant increase in descending time was observed in the M/N-Day 5 when compared with the Saline or M/N-Sedate groups. Additionally, in Figure 4C (right panel), unpaired t-test analysis showed that there was no significant impairment in motor function in the M/N-Day 1 [t(18) = 2.008, P = 0.0599; ns] and Day 10 [t(12) = 1.307, P = 0.2155; ns] groups as compared with their respective Saline control groups, but in the M/N-Day 5, the detrimental effect of methadone overdose was seen in motor activity when compared with its respective Saline control group [t(10) = 2.217, P < 0.05]. Furthermore, As depicted in Figure 3C, One-way ANOVA followed by Newman–Keuls post hoc test revealed that motor function did not impair in the M/N-Sedate as well as in methadone and naloxone groups as compared with the Saline group [F(6,56) = 4.605, P = 0.0007] but total time increased significantly in the M/N-Day 5 and Day 10 groups in comparison with the Saline or M/N-Sedate groups.
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FIGURE 4. Evaluation of motor performance in pole test such that three parameters were measured including; (A) time to turn downward (t-turn), (B) descending time (time to move downward to reach the floor and (C) total time (time to turn and descending the pole to reach the floor) in different groups, including; M/N-treated groups (a single dose of naloxone was administered after methadone overdose in apnea stage, in animals which experienced apnea and motor behavior was evaluated either on day 1, 5, or 10 day post-resuscitation; M/N-Day 1 (n = 11), M/N-Day 5 (n = 6) and M/N-Day 10 (n = 7) groups and their respective Saline control groups; n = 6; right panel), M/N-Sedate; n = 9 (a single dose of naloxone was administered following methadone overdose, immediately in the initial stage of sedation, so behavioral evaluation was carried out only 1 day after drug administration), Saline; n = 14, methadone; n = 8 and naloxone; n = 8 (saline, methadone or naloxone were administered alone in separated groups in which motor function was evaluated 1 day after drug administration during pole test in adolescent rats) groups. Animals received methadone (15 mg/kg; i.p.) or naloxone (2 mg/kg; i.p.) alone or both in a single dose. Each bar shows the mean ± SEM for 6-14. ∗∗P < 0.01 and ∗∗∗P < 0.001 different from the Saline group. ††P < 0.01 and †††P < 0.001 different from the M/N-Sedate group. +P < 0.05 different from their respective Saline control groups.



Rotarod Test

Unpaired t-test analysis indicated that there were no significant detrimental effect of methadone overdose on motor coordination in rotarod test in the M/N-Day 1 [t(14) = 1.915, P = 0.0762; ns], Day 5 [t(11) = 2.153, P = 0.0543; ns] and Day 10 [t(13) = 1.689, P = 0.1150; ns] groups when compared with their respective Saline control groups (right panel). In addition, One-way ANOVA with Newman–Keuls post hoc test showed that in methadone group (without apnea) there was significant impairment in motor coordination as compared with the Saline group [F(6,49) = 3.386, P = 0.0071]. However, in M/N-Sedate and naloxone groups as well as three M/N-treated groups, no significant differences revealed on motor coordination when compared with the Saline group (Figure 5).


[image: image]

FIGURE 5. Evaluation of motor coordination and balance in rotarod test during a 5-min trial in different groups, including; M/N-treated groups (a single dose of naloxone was administered after methadone overdose in apnea stage, in animals which experienced apnea and motor coordination was evaluated either on day 1, 5, or 10 day post-resuscitation; M/N-Day 1 (n = 9), M/N-Day 5 (n = 6) and M/N-Day 10 (n = 8) groups and their respective Saline control groups; n = 6; right panel), M/N-Sedate (n = 8; a single dose of naloxone was administered following methadone overdose, immediately in the initial stage of sedation, so behavioral evaluation was carried out only 1 day after drug administration), Saline; n = 10, methadone; n = 9 and naloxone; n = 6 (saline, methadone or naloxone was administered alone in separated groups in which coordination assessment was evaluated only 24 h following the drug administration in a 5-min trial in adolescent rats) groups. Animals received methadone (15 mg/kg; i.p.) or naloxone (2 mg/kg; i.p.) alone or both in a single dose. The time each rat stay on the rod before falling was recorded. Each bar shows the mean ± SEM for 6–10. ∗∗P < 0.01 different from the Saline group.



Effect of Acute Toxic Dose of Methadone on Locomotor Activity

As shown in Figure 6, unpaired t-test analysis showed that a single dose of naloxone (2 mg/kg; i.p.) administration following methadone overdose (15 mg/kg; i.p.) in animals which experienced apnea did not displayed significant deficit in locomotor activity in the M/N-Day 1 [t(15) = 0.3083, P = 0.7621; ns], Day 5 [t(11) = 0.6218, P = 0.5468; ns] and Day 10 [t(10) = 0.0126, P = 0.9902; ns] groups when compared to their respective Saline control groups (right panel). In addition, One-way ANOVA by Newman–Keuls post hoc analysis showed that there was no significant difference in locomotor activity in the M/N-Sedate group, M/N-treated rats (right panel, with apnea) as well as methadone and naloxone groups when compared with the Saline group [F(6,62) = 1.084, P = 0.3817].


[image: image]

FIGURE 6. Locomotor activity was recorded by using photobeam activity system during a 5-min session in different groups, including; M/N-treated groups (a single dose of naloxone was administered after methadone overdose in apnea stage, in animals which experienced apnea and locomotor activity was evaluated either on day 1, 5, or 10 day post-resuscitation; M/N-Day 1 (n = 10), M/N-Day 5 (n = 6) and M/N-Day 10 (n = 6) groups and their respective Saline control groups; n = 6; right panel), M/N-Sedate (n = 11; a single dose of naloxone was administered after methadone overdose immediately in the initial stage of sedation state, so behavioral evaluation was carried out only 1 day after drug administration), Saline; n = 14, methadone; n = 12 and naloxone; n = 8 (saline, methadone or naloxone was administered alone in separated groups in which locomotor activity was evaluated 1 day after drug administration) groups. Animals received methadone (15 mg/kg; i.p.) or naloxone (2 mg/kg; i.p.) alone or both in a single dose. Administration of toxic dose of methadone did not change locomotor activity in all groups. Each bar shows the mean ± SEM for 6–14.



DISCUSSION

The purpose of this research was to investigate the cognitive and motor effects of a single toxic dose of methadone on three random groups of naïve adolescent rats tested on either day 1, 5, and 10 after drug administration as depicted in Figure 1. The findings showed that (i) Administration of an acutely toxic dose of methadone induced apnea in 35% of treated rats, (ii) Naloxone as a non-specific opioid receptor antagonist resuscitated 67% of the rats which experienced apnea, (iii) Delay-dependent impairment in cognitive and motor functions was observed in different behavioral tests, (iv) Transient motor impairment following methadone-induced apnea, and (v) Motor deficient in descending time on day 5 after administration of an acute toxic dose of methadone overdose in pole test was observed.

It has been documented that opioids suppress respiration in humans and animals (Van Der Schier et al., 2014). Methadone is a long-acting opioid agonist used for therapy and as medication for abuse/dependence and to treat severe refractory cancer pain (Leppert, 2009; Keane, 2013; Schuckit, 2016). The extensive prescription of methadone has enhanced the risk of life-threatening overdoses in different countries (Paulozzi et al., 2006; Rudd et al., 2016). Buprenorphine, like methadone, is used in the treatment of opioid addiction, but as a partial agonist, displays a ceiling effect; after a certain point, an increase in the dosage will not enhance its effects (Dahan et al., 2006). In contrast, methadone is a full opioid agonist which has the potential to be abused, misused or used non-medically, making overdose-related death, especially due to respiratory depression, a big problem (Ayatollahi et al., 2011; Whelan and Remski, 2012; Soltaninejad et al., 2014). In recent years, methadone has been extensively prescribed in the MMT programs or to relieve pain, giving rise to methadone overdoses by adults using supratherapeutic amounts or by accidental ingestion in the pediatric population (Soltaninejad et al., 2014).

In the Y-maze task, which is a measure of spatial working memory, impairment was revealed in the alternation behavior after methadone overdose. Consistent with our results, Hepner et al. (2002) indicated that methadone which acutely administered impaired the working memory version of Morris water task in rats. In the current study, we did not measure the concentration of methadone in blood or brain tissues, but Andersen et al. (2011) indicated that no methadone detected in brain tissue on the test day which showed memory impairment after the drug administration. The long-lasting impairment in learning or memory after acute or chronic opioid administration might be associated with the persistent impairment of different brain functions through several mechanisms, including changes in central signaling proteins (Lou et al., 1999), activation of apoptosis signaling pathway (Emeterio et al., 2006) or impaired synaptic plasticity (Pu et al., 2002). Previous results suggest that the hippocampus and prefrontal cortex are involved in the NOR task (Banks et al., 2012; Pezze et al., 2017). The current findings indicate impairment of short-term memory in the NOR task on days 3, 7, and 12 (timeline was shown in Figure 1) after methadone overdose. In addition, the reduced recognition memory in the methadone (without apnea) group and the M/N groups which experienced apnea might be due to the activation or changes in protein signaling or the apoptosis pathways related to methadone overdose which have been induced by a high-dose application of opioids (Tramullas et al., 2007; Andersen et al., 2012). It has been proposed that memory impairment might be the result of the direct toxicity of methadone that overstimulates the opioid receptors in the hippocampus and limbic system related to particular forms of learning and memory, including spontaneous object recognition memory (Pertschuk and Sher, 1975; Wehner et al., 2000). Recognition impairment has been observed in previous studies that have described damage to the hippocampus as sufficient to create impairment of recognition memory (Broadbent et al., 2010).

Pole test measurements reflected the deterioration of motor function in the M/N-Day 5 but not in the M/N-Day 1 group. In the current study, the transient impairment of motor performance after methadone overdose suggests that perhaps alternative strategies with other brain regions involved in the processing of sensorimotor performance. Another explanation is, administration of naloxone (reversing methadone overdose) may partly reduce the motor disabilities following injection of a toxic dose of methadone with unknown mechanisms.

In the present study, the rotarod test for evaluation of motor coordination and balance showed mild or no deficiency in animals which experienced apnea. It is important to note that the lack of significant impairment in motor performance in the rotarod test could be in part due to the small number of rats which experienced apnea that had executed the test. It should be noted that other conditions such as test protocol, laboratory environmental factors, and rod diameter could have influenced the sensitivity of the test for detecting subtle deficiencies in motor function or balance following methadone-induced apnea. Nevertheless, several previous reports indicated the lack of motor coordination, executive function, and ataxia which were observed following methadone overdose (Tramullas et al., 2007; Cottencin et al., 2009).

The current results showed no changes in locomotor activity after a single toxic dose of methadone, which is inconsistent with the results of previous studies on the attenuating or increasing effect of motor activity following acute or chronic administration of methadone in rats (Mendez and Trujillo, 2008). Different routes of administration, patterns and doses of methadone prescribed, and the duration of recording of locomotion, as well as the different time point measurements, might affect the outcomes and produce different results (Allouche et al., 2013).

It also has been suggested that administration of naloxone after methadone overdose may modulate the detrimental effects of opioid receptor activation on both locomotor activity and motor coordination in the rotarod task. The results showed that administration of a single dose of naloxone had no effect on memory or motor performance. Hayward and Low reported that naloxone dose-dependently decreased motor activity, which is inconsistent with the current findings (Hayward and Low, 2005). It appears that the short duration of action of naloxone (Aghabiklooei et al., 2013) did not cause alterations in motor function at 24 h post-injection.

Administration of NMDA receptor antagonists like AP5 and MK-801 could impair spatial working memory. As a result, the antagonistic action of methadone on the NMDA receptors might confirm the hypothesis that methadone mediates through both opioid and NMDA receptors to exert adverse/neurotoxic effects on memory and motor function in different behavioral tasks (Ebert et al., 1995; Tsien et al., 1996; Nylander et al., 2016).

Delayed leukoencephalopathy was described for the first time after anoxic injury with symmetrical necrotic lesions of the central white matter, along with the damage to gray matter caused delayed neurological deterioration after initial recovery (Lin et al., 2012; Meyer, 2013). There are several reports of severe methadone-induced leukoencephalopathy which can be recognized by magnetic resonance imaging findings (Mittal et al., 2010; Cerase et al., 2011). The exact mechanism remains uncertain, but one possible hypothesis is that it is in part due to the defect in energy metabolism caused by demyelination following respiratory depression/arrest after methadone overdose (Weinberger et al., 1994). Direct damage or activation of immunological responses to brain tissue is another hypothesis which explains the pathogenesis of methadone-induced leukoencephalopathy (Mills et al., 2008; Mittal et al., 2010; Cerase et al., 2011; Rando et al., 2016). The serum half-life of morphine administered to an opioid-naïve patient was nearly 2–3 h, while this for methadone is approximately 150 h (Ciejka et al., 2016). With respect to methadone toxicity in cell culture, it has been suggested that methadone-induced cell death uncouples mitochondria, resulting in impairment of ATP synthesis (Perez-Alvarez et al., 2010; Nylander et al., 2016). Although these findings are not specific, such symptoms are in part consistent with the current behavioral results. Acute cerebellitis (Mills et al., 2008; Rando et al., 2016) or basal ganglia (Cottencin et al., 2009; Corliss et al., 2013) damage involvement following methadone overdose may explain the motor impairment observed in the pole and rotarod tasks caused in part by overstimulation of opioid receptors in these brain regions.

Despite its limitation, our findings indicate that following acute methadone overdose, reporting and follow-up assessment with the use of brain-imaging techniques after relative initial recovery should be performed. Utilization of plausible neurotoxicity biomarkers would allow continual monitoring to explore complications and possible damage to the central nervous system as well. It is suggested that methadone overdose should be considered to be a possible cause of delayed neurological disorders which require accurate monitoring for adverse reactions or signs to aid diagnosis of the risk of complications to the nervous system in hospital poison centers for healthy subjects, especially children. It has been noted that respiratory depression should be considered in patients using opioids for the first time, but not in chronic users because they develop a tolerance to opioid drugs. It has been suggested that overdose with long-acting opioids such as methadone by a naïve individual may require a longer observation period in the hospital to reduce delayed complications or possible long-term sequelae.

The important limitation of this study means, it remains unclear whether the impairments relate directly to methadone toxicity or cerebral hypoxia. Moreover, we did not measure the concentration of methadone in blood or brain tissue on test days due to the limited financial resource at the time of doing research.

CONCLUSION

In contrast to the majority of studies on the neurological consequences of MMT patients, the current study has shown that acute exposure to a toxic dose of methadone in naïve healthy rats impaired cognitive and/or motor function. The deficient was reversible in motor function but not for memory during an observation period of nearly 2 weeks. The exact mechanisms remain uncertain, but further studies are required to elucidate the different pathophysiological mechanisms of methadone-induced neurotoxicity.

AUTHOR CONTRIBUTIONS

All authors designed the study, analyzed and interpreted the data, and wrote the paper.

FUNDING

This study was carried out as a part of Ph.D. thesis written by LA-M funded (Grant/Registration no: 70) by the School of Medicine, Shahid Beheshti University of Medical Sciences.

ACKNOWLEDGMENTS

The authors greatly appreciate the Neuroscience Research Center members for the kindly collaboration.

REFERENCES

Aghabiklooei, A., Hassanian-Moghddam, H., Zamani, N., Shadnia, S. H., Rahimi, M., Nasouhi, S., et al. (2013). Effectiveness of naltrexone in the prevention of delayed respiratory arrest in opioid-naive methadone-intoxicated patients. Biomed Res. Int. 2013:903172. doi: 10.1155/2013/903172

Allouche, S., Le Marec, T., Noble, F., and Marie, N. (2013). Different patterns of administration modulate propensity of methadone and buprenorphine to promote locomotor sensitization in mice. Prog. Neuropsychopharmacol. Biol. Psychiatry 40, 286–291. doi: 10.1016/j.pnpbp.2012.10.013

Andersen, J. M., Klykken, C., and Mørland, J. (2012). Long-term methadone treatment reduces phosphorylation of CaMKII in rat brain. J. Pharm. Pharmacol. 64, 843–847. doi: 10.1111/j.2042-7158.2012.01469.x

Andersen, J. M., Olaussen, C. F., Ripel,Å., and Mørland, J. (2011). Long-term methadone treatment impairs novelty preference in rats both when present and absent in brain tissue. Pharmacol. Biochem. Behav. 98, 412–416. doi: 10.1016/j.pbb.2011.02.017

Antunes, M., and Biala, G. (2012). The novel object recognition memory: neurobiology, test procedure, and its modifications. Cogn. Process. 13, 93–110. doi: 10.1007/s10339-011-0430-z

Argoff, C. E., and Silvershein, D. I. (2009). A comparison of long-and short-acting opioids for the treatment of chronic noncancer pain: tailoring therapy to meet patient needs. Mayo Clin. Proc. 84, 602–612. doi: 10.1016/S0025-6196(11)60749-0

Ayatollahi, V., Behdad, S., Oliwiaie, H., Hajiesmaili, M. R., Dehghan, M., and Mehrpour, O. (2011). Characteristic features of patients hospitalized with Narcotic poisoning in Yazd, Iran. Iran. J. Toxicol. 4, 362–366.

Banks, P. J., Bashir, Z. I., and Brown, M. W. (2012). Recognition memory and synaptic plasticity in the perirhinal and prefrontal cortices. Hippocampus 22, 2012–2031. doi: 10.1002/hipo.22067

Barbosa Neto, J. O., Garcia, M. A., and Garcia, J. B. S. (2015). Revisiting methadone: pharmacokinetics, pharmacodynamics and clinical indication. Rev. Dor 16, 60–66. doi: 10.5935/1806-0013.20150012

Broadbent, N. J., Gaskin, S., Squire, L. R., and Clark, R. E. (2010). Object recognition memory and the rodent hippocampus. Learn. Mem. 17, 5–11. doi: 10.1101/lm.1650110

Cerase, A., Leonini, S., Bellini, M., Chianese, G., and Venturi, C. (2011). Methadone-induced toxic leukoencephalopathy: diagnosis and follow-up by magnetic resonance imaging including diffusion-weighted imaging and apparent diffusion coefficient maps. J. Neuroimaging 21, 283–286. doi: 10.1111/j.1552-6569.2010.00530.x

Chevillard, L., Mégarbane, B., Risède, P., and Baud, F. J. (2009). Characteristics and comparative severity of respiratory response to toxic doses of fentanyl, methadone, morphine, and buprenorphine in rats. Toxicol. Lett. 191, 327–340. doi: 10.1016/j.toxlet.2009.09.017

Chugh, S. S., Socoteanu, C., Reinier, K., Waltz, J., Jui, J., and Gunson, K. (2008). A community-based evaluation of sudden death associated with therapeutic levels of methadone. Am. J. Med. 121, 66–71. doi: 10.1016/j.amjmed.2007.10.009

Ciejka, M., Nguyen, K., Bluth, M. H., and Dubey, E. (2016). Drug toxicities of common analgesic Medications in the emergency department. Clin. Lab. Med. 36, 761–776. doi: 10.1016/j.cll.2016.07.003

Cohen, S. J., and Stackman, R. W. Jr. (2015). Assessing rodent hippocampal involvement in the novel object recognition task. A review. Behav. Brain Res. 285, 105–117. doi: 10.1016/j.bbr.2014.08.002

Corliss, R. F., Mandal, R., and Soriano, B. J. (2013). Bilateral acute necrosis of the globi pallidi and rhabdomyolysis due to combined methadone and benzodiazepine toxicity. Am. J. Forensic Med. Pathol. 34, 1–4. doi: 10.1097/PAF.0b013e31823a8b1e

Cottencin, O., Guardia, D., Warembourg, F., Gaudry, C., and Goudemand, M. (2009). Methadone overdose, auto-activation deficit, and catatonia: a case study. Prim. Care Companion J. Clin. Psychiatry 11, 275–276. doi: 10.4088/PCC.08l00691

Dahan, A., Yassen, A., Romberg, R., Sarton, E., Teppema, L., Olofsen, E., et al. (2006). Buprenorphine induces ceiling in respiratory depression but not in analgesia. Br. J. Anaesth. 96, 627–632. doi: 10.1093/bja/ael051

Deacon, R. M. (2013). Measuring motor coordination in mice. J. Vis. Exp. 75:e2609. doi: 10.3791/2609

Drummer, O. H., Opeskin, K., Syrjanen, M., and Cordner, S. M. (1992). Methadone toxicity causing death in ten subjects starting on a methadone maintenance program. Am. J. Forensic Med. Pathol. 13, 346–350. doi: 10.1097/00000433-199212000-00017

Dunham, N., and Miya, T. (1957). A note on a simple apparatus for detecting neurological deficit in rats and mice. J. Pharm. Sci. 46, 208–209. doi: 10.1002/jps.3030460322

Ebert, B., Andersen, S., and Krogsgaard-Larsen, P. (1995). Ketobemidone, methadone and pethidine are non-competitive N-methyl-D-aspartate (NMDA) antagonists in the rat cortex and spinal cord. Neurosci. Lett. 187, 165–168. doi: 10.1016/0304-3940(95)11364-3

Emeterio, E. P. S., Tramullas, M., and Hurlé, M. A. (2006). Modulation of apoptosis in the mouse brain after morphine treatments and morphine withdrawal. J. Neurosci. Res. 83, 1352–1361. doi: 10.1002/jnr.20812

Farahmandfar, M., Karimian, S. M., Naghdi, N., Zarrindast, M.-R., and Kadivar, M. (2010). Morphine-induced impairment of spatial memory acquisition reversed by morphine sensitization in rats. Behav. Brain Res. 211, 156–163. doi: 10.1016/j.bbr.2010.03.013

Farhadinasab, A., Shahidi, S., Najafi, A., and Komaki, A. (2009). Role of naloxone as an exogenous opioid receptor antagonist in spatial learning and memory of female rats during the estrous cycle. Brain Res. 1257, 65–74. doi: 10.1016/j.brainres.2008.12.043

Ford, M. D. (2001). Clinical Toxicology. Philadelphia, PA: WB Saunders Company.

Gaspari, R. J., and Paydarfar, D. (2007). Pathophysiology of respiratory failure following acute dichlorvos poisoning in a rodent model. Neurotoxicology 28, 664–671. doi: 10.1016/j.neuro.2007.02.002

Graham, N. A., Merlo, L. J., Goldberger, B. A., and Gold, M. S. (2008). Methadone-and heroin-related deaths in Florida. Am. J. Drug Alcohol. Abuse 34, 347–353. doi: 10.1080/00952990802010892

Hassanian-Moghaddam, H., Hakiminejhad, M., Farnaghi, F., Mirafzal, A., Zamani, N., and Kabir, A. (2017). Eleven years of children methadone poisoning in a referral center: a review of 453 cases. J. Opioid Manag. 13, 27–36. doi: 10.5055/jom.2017.0365

Hassanian-Moghaddam, H., Zamani, N., Rahimi, M., Shadnia, S., Pajoumand, A., and Sarjami, S. (2014). Acute adult and adolescent poisoning in Tehran, Iran; the epidemiologic trend between 2006 and 2011. Arch. Iran. Med. 17, 534–538.

Hayward, M. D., and Low, M. J. (2005). Naloxone’s suppression of spontaneous and food-conditioned locomotor activity is diminished in mice lacking either the dopamine D 2 receptor or enkephalin. Mol. Brain Res. 140, 91–98. doi: 10.1016/j.molbrainres.2005.07.016

Hepner, I. J., Homewood, J., and Taylor, A. J. (2002). Methadone disrupts performance on the working memory version of the Morris water task. Physiol. Behav. 76, 41–49. doi: 10.1016/S0031-9384(02)00695-9

Holcomb, L., Gordon, M. N., McGowan, E., Yu, X., Benkovic, S., Jantzen, P., et al. (1998). Accelerated Alzheimer-type phenotype in transgenic mice carrying both mutant amyloid precursor protein and presenilin 1 transgenes. Nat. Med. 4, 97–100. doi: 10.1038/nm0198-097

Jabbehdari, S., Farnaghi, F., Shariatmadari, S. F., Jafari, N., Mehregan, F.-F., and Karimzadeh, P. (2013). Accidental children poisoning with methadone: an Iranian pediatric sectional study. Iran. J. Child Neurol. 7, 32–34.

Jones, J. D., Mogali, S., and Comer, S. D. (2012). Polydrug abuse: a review of opioid and benzodiazepine combination use. Drug Alcohol Depend. 125, 8–18. doi: 10.1016/j.drugalcdep.2012.07.004

Keane, H. (2013). Categorising methadone: addiction and analgesia. Int. J. Drug Policy 24, e18–e24. doi: 10.1016/j.drugpo.2013.05.007

Kleber, H. D. (2007). Pharmacologic treatments for opioid dependence: detoxification and maintenance options. Dialogues Clin. Neurosci. 9, 455–470.

Leppert, W. (2009). The role of methadone in cancer pain treatment–a review. Int. J. Clin. Pract. 63, 1095–1109. doi: 10.1111/j.1742-1241.2008.01990.x

Lin, W.-C., Chou, K.-H., Chen, C.-C., Huang, C.-C., Chen, H.-L., Lu, C.-H., et al. (2012). White matter abnormalities correlating with memory and depression in heroin users under methadone maintenance treatment. PLoS One 7:e33809. doi: 10.1371/journal.pone.0033809

Lou, L., Zhou, T., Wang, P., and Pei, G. (1999). Modulation of Ca2+/calmodulin-dependent protein kinase II activity by acute and chronic morphine administration in rat hippocampus: differential regulation of α and β isoforms. Mol. Pharmacol. 55, 557–563.

LoVecchio, F., Pizon, A., Riley, B., Sami, A., and D’incognito, C. (2007). Onset of symptoms after methadone overdose. Am. J. Emerg. Med. 25, 57–59. doi: 10.1016/j.ajem.2006.07.006

Ma, M., Chen, Y., He, J., Zeng, T., and Wang, J. (2007). Effects of morphine and its withdrawal on Y-maze spatial recognition memory in mice. Neuroscience 147, 1059–1065. doi: 10.1016/j.neuroscience.2007.05.020

Mendez, I. A., and Trujillo, K. A. (2008). NMDA receptor antagonists inhibit opiate antinociceptive tolerance and locomotor sensitization in rats. Psychopharmacology 196, 497–509. doi: 10.1007/s00213-007-0984-8

Meyer, M. A. (2013). Delayed post-hypoxic leukoencephalopathy: case report with a review of disease pathophysiology. Neurol. Int. 5:e13. doi: 10.4081/ni.2013.e13

Mills, F., MacLennan, S. C., Devile, C. J., and Saunders, D. E. (2008). Severe cerebellitis following methadone poisoning. Pediatr. Radiol. 38, 227–229. doi: 10.1007/s00247-007-0635-6

Milroy, C. M., and Forrest, A. R. W. (2000). Methadone deaths: a toxicological analysis. J. Clin. Pathol. 53, 277–281. doi: 10.1136/jcp.53.4.277

Mintzer, M. Z., Copersino, M. L., and Stitzer, M. L. (2005). Opioid abuse and cognitive performance. Drug Alcohol Depend. 78, 225–230. doi: 10.1016/j.drugalcdep.2004.10.008

Mintzer, M. Z., and Stitzer, M. L. (2002). Cognitive impairment in methadone maintenance patients. Drug Alcohol Depend. 67, 41–51. doi: 10.1016/S0376-8716(02)00013-3

Mittal, M., Wang, Y., Reeves, A., and Newell, K. (2010). Methadone-induced delayed posthypoxic encephalopathy: clinical, radiological, and pathological findings. Case Rep. Med. 2010:716494. doi: 10.1155/2010/716494

Modesto-Lowe, V., Brooks, D., and Petry, N. (2010). Methadone deaths: risk factors in pain and addicted populations. J. Gen. Intern. Med. 25, 305–309. doi: 10.1007/s11606-009-1225-0

Morgan, O., Griffiths, C., and Hickman, M. (2006). Association between availability of heroin and methadone and fatal poisoning in England and Wales 1993–2004. Int. J. Epidemiol. 35, 1579–1585. doi: 10.1093/ije/dyl207

Nylander, E., Grönbladh, A., Zelleroth, S., Diwakarla, S., Nyberg, F., and Hallberg, M. (2016). Growth hormone is protective against acute methadone-induced toxicity by modulating the NMDA receptor complex. Neuroscience 339, 538–547. doi: 10.1016/j.neuroscience.2016.10.019

Ogawa, N., Hirose, Y., Ohara, S., Ono, T., and Watanabe, Y. (1985). A simple quantitative bradykinesia test in MPTP-treated mice. Res. Commun. Chem. Pathol. Pharmacol. 50, 435–441.

Paulozzi, L. J., Budnitz, D. S., and Xi, Y. (2006). Increasing deaths from opioid analgesics in the United States. Pharmacoepidemiol. Drug Saf. 15, 618–627. doi: 10.1002/pds.1276

Perez-Alvarez, S., Cuenca-Lopez, M. D., De Mera, R. M. M.-F., Puerta, E., Karachitos, A., Bednarczyk, P., et al. (2010). Methadone induces necrotic-like cell death in SH-SY5Y cells by an impairment of mitochondrial ATP synthesis. Biochim. Biophys. Acta 1802, 1036–1047. doi: 10.1016/j.bbadis.2010.07.024

Pertschuk, L., and Sher, J. (1975). Demonstration of methadone in the human brain by immunofluorescence. Res. Commun. Chem. Pathol. Pharmacol. 11, 319–322.

Pezze, M. A., Marshall, H. J., Fone, K. C., and Cassaday, H. J. (2017). Role of the anterior cingulate cortex in the retrieval of novel object recognition memory after a long delay. Learn. Mem. 24, 310–317. doi: 10.1101/lm.044784.116

Pragst, F., Broecker, S., Hastedt, M., Herre, S., Andresen-Streichert, H., Sachs, H., et al. (2013). Methadone and illegal drugs in hair from children with parents in maintenance treatment or suspected for drug abuse in a German community. Ther. Drug Monit. 35, 737–752. doi: 10.1097/FTD.0b013e31829a78c3

Prosser, J., Cohen, L. J., Steinfeld, M., Eisenberg, D., London, E. D., and Galynker, I. I. (2006). Neuropsychological functioning in opiate-dependent subjects receiving and following methadone maintenance treatment. Drug Alcohol Depend. 84, 240–247. doi: 10.1016/j.drugalcdep.2006.02.006

Pu, L., Bao, G.-B., Xu, N.-J., Ma, L., and Pei, G. (2002). Hippocampal long-term potentiation is reduced by chronic opiate treatment and can be restored by re-exposure to opiates. J. Neurosci. 22, 1914–1921. doi: 10.1523/JNEUROSCI.22-05-01914.2002

Rando, J., Szari, S., Kumar, G., and Lingadevaru, H. (2016). Methadone overdose causing acute cerebellitis and multi-organ damage. Am. J. Emerg. Med. 34, 343.e1–343.e3. doi: 10.1016/j.ajem.2015.06.032

Rudd, R. A., Aleshire, N., Zibbell, J. E., and Matthew Gladden, R. (2016). Increases in drug and opioid overdose deaths—United States, 2000–2014. Am. J. Transplant. 16, 1323–1327. doi: 10.1111/ajt.13776

Schuckit, M. A. (2016). Treatment of opioid-use disorders. N. Engl. J. Med. 375, 357–368. doi: 10.1056/NEJMra1604339

Shadnia, S., Rahimi, M., Hassanian-Moghaddam, H., Soltaninejad, K., and Noroozi, A. (2013). Methadone toxicity: comparing tablet and syrup formulations during a decade in an academic poison center of Iran. Clin. Toxicol. 51, 777–782. doi: 10.3109/15563650.2013.830732

Shields, L. B., Hunsaker, J. C. III, Corey, T. S., Ward, M. K., and Stewart, D. (2007). Methadone toxicity fatalities: a review of medical examiner cases in a large metropolitan area. J. Forensic Sci. 52, 1389–1395. doi: 10.1111/j.1556-4029.2007.00565.x

Sjøgren, P., Thomsen, A. B., and Olsen, A. K. (2000). Impaired neuropsychological performance in chronic nonmalignant pain patients receiving long-term oral opioid therapy. J. Pain Symptom Manage. 19, 100–108. doi: 10.1016/S0885-3924(99)00143-8

Soltaninejad, K., Hassanian-Moghaddam, H., and Shadnia, S. (2014). Methadone related poisoning on the rise in Tehran. Iran. APJMT 3, 104–109.

Tramullas, M., Martínez-Cué, C., and Hurlé, M. A. (2007). Chronic methadone treatment and repeated withdrawal impair cognition and increase the expression of apoptosis-related proteins in mouse brain. Psychopharmacology 193, 107–120. doi: 10.1007/s00213-007-0751-x

Tsien, J. Z., Huerta, P. T., and Tonegawa, S. (1996). The essential role of hippocampal CA1 NMDA receptor–dependent synaptic plasticity in spatial memory. Cell 87, 1327–1338. doi: 10.1016/S0092-8674(00)81827-9

Van Der Schier, R., Roozekrans, M., Van Velzen, M., Dahan, A., and Niesters, M. (2014). Opioid-induced respiratory depression: reversal by non-opioid drugs. F1000prime Rep. 6:79. doi: 10.12703/P6-79

Verdejo, A., Toribio, I., Orozco, C., Puente, K. L., and Pérez-García, M. (2005). Neuropsychological functioning in methadone maintenance patients versus abstinent heroin abusers. Drug Alcohol Depend. 78, 283–288. doi: 10.1016/j.drugalcdep.2004.11.006

Wehner, F., Wehner, H.-D., Schieffer, M. C., and Subke, J. (2000). Immunohistochemical detection of methadone in the human brain. Forensic Sci. Int. 112, 11–16. doi: 10.1016/S0379-0738(00)00157-2

Weinberger, L., Schmidley, J., Schafer, I., and Raghavan, S. (1994). Delayed postanoxic demyelination and arylsulfatase-A pseudodeficiency. Neurology 44, 152–154. doi: 10.1212/WNL.44.1.152

Whelan, P. J., and Remski, K. (2012). Buprenorphine vs methadone treatment: a review of evidence in both developed and developing worlds. J. Neurosci. Rural Pract. 3, 45–50. doi: 10.4103/0976-3147.91934

Zamani, N., Hassanian-Moghaddam, H., Bayat, A. H., Haghparast, A., Shadnia, S., Rahimi, M., et al. (2015). Reversal of opioid overdose syndrome in morphine-dependent rats using buprenorphine. Toxicol. Lett. 232, 590–594. doi: 10.1016/j.toxlet.2014.12.007

Zhang, J.-J., and Kong, Q. (2017). Locomotor activity: a distinctive index in morphine self-administration in rats. PLoS One 12:e0174272. doi: 10.1371/journal.pone.0174272

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Ahmad-Molaei, Hassanian-Moghaddam, Farnaghi, Tomaz and Haghparast. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
3,

i





OPS/images/fphar-09-01023-i001.jpg
{(number of alternation)/(total number of arm entries — 2)}
% 100





OPS/images/fphar-09-01023-g001.jpg
Acute administration

of drug NOR test NOR test NOR test
Study protocol * > < > « >
l | | l | | |
Days
. | | | | 1 | | | | | | | | | |
-2 -1 0 1 2 3 4 5 6 7 8 9 10 1 12 13
— } } |
Behavioral training Y-Maze Y-Maze Y-l
Pole test Pole test Pole test
Rotarod test Rotarod test Rotarod test
B X Y g
. Y-Maze, Rotarod and
Tests started Pole tests were
on day 1 performed on day 1
Days I I I I | |
-2 -1 0 1 2 3 4 567891011 12 13
DEE—— |
Behavioral training Am:lte administration of NOR test was performed from day 1 to day 4
for pole test and saline, methadone or
rotarod test naloxone alone or
methadone + naloxone
c . Y-Maze, Rotarod and
‘ Tests started Pole tests were
on day 5 performed on day$5
Days I ] l I | |
| I | I I I | I
-2 -1 0 1234 5 6 7 8 9 10 11 12 13
— 1 < >
Behavioral training  Acute administration of NOR test was performed from day 5 to day 8
for pole test and saline alone or
rotarod test methadone + naloxone
D Y-Maze, Rotarod and
et seiedh) Pole tests were
on day 10 performed on day5
i | | | | |
| I I I I I |
-2 -1 0 123456789 10 1 12 13
— 1 < +
Behavioral training Acute administration of NOR test was performed from day 10 to day 13
for pole test and saline alone or

rotarod test methadone + naloxone





OPS/images/fphar-09-01023-g002.jpg
g

< (%) uoneuia)y snosurjuodg a Sauug uuy Jo JaquinN





OPS/images/fphar-09-01023-g003.jpg
I @Al Object

A2 Object

15
1

(%) uonezuenwe

Saline control M/N-Apnea Saline control M/N-Apne Saline control M/N-Apnea

Control M/N-Sedate Methadone  Naloxone

Day 10

Day §

Day1

0O Saline control

M Methadone-induced Apnea

77
*

§ e——7——"1—7"1=
o

£

[

£

£

1™

2

£ |
£

(7]

&8 8 R 8 88 &8 &8 R 8 =°

(%) ¥ON 10} xapuj a2uaiajaid

Day1 Day 5 Day 10

Naloxone

M/N-Sedate Methadone

Saline

O Saline control

B Methadone-induced Apnea

I—###

Long-term memory

.|_

90

Q
]

o 2 o Q o o
~ n < @ N

(%) HON J0J xapu| asuaiajald

10
0

Naloxone Day1 Day 5 Day 10

M/N-Sedate  Methadone

Saline





OPS/images/fphar-09-01023-g004.jpg
t-turn (s)

Descending Time (s)

Total Time (s)

<
© B N W b

© B N W » U O N O v

Saline

Saline

Saline

M/N-Sedate

Methadone

M/N-Sedate Methadone

M/N-Sedate

Methadone

Naloxone

Naloxone

Naloxone

O Saline control

1
: B Methadone-induced Apnea o)
i

I dededk
! +

1

]

1

1

1

1

1

1

1

1

1

I

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

Day1 Day 5 Day 10

O Saline control

B Methadone-induced Apnea e
P

| F

Day1 Day 5

O Saline control
B Methadone-induced Apnea

* =
* =

+

Day1 Day 5 Day 10





OPS/images/cover.jpg


OPS/images/fphar-09-01023-g005.jpg
Time to Fall (s)

350

300

250

200

150

100

50

Saline

M/N-Sedate

*k

Methadone

Naloxone

Day1

Day5

O Saline control
B Methadone-induce Apnea

Day 10





OPS/images/fphar-09-01023-g006.jpg
Day 10

T

adone-induced Apnea

0O Sal
B Methad

Day 5

ine control

[
c
=]
o
w
<L
-
[
s
[
e
L
E L]
—t 3
{ .
E =
~
s
Q
£
.|_ S
w
o o o o o o
wn o wn o (]
~ ~ - -

(ulw ¢ 73UN092) AJIAOY 10J0WO207]









OPS/images/logo.jpg
, frontiers
in Pharmacology





