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Abstract

:

Background: Tramadol (TRA) is an opioid that is used to manage moderate to severe pain. Long-term use of TRA can lead to the development of opioid use disorder. Objectives: This study investigates the role of forced exercise in reducing TRA-seeking behavior. Methods: Adult male rats (240–260 g) were divided into five groups; the control group received vehicle injections, the TRA group received TRA (75 mg/kg, i.p) every other day for 8 days, and three TRA–exercise groups were forced to run on a treadmill (60 min/day, 5 days/week) for 2, 4, or 6 weeks prior to conditioning with TRA. A tramadol-conditioned place preference (CPP) procedure assessed TRA reinforcement, after which all rats were euthanized, tissue extracted, and mRNA expression for brain-derived neurotrophic factor (Bdnf) and interleukin 1 beta (Il-1β) determined in hippocampus (Hipp), prefrontal cortex (PFC), and nucleus accumbens (NAc). Results: TRA-seeking behavior was seen in the TRA group and the 6 weeks forced exercise group. By contrast, forced exercise for 2 or 4 weeks attenuated TRA-seeking behavior. This attenuation was associated with a significant increase in Bdnf mRNA expression in the Hipp and NAc, but not the PFC. Additionally, the TRA-induced elevations in Il-1β mRNA expression were reversed by all durations of exercise in Hipp. However, only 2 and 4 weeks, but not 6 weeks, of exercise reduced elevations in PFC and NAc Il-1β expression. Conclusion: Forced exercise for 2 and 4 weeks attenuates TRA-seeking behavior partially through the regulation of Bdnf and Il-1β mRNA expression.
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1. Introduction


Approximately 35.6 million of the world’s population between the ages of 15 and 64 suffer from substance use disorders. Opioids continue to cause the highest ratio of harm [1]. These medications are effective in reducing pain resulting from various illnesses and other medical conditions. However, their long-term misuse results in progression to substance use disorders in up to 50% of users [2]. Chronic exposure to these drugs leads to adaptive changes in the central nervous system, resulting in tolerance, physical dependence, sensitization, craving, and relapse [3]. Opioids do not directly affect dopamine systems; all drugs of abuse, directly or indirectly, activate the dopamine system, including opioids [4]. Drug dependence is a complex psychological behavior resulting from the interaction of several neurotransmitters, including dopamine and glutamate, in various brain regions [5,6]. Importantly, there is substantial evidence that the nucleus accumbens (NAc) is where dopamine-independent reinforcement occurs, suggesting that these brain regions receive multiple inputs that activate critical drug reinforcement circuits [7].



Another molecular mechanism that critically underlies drug dependence is the release of brain-derived neurotrophic factor (BDNF). BDNF is a neurotrophic factor that promotes neuronal survival, as well as the growth and differentiation of new neurons and synapses [8]. It is one of the few markers that was positively associated with the incubation of drug seeking over the course of drug abstinence, although most of these studies have focused on animal models of cocaine relapse [9,10]. Results from these studies show that during early abstinence, when levels of drug seeking are low, markers of BDNF, including the activity of its intracellular pathways (e.g., extracellular signal-regulated kinases (ERKs)), are decreased in several brain regions including the prefrontal cortex (PFC) and NAc [10,11]. In addition to these mechanisms, but perhaps interacting with them, neuroinflammation has a causal role in the pathological neural activity induced by drugs of abuse [12]. The overall effect of neuroinflammation is mediated, at least in part, by an increase in the production of pro-inflammatory cytokines, such as IL-1β, and TNF-α. Therefore, therapeutic strategies targeting the regulation or availability of inflammatory mediators might be used to prevent drug-seeking behavior during voluntary abstinence.



Tramadol (TRA), a centrally acting analgesic, is commonly prescribed to relieve moderate to severe pain. TRA has a dual mechanism of action: agonizing opioid receptors and blocking the reuptake of norepinephrine and serotonin in the central nervous system [13,14]. A previous assessment by the World Health Organization and the United States Drug Enforcement Agency concluded that TRA has a low potential for abuse [15], although this does not accord with all assessments [16]. A study of use patterns among Jordanian university students showed a pattern of self-medication and misuse of TRA that is likely to lead to substance use disorders [17]. TRA induces a craving response similar to that of oxycodone among opioid abusers [18]. As a result, many individuals who have become addicted to stronger opioid medications also misuse TRA. The vast majority of cases of TRA abuse (97%) occur in individuals with a history of abuse of other drugs [19]. Reports continue to confirm the potential of TRA misuse, as shown by an increase in the proportion of non-physician TRA use by patients of 56% between 2012 and 2015 [20].



Conditioned place preference (CPP) is used to assess the reinforcing potential of drugs [21]. It is used to investigate the neural mechanisms underlying drug dependence and drug-seeking behavior [22]. CPP occurs when a subject chooses a place associated with the administration of a drug, which is taken as indication of its rewarding and reinforcing effects [23]. The CPP model is widely used to examine the reinforcing effects of drugs, which indicate their potential for abuse and addiction [24]. Drugs that produce CPP are highly reinforcing, with abuse potential.



Although many tools for the prevention and treatment of drug-seeking behavior have been developed over the years, both pharmacologic and behavioral, these remain inadequate to solve the problem. Research continues to look for more effective options. Physical exercise has been shown to reduce cocaine-seeking behavior in the CPP paradigm [25]. Similar effects have been shown for the acquisition and extinction of methamphetamine CPP [26,27]. Thus, increased physical activity may be beneficial in the prevention and treatment of substance use disorders. In support of this hypothesis, it has been found that promoting physical activity during adolescence may protect both males and females from abusing cocaine [25]. Less work has been carried out to examine the effects of increased physical activity or exercise on opioid reinforcement. Thus, the main goal of the present work was to investigate, for the first time, the effects of exercise on TRA-seeking behavior in rats by assessing drug reinforcement using CPP. The effects of different durations of exercise on TRA-seeking behavior were also explored, as well as changes in the mRNA expression levels of Bdnf and Il1b, and in NAc and PFC as well as hippocampus (Hipp) to assess the potential mechanisms by which exercise might reduce TRA reinforcement.




2. Materials and Methods


All experimental procedures were approved by the Institutional Animal Care and Use Committee at Yarmouk University (IACUC/2022/8), dated 4 September 2022. Male Sprague Dawley (SD) rats (240–260 g) were obtained from the animal house of Yarmouk University. Animals were housed under standard laboratory conditions: temperature of 21–25 °C, 55% humidity, and a 12 h light–dark cycle. Each rat was housed alone in a 45 cm × 30 cm × 20 cm cage with wood shaving bedding and no environmental enrichment. Rats had free access to water and a standard chow diet. Rats were divided into five groups with 10 rats in each group: the control group received normal saline and underwent the CPP paradigm; the TRA–saline group received alternating doses of TRA (75 mg/kg i.p.) and saline injections for 8 days during the CPP paradigm; and three exercise groups were forced to run on a treadmill for 2, 4, or 6 weeks (60 min/day, 5 days/week) before undergoing CPP testing, and then each group received alternating doses of TRA (75 mg/kg i.p.) and saline injections for 8 days during CPP testing, as reported in previous studies [28,29]. TRA (Hikma Pharmaceuticals, Amman) was dissolved in saline and was given intraperitoneally (75 mg/kg i.p.). This was an effective dose for CPP based on another study [30]. The experimental design is shown in Figure 1A and the conditioning place preference apparatus in Figure 1B.



2.1. Chronic Daily Treadmill Exercise Regimen


A treadmill instrument was used to perform forced exercise on experimental rats. The treadmill is divided into five running lanes by plexiglass dividers. The treadmill was placed in a separate room from the housing room. All exercise subjects (n = 30 males, 10 in each exercise group) were adapted according to the same exercise model. The exercise was performed at the same time in the morning between 7:00 am and 10:00 am.



The treadmill was started for a duration of 10 min/day. The speed (15 m/min) was set within the range that has been utilized in previous studies on rats [31]. The rate was kept constant, and the duration of exercise was prolonged by 10 min/day until 60 min/day was reached. The rats were given a ten-minute break after the first half-hour of exercise. Rats in the three exercise groups were maintained on this daily exercise regime, 5 days per week, for 2, 4, and 6 weeks prior to the CPP test.




2.2. Conditioning Place Preference (CPP) Apparatus


The apparatus was made of rectangular plexiglass divided into two compartments (white and black) separated by a removable guillotine door, with standard dimensions for each compartment of 35 cm (width) × 35 cm (length) × 50 cm (height). The rats were placed in a colorless chamber at the beginning of the experiment, from which they could transfer between the two chambers. The white compartment had black vertical stripes with a rough white floor, while the black chamber had white horizontal stripes and a smooth black floor. A table lamp (18 w) was situated about 74 cm above the black compartment alongside a video camera placed above the apparatus to record the movement of the rats within the two compartments during the test. The time spent in each chamber was determined by an observer blinded to the experimental conditions, defining the location of the head as the location of the rat in the apparatus as described previously [32].



2.2.1. Pre-Conditioning Phase


In this phase, the rats were allowed to roam freely in the CPP apparatus for 20 min/day on the first two days with the guillotine door open (the habituation phase). No treatment was given at this stage. To ensure an unbiased design, on Day 3, a digital camera was situated above the apparatus and a recording was made. The time spent in each chamber determined by an observer blinded to the experimental conditions, defining the location of the head as the location of the rat in the apparatus as described previously [32]. When rats displayed strong initial preference for any chamber for more than 67% of the total time, they were removed from the study [33].




2.2.2. Conditioning Phase


Rats in the control group were injected with saline each day (1 mL/kg) for 8 days prior to placement in each chamber. In the four groups that received TRA, rats received injections of TRA (75 mg/kg i.p.) or saline (1 mL/kg; equivolume to the TRA injections) on alternate days (8 days, 4 doses of each) prior to placement in the chambers, one being the TRA+ chamber and one being the TRA- chamber. The exercise groups were treated in the same manner. TRA injections were given after the treadmill exercise session. On days four, six, eight, and ten, rats were treated with TRA and then confined to the TRA+ compartment for 30 min. On days five, seven, nine, and eleven, rats were treated with saline and then confined to the TRA- compartment for 30 min. Compartment location (right side or left side) paired with TRA was pseudorandomized, as in a previous study [34].




2.2.3. Post-Conditioning Test


After the conditioning phase, a post-conditioning test was conducted on day twelve, in a manner identical to the pre-conditioning test. No exercise session was conducted on this day. During the test, the guillotine door between the two chambers was removed and rats were allowed to freely move in the two chambers for 20 min. This was recorded by a video camera. The time spent on each side was calculated in the same manner as the pre-conditioning test described above. The percentage of time spent in the drug-paired chamber was calculated through this equation: (time spent in the drug-paired chamber/the total time of the test) × 100.






3. Harvesting of Brain Tissue


Twenty-four hours after the post-conditioning test, rats were euthanized with diethyl ether and promptly decapitated using a guillotine. The brains were harvested immediately and stored at −80 °C for further analysis. A cryostat apparatus (CM1850, Leica, Wetzlar, Germany) was kept at −20 °C to keep the tissue frozen and was used for the dissection. The NAc (core and shell) (relative to bregma: +1.2–+2.2 mm) with a weight of 400–500 µg, the medial PFC (mPFC) (relative to bregma: +2.7–+3.7 mm) with a weight of 600–700 µg, and the Hipp (relative to bregma: −3.14–−4.16 mm) with a weight of 600–700 µg were obtained [35].



3.1. Gene Expression Analysis


Total RNA was isolated from the NAc, the Hipp, and the PFC using Monarch® RNA Purification Kits (New England Biolabs, Ipswich, MA, USA). cDNA was then prepared using a commercial kit, SOLIcript® RT (Tartu, Estonia) according to the manufacturer’s instructions, with 4 µg of total RNA from each sample used. A Nanodrop Quawell DNA/Protein Analyzer was used to quantify RNA and cDNA concentrations (Sunnyvale, CA, USA). A quantitative real-time polymerase chain reaction (qRT-PCR) was then performed with a BlasTaq 2× qPCR MasterMix kit (New England Biolabs, Ipswich, MA, USA). The reaction included 10 μL of 2× BlasTaqTM qPCR MasterMix, 0.5 μL each of forward and reverse primers, 2 μL of cDNA template, specific primers for the gene of interest, and nuclease-free H2O added to a final volume of 20 μL. The Glyceraldehyde 3-phosphate dehydrogenase (Gapdh) gene was used as the reference gene for normalization. The relative quantification of the expression of target mRNA in experimental groups with those of control subjects was carried out by the 2−ΔΔCT method [36]. The primers were as follows: Gapdh forward ACGGGAAAC CCA TCA CCA T and reverse CCA GCA TCA CCC CAT TTGA [37], Bdnf forward AAGTCTGCATTACATTCCTCGA and reverse GTTTTCTGAAAGAGGGACAGTTTAT [38], and Il-1β forward ACC CAA GCA CCT TCT TTT CCT T and reverse TGC AGC TGT CTA ATG GGA ACA T [37].




3.2. Statistical Analysis


Percentage of time spent in the drug chamber as well as the qRT-PCR data for Bdnf and Il-1β were analyzed using one-way ANOVA followed by Tukey’s multiple means comparisons. All data were analyzed using GraphPad Prism 9.0; significance was set at p < 0.05.





4. Results


Compared to the saline control group, four doses of tramadol treatment (75 mg/kg, i.p.) significantly increased the percentage of time spent in the drug-paired chamber (Figure 2). Exercise for 2 and 4 weeks significantly decreased the percentage of time spent in the drug-paired chamber, while exercise for 6 weeks did not significantly reduce the percentage of time spent in the drug-paired chamber. These group differences were confirmed by post hoc means comparisons following demonstration of a significant overall effect of the group in a one-way ANOVA [F (4, 45) = 4.471, p = 0.0040, Figure 2].



Figure 3 illustrates the effect of four doses of TRA (75 mg/kg for 4 days) with and without exercise on the mRNA expression of Bdnf in Hip (Figure 3A), PFC (Figure 3B), and NAc (Figure 3C). Tramadol significantly decreased the Bdnf mRNA expression, while exercise for 2 and 4 weeks upregulated the mRNA expression of Bdnf; indeed, these levels were above baseline (control) levels. However, exercise for 6 weeks did not significantly affect Bdnf mRNA expression. This effect was confirmed by one-way ANOVA, which indicated the significant main effect of treatment on relative bdnf mRNA expression [F (4, 20) = 25.09, p < 0.0001, Figure 3A], as well as post hoc means comparisons. No effect of tramadol or exercise was observed on mRNA expression of Bdnf in PFC, as shown in a one-way ANOVA [F (4, 20) = 1.53, p = 0.2308, Figure 3B]. Similar to the Hip results, a significant decrease was observed with tramadol and upregulation with 4 weeks of exercise but not with 2 or 6 weeks of exercise. This upregulation was not significantly different from baseline (control) values. This pattern of effects was confirmed by one-way ANOVA, which indicated a significant main effect of treatment on relative Bdnf mRNA expression [F (4, 20) = 10.56, p = 0.0001, Figure 3C], as well as post hoc means comparisons.



Figure 4 illustrates the effect of tramadol conditioning with or without exercise for either 2, 4, or 6 weeks on the mRNA expression of Il-1β in Hip (Figure 4A), PFC (Figure 4B), and NAc (Figure 4C). Tramadol significantly increased Il-1β mRNA expression in HIP, while exercise for 2, 4, and 6 weeks reduced mRNA expression of Il-1β below baseline (control) values. This effect was confirmed by one-way ANOVA, which indicated the significant main effect of treatment on relative Il-1β mRNA expression [F (4, 20) = 13.18, p < 0.0001, Figure 4A], followed by post hoc means comparisons. Similar data were obtained for the PFC, where tramadol upregulated Il-1β mRNA expression, and 2 and 4 weeks of exercise, but not 6 weeks, reduced the expression as indicated by one-way ANOVA [F (4, 20) = 6.58, p = 0.0015, Figure 4B]. A significant increase was also observed with tramadol in the NAC with restored expression after 2 and 4 weeks of exercise, but not with 6 weeks of exercise. This is shown by the significant effect of treatment in a one-way ANOVA for relative Il-1β mRNA expression [F (4, 20) = 8.23, p = 0.0006, Figure 4C].




5. Discussion


In this study, TRA (4 × 75 mg/kg i.p on alternate days) induced CPP, while forced exercise for 2 or 4 weeks, but not 6 weeks, reduced TRA-induced CPP, indicating a significant inhibition of drug-seeking behavior by exercise. Furthermore, TRA decreased relative mRNA expression of Bdnf in Hipp and NAc, but not PFC. This effect was reversed by exercise. TRA increased the relative mRNA expression of Il-1β, TRA in Hipp, NAc, and PFC, while exercise attenuated this effect. These data indicate that the reinforcing effects of TRA can be reduced by moderate exercise, but perhaps not more strenuous exercise, and that these effects may involve changes in Bdnf and Il-1β.



Previously, it was shown that TRA is associated with both abuse [39] and serious side effects [40,41], despite perceptions of its relative safety compared to other opioids. TRA can induce a preference for environments associated with its administration, which was confirmed by previous CPP studies in rodents suggestive of strong reinforcing effects and addictive potential [42]. Additionally, a high rate of non-therapeutic use (e.g., abuse) was also reported in humans [43]. In our results, TRA administered 4 times to rats at a dose of 75 mg/kg i.p. on alternate days resulted in significant drug-seeking behavior (e.g., CPP; seeking out the environment previously paired with the drug). This is consistent with previous reports. For example, a previous study used CPP to assess drug-seeking behavior induced by TRA. Different doses of TRA were examined (18.75, 37.5, and 75 mg/kg). The results indicated that TRA produced a statistically significant CPP, with the two highest doses inducing comparable effects to those induced by morphine (5 mg/kg). Thus, although a less potent drug, higher doses should be considered to have abuse potential. Moreover, the CPP results indicate that TRA has a greater potential for abuse than was originally thought [30]. Another study confirmed that TRA significantly increased the time spent in the drug-paired compartment post-conditioning compared to pre-conditioning [44].



Exercise is currently considered to be a beneficial adjunctive treatment for numerous chronic and complex diseases. Overall, exercise is considered to enhance well-being in general, as stated in the World Health Organization report 2020 [45], although many of those actions may have a more specific basis. Physical activity is recommended as a component of healthy lifestyle to protect against coronary heart disease (CHD) and cerebrovascular diseases [46] and can have significant health advantages for obese patients [47]. It is especially preferred as it is not associated with many side effects compared with pharmacological treatments [48]. Additionally, as a part of cognitive behavioral therapies, exercise can improve treatment outcomes for many depressed patients [48]. Participating in physical activities is a form of treatment because it helps to decrease mental health problems and improves social communication and self-esteem [49]. Moreover, exercise produces changes in metabolism and general inflammatory state [50], which may be quite helpful for conditions involving chronic inflammation. Thus, exercise can be beneficial for both physiological and psychological problems and would also be expected to have benefits for individuals in treatment for addiction given the role of inflammatory signaling in addiction.



Related to drug-seeking behavior, it was shown that physical activity in the form of aerobic exercise decreases drug self-administration and other measures of drug-seeking behavior. Studies show that exercise has positive effects in the treatment of drug abuse in humans [51,52]. This has been confirmed in animal models as well. For instance, running in an activity wheel or on a treadmill decreases the self-administration of nicotine [53], cocaine [54], methamphetamine, MDMA, and methylone [55]. Furthermore, exercise decreases the resumption of drug seeking after a period of abstinence. Moreover, aerobic exercise produces changes in central dopamine and opioid systems, which may explain such reductions in drug seeking and drug intake [56]. A previous clinical study of 25 participants in a 12-week exercise program showed a significant reduction in alcohol consumption in an exercise group compared to control subjects [57]. Changes in body mindfulness and an increase in energy level were observed.



Animal experiments have revealed promising treatment impacts of exercise on drug-seeking behaviors. For example, voluntary wheel running decreased reinstatement of cocaine-seeking behavior precipitated by exposure to cocaine and cocaine-paired cues [54,58]. Animal studies have shown that aerobic exercise reduces stimulus-driven drug seeking and decreases escalation and reinstatement of drug-seeking behavior [59]. It has been shown that mice that exercised on a treadmill and performed physical activity consumed alcohol significantly less than mice that did not exercise. In males, this effect was not as significant as in females, but it shows that mice change their pattern of alcohol intake when they increase physical activity [60].



Consistent with the above-mentioned reports, our results confirmed potential benefits of exercise in reversing the TRA-seeking behavior. Firstly, this work shows that TRA clearly produced drug-seeking behavior and has more abuse potential than widely thought. Secondly, two and four weeks of exercise significantly reduced TRA-seeking behavior in rats and, thus, is consistent with the potential of exercise as a non-pharmacological alternative or adjunctive treatment for drug use disorders, including opioid use disorders. It will be important to explore these actions for other opioids, including more potent opioid agonists, such as fentanyl. Physical activity can work as a treatment to improve brain diseases and further improve social aspects of life, an idea which can be extended to the treatment of addiction. By working on self-image in youngsters, exercise has a preventive effect on drug abuse [61], although the present data suggest that physiological effects beyond these psychological effects may contribute to these outcomes.



It must also be stated that these findings suggest that some exercise parameters appear to affect whether or not positive outcomes are seen. Our results showed that exercise for six weeks did not significantly decrease TRA-seeking behavior in rats. This longer duration of physical activity resulted in the disappearance of the benefits gained at 2 and 4 weeks of exercise. Since we did not explore changes in physiological parameters over the course of exercise, it is possible that the physiological consequences of the forced exercise may have changed at this longer time point. Thus, there may be a u-shaped response here where a certain duration of forced physical activity is beneficial, but beyond a certain point, this changes. In this regard, it should be noted that this was forced exercise; it will be important to compare the effects of voluntary exercise to those of forced exercise on these outcomes. Previously, it has been shown that the intensity of physical exercise or its forced or voluntary nature has different effects on drug taking. For example, a decrease in alcohol intake was observed in a strain of mice with a high preference for alcohol (C57BL/6J mice) after voluntary moderate physical activity. However, higher-speed forced physical activity increased alcohol intake in the same strain of mice [62]. Additionally, higher levels of endogenous opioids were detected following strenuous exercise, interpreted as a potential for “auto-addiction” [63]. Thus, while moderate exercise can have therapeutic benefits in inhibiting drug-seeking behavior, strenuous levels of exercise might increase seeking behavior by triggering the release of endorphins and dopamine, which can increase reinforcement, making individuals more likely to seek out rewarding experiences [64]. Although the intensity of exercise was not altered in the current experiment, the consequences of exercise may have changed at longer durations of forced exercise exposure in a similar manner, something that should be explored in the future. More research is needed to investigate the effects of short versus longer, moderate versus strenuous, and voluntary versus forced exercise on drug seeking and other drug-related phenotypes.



In the present results, TRA reduced Bdnf expression while exercise increased Bdnf expression, albeit in a brain region-specific manner. Two and four weeks of exercise, but not six weeks, significantly reversed TRA-induced decreases in bdnf and increased the relative mRNA levels of bdnf in the hippocampus. No significant changes were observed in the PFC, and only 4 weeks of exercise significantly increased relative mRNA levels of bdnf in NAc. Physical exercise has a lot of effects on the brain, as it improves neural connections in areas significant for learning and memory such as the hippocampus. Neurogenesis is stimulated by exercise as well [65]. A study on rats showed that exercise itself does not cause neurogenesis per se, but is responsible for recuperation after alcohol-induced damage [66], allowing a greater potential for neurogenesis. Exercise might do so by promoting growth factors, such as BDNF, which help maintain neural connections and act as a protective factor for neuronal survival [67]. However, different studies on exercise and addictive drugs found different results for effects on bdnf levels that were also brain region dependent. For example, previous research showed that cocaine exposure increases BDNF signaling in the NAc [68], and both aerobic [69] and resistance [70] exercise decreases bdnf gene expression in cocaine-exposed rats. Another study indicated that resistance exercise decreases cocaine self-administration and reduces bdnf mRNA expression in the NAc [71]. A decline in hippocampal, but not PFC, bdnf expression after morphine treatment in abstinent rats was observed [72]. Another study indicated that exercise increases BDNF in both humans and animal models [73]. It has been shown that exercise induced an upregulation of the BDNF in the hippocampus and might therefore play an important role in the enhancement of cognitive functions in humans by exercise [74]. The authors concluded that physical activity could increase the availability of bdnf to these cells by upregulating its expression in the hippocampus, and as a consequence, exercise might increase the brain’s resistance to damage [75]. Furthermore, it has been reported that as little as 6 h of voluntary wheel running results in a significant upregulation of the hippocampal bdnf mRNA expression in rats, which remained elevated after 12 h after voluntary running [76]. Thus, our results are consistant with the majority of previous studies indicating that exercise could induce an increase in bdnf levels in some brain regions, especially the hippocampus.



The connection between substance abuse and neuroinflammation has been confirmed previously in numerous studies. Neuroinflammation was found to induce neural adaptations following chronic exposure to drugs of abuse [12,77]. IL-1β, a pro-inflammatory cytokine, has been shown to be released in response to alcohol [78], cannabinoids [79], and opioids [80,81,82]. IL-1β may modulate the reinforcing effects of substances by influencing the release of dopamine, which is associated with drug reward and drug reinforcement. Our results showed that TRA induced significant elevations in Il-1β mRNA expression in the three tested brain regions (Hipp, PFC, and NAc). Exercising, especially for 2 and 4 weeks, reversed TRA-induced neuroinflammation as indicated by the reduction in the Il-1β mRNA levels in the three brain regions; indeed, these reductions were below control values. This is consistent with previous reports that showed the ability of physical activities to attenuate neuroinflammation in several chronic neurological disorders [83,84]. For example, 3 weeks of voluntary running exercise effectively normalized the elevated hippocampal levels of IL-1β and TNF-α in Tg2576 Alzheimer transgenic mice [85]. Traumatic brain injury-induced elevation in IL-1β and TNF-α was also reversed by 4 weeks of treadmill physical exercising in male Wistar rats [86].



This study has some limitations that should be considered. One limitation of our findings is the relatively small sample sizes in molecular investigations (n = 5 per group), which may have constrained our ability to detect smaller effects. However, the substantial effect sizes observed for many of our results, both for bdnf and Il-1β mRNA relative expression, support the reliability of the main observations presented. Furthermore, no measurement of intensity, assessment of aerobic capacity or lactate testing, or assessment of the relation to the anaerobic threshold was conducted; more studies are warranted to examine these effects. Although exercise can change locomotor capacity, CPP is not generally affected by such confounding effects since it measures the distribution of activity rather than being dependent on a measure of motor capacity (see discussion in [24]).




6. Conclusions


The current research focused on the role of different levels of exercise on reversing TRA-seeking behavior using a CPP rat model. TRA clearly produced reinforcing effects, suggestive of additive potential, while exercise reduced these effects. Specifically, results showed that 2 and 4 weeks, but not 6 weeks, of exercise reduced the time spent in the TRA-paired chamber, indicating significant inhibition of drug-seeking behavior. Further, molecular changes in bdnf and Il-1β mRNA expression levels in different brain regions (NAc, PFC, and Hipp) accompanied TRA conditioning, and these effects were reversed by exercise. The results suggest that moderate exercise might be beneficial for limiting TRA abuse potential. Further molecular studies are needed to understand the exact mechanisms by which exercising alters neurotransmission, neurogenesis, and neuro-inflammatory processes, as well as the optimal exercise conditions for producing such effects.
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Figure 1. (A) The experimental design and timeline for the study. TRA; tramadol, NS; normal saline, Hipp; hippocampus, PFC; prefrontal cortex, NAc; nucleus accumbens, Il-1β; Interleukin-1-beta, bdnf; brain-derived neurotrophic factor and qPCR; quantitative PCR (this figure was generated using BioRender® 2024). (B) Conditioning place preference apparatus. 
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Figure 2. Percentage of time in the drug-paired chamber; after saline, tramadol (75 mg/kg × 4 days), and tramadol following 2, 4, or 6 weeks of forced exercise. Data are expressed as mean ± S.E.M. n = 10, * p < 0.05, ** p < 0.01. 
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Figure 3. Relative mRNA expression of Bdnf in (A) hippocampus (Hip), (B) prefrontal cortex (PFC), and (C) nucleus accumbens (NAc) after tramadol treatment alone or in combination with 2, 4, or 6 weeks of physical exercise. Data are expressed as mean ± SEM (n = 5); * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Figure 4. Relative mRNA expression of Il-1β in (A) hippocampus (Hip), (B) prefrontal cortex (PFC), and (C) nucleus accumbens (NAc) brain regions after tramadol treatment alone or in combination with 2, 4, or 6 weeks of physical exercise. Data are expressed as mean ± SEM (n = 5); * p < 0.05, ** p < 0.01 and **** p < 0.0001. 
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