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Methamphetamine (METH) abuse causes irreversible damage to the central nervous system and leads to psychiatric symptoms including depression. Notably, METH-induced hyperthermia is a crucial factor in the development of these symptoms, as it aggravates METH-induced neurotoxicity. However, the role of hyperthermia in METH-induced depression-like behaviors needs to be clarified. In the present study, we treated mice with different doses of METH under normal (NAT) or high ambient temperatures (HAT). We found that HAT promoted hyperthermia after METH treatment and played a key role in METH-induced depression-like behaviors in mice. Intriguingly, chronic METH exposure (10 mg/kg, 7 or 14 days) or administration of an escalating-dose (2 ∼ 15 mg/kg, 3 days) of METH under NAT failed to induce depression-like behaviors. However, HAT aggravated METH-induced damage of hippocampal synaptic plasticity, reaction to oxidative stress, and neuroinflammation. Molecular hydrogen acts as an antioxidant and anti-inflammatory agent and has been shown to have preventive and therapeutic applicability in a wide range of diseases. Coral calcium hydride (CCH) is a newly identified hydrogen-rich powder which produces hydrogen gas gradually when exposed to water. Herein, we found that CCH pretreatment significantly attenuated METH-induced hyperthermia, and administration of CCH after METH exposure also inhibited METH-induced depression-like behaviors and reduced the hippocampal synaptic plasticity damage. Moreover, CCH effectively reduced the activity of lactate dehydrogenase and decreased malondialdehyde, TNF-α and IL-6 generation in hippocampus. These results suggest that CCH is an efficient hydrogen-rich agent, which has a potential therapeutic applicability in the treatment of METH abusers.
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HIGHLIGHTS


-Hyperthermia plays a key role in METH-induced depression-like behaviors.

-High ambient temperature aggravates METH-induced depressive behaviors.

-CCH pretreatment inhibits METH-induced depression-like behaviors.

-CCH reduces METH-induced hippocampal synaptic plasticity damage.

-CCH has a potential therapeutic applicability in the treatment of METH abusers.





INTRODUCTION

Methamphetamine (METH) is a widely abused psychoactive substance all over the world (De-Carolis et al., 2015). Long-term or large dose use of METH leads to serious abnormalities in the cardiovascular, digestive, and immune system, and especially causes irreversible damage to the central nervous system (CNS) (Papageorgiou et al., 2019). As such, METH abusers are susceptible to neurodegenerative diseases, such as Parkinson’s (Arab et al., 2019), Alzheimer’s (Panmak et al., 2021), and Huntington’s disease (Johnson et al., 2006), and generally present with a variety of psychiatric symptoms, such as depression and schizophrenia (Pogorelov et al., 2012).

Studies have shown that dopamine oxidative stress, excitotoxicity, and neuroinflammation are the most important mechanisms in METH-induced neurotoxicity (Halpin et al., 2014; Shaerzadeh et al., 2018; Pan et al., 2020). Additionally, hyperthermia is also a critical factor, and METH caused hyperthermia occurs in a dose- and ambient temperature-dependent manner (Molkov et al., 2014). A single medium or high dose of METH can cause a rapid rise of core body temperature, which is maintained for several hours, and this persistent hyperthermia aggravates METH-induced oxidative stress, excitotoxicity and neuroinflammation (Matsumoto et al., 2014; Liao et al., 2021). Immunohistochemistry index of tyrosine hydroxylase (Hotchkiss and Gibb, 1980; Kaewsuk et al., 2009), dopamine transporter (Sambo et al., 2018), glial fibrillary acidic protein (Castelli et al., 2014), and c-Fos in mice brain samples taken 6 days after METH administration confirmed that exposure to hot ambient temperature increases the neurotoxicity of METH (Cornish et al., 2012). However, whether hyperthermia plays a role in METH-induced psychiatric symptoms remains elusive.

Increasing evidence has indicated that treatment with antioxidant and anti-inflammatory agents is an effective intervention strategy that can effectively reduce the incidence of METH-induced neurotoxic complications (Murakami et al., 2018; Xie et al., 2018). Molecular hydrogen, as a novel healthcare product for a wide range of diseases, has recently become increasingly popular because of its unique anti-oxidative capability of selectively scavenging highly cytotoxic oxygen radicals and its anti-inflammatory properties (Qi et al., 2021). Our previous studies have revealed that molecular hydrogen delivered by ad libitum hydrogen-rich water (HRW) consumption significantly inhibited METH-induced spatial memory impairment in the Barnes and Morris water maze tests (Wen et al., 2019). In addition, hydrogen-rich saline (HRS) injections attenuated symptoms of low dose METH-induced behavioral sensitization (Wen et al., 2020). Up to now, drinking or bathing with HRW and inhalation of hydrogen gas (HG) have been used as the routes for administering hydrogen to humans (Zhu et al., 2018; Mikami et al., 2019). However, these methods hardly lead to the long-term effective accumulation of hydrogen owing to its low solubility in water. Coral calcium hydride (CCH), a porous powder made of coral calcium reacting with hydrogen at high temperature, generates HG gradually, when exposed to water (Ueda et al., 2010). Previous studies have reported that the maximum concentration of HG generated reached nearly 600 ppb in 5 ∼ 10 g CCH/L suspension. Moreover, this hydrogen could be steadily released for at least 24-h before its generation gradually declined (Hou et al., 2016). Herein, we hypothesized that the administration of CCH used to produce pure hydrogen may alleviate hyperthermia and prevent depression-like behaviors caused by high dose of METH exposure.

In this study, animals were treated with METH in different ambient temperatures to investigate the role of hyperthermia in METH-induced depression-like behaviors via tail suspension test (TST), forced swimming test (FST), and locomotion test (LMT). In addition, the effect of CCH on METH-induced hyperthermia and depression-like behaviors was also explored. As the damage of hippocampal neurons plays a key role in plasticity regulation of synapses and a critical role in the mechanism of depression, Golgi staining in hippocampus was conducted, and the index of oxidative stress and neuroinflammation were also measured by the detection of lactate dehydrogenase (LDH), malondialdehyde (MDA), IL-6 and TNF-α levels.



MATERIALS AND METHODS


Animals

Three hundred and ninety C57BL/6 mice, initially weighing 20–22 g (8 weeks old) were ordered from Beijing Vital River Laboratory Animal Technology Co., Ltd., China. All the mice were provided with food and water ad libitum and were kept in a climate controlled environment, at a consistent temperature (22 ± 1°C), humidity (approximately 60%), and a 12-h light/dark cycle (lights off at 7:00 a.m.). All experimental procedures were approved by the Local Animal Use Committee of Hebei Medical University and performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.



Drugs

DL-METH was provided by Beijing Municipal Public Security Bureau, China. CCH was provided by Shanghai Quanren Biological Technology Co., Ltd. (Shanghai, China). The stock solution of METH (1 g/mL) was dissolved in 0.9% sterile saline, and CCH was suspended in pure water before use. The concentration of METH was adjusted to an appropriate injection volume of 10 mL/kg of body weight in each experiment.



Behavioral Testing


Tail Suspension Test

The procedure of behavioral testing was consistent with previous studies (Hao et al., 2019; Zhao et al., 2019; Luo et al., 2021). Four brightly lit 20 cm × 20 cm × 35 cm white, plexiglass arenas were used for the TST. The tail of each mouse was attached to a hook placed 3 cm from the top of each box using adhesive tape placed 1 cm away from the tip of the tail for a duration of 6 min. Immobility was defined as the absence of movement of limb or body when hung passively, and the immobility time during the last 5 min were measured. The behavioral tests were videotaped and analyzed using Noldus Video Tracking Software (Wageningen, Netherlands). Animals were separated from each other to prevent visual and acoustic interplay. The arena was cleaned with 75% alcohol between each test.



Forced Swim Test

Four transparent resin cylinders with a diameter of 10 cm and a height of 23 cm were filled with 15 cm of 23–25°C warm water for performing the FST. Each mouse was placed in a cylinder and videotaped for 6 min to record the immobility time. The immobility in the last 5 min was measured and analyzed using Noldus Video Tracking Software. Immobility was defined as the absence of limb or body movements, except for what is necessary to keep the body from sinking. During the test, mice were separated from each other to prevent visual and acoustic interplay. The used water was replaced with fresh water after each test.



Locomotion Test

The mice were placed in a brightly lit 40 cm × 40 cm white plexiglass arenas. The movement and location of the mice were recorded. The total distance traveled within the arena was recorded for a single 5 min session, which was used to measure the motor ability of the mice. The arena was cleaned with 75% alcohol between each test.




Experimental Design


Effect of Ambient Temperature on Methamphetamine-Induced Hyperthermia and Depression-Like Behaviors

The drug exposure regimen and dose described in previous studies were used in the present study. As shown in Figure 1A, two batches of mice kept at normal ambient temperature (NAT) of 22°C and high ambient temperature (HAT) of 28°C, respectively, were treated with four doses of 10 mg/kg METH via intraperitoneal (i.p.) injections with a 2-h interval in between each injection for 1 or 3 days. Two hours after the last METH injection, animals were placed back to their home cages at normal ambient temperature (22°C). The core body temperature of each mouse was recorded at 1-h after the first and second METH injection. Also, the core body temperature and body weight were measured at 24-h after the first METH injection. The depression-like behaviors were tested 7 and 14 days after METH exposure. All mice were tested in the following order: LMT, TST, and FST.
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FIGURE 1. Methamphetamine (METH) exposure induced hyperthermia and depression-like behaviors in an ambient temperature and dose-dependent manner. (A) Timeline of drug treatment and behavioral tests. (B) High ambient temperature aggravated METH-induced hyperthermia (left) and body weight loss (right). Four doses of METH (10 mg/kg i.p.) treatments were given to mice each within 2-h interval. The arrows represented drug exposure. Body temperature was determined at 0-, 1-, 3-, and 24-h after the first METH treatment, and body weight loss was calculated at 24-h after drug treatment. (n = 15, 15, 15, and 13) (C) METH exposure (a: 10 mg/kg × 4 injections × 1 day; b: 10 mg/kg × 4 injections × 3 days) under high ambient temperature (28°C) induced depression-like behaviors in mice. The behavioral tests including locomotion test (LMT), tail suspension test (TST), and forced swimming test (FST) were performed 7 (T1) and 14 (T2) days after METH treatments (a: n = 15 and 15 for NAT, n = 15 and 13 for HAT; b: n = 10 and 9 for NAT, n = 12 and 13 for HAT). Data are expressed as the mean ± SEM.




Effect of Drug Exposure Regimen and Dose on Methamphetamine-Induced Depression-Like Behaviors

Subsequently, the effect of different drug exposure regimens and doses on METH-induced depression-like behaviors was investigated (Figure 2A). Two batches of mice were administered 14 and 28 doses of 10 mg/kg METH injections (twice per day with 2-h interval) over 7 and 14 days, respectively. One batch was given four 15 mg/kg METH injections with 2-h interval for 3 days and one batch was given gradually increasing doses (2, 2, 5, 5, 5, 5, 10, 10, 10, 10, 15, and 15 mg/kg) of METH in 3 days (Martins et al., 2011; Ding et al., 2020; Chen et al., 2021). These experiments were all performed under NAT of 22°C. The depression-like behaviors were tested 7 and 14 days after METH exposure.
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FIGURE 2. Longer-term (10 mg/kg × 2, 7 and 14 days), higher dose (15 mg/kg × 4, 3 days) or escalating-dose (2–15 mg/kg, 3 days) regimen of METH treatments under normal ambient temperature (22°C) failed to induce depression-like behaviors in mice. (A) Timeline of drug treatment and behavioral tests. (B) Different METH treatment procedures (a: 10 mg/kg × 2, 7 days; b: 10 mg/kg × 2, 14 days; c: 15 mg/kg × 4, 3 days; d: 2, 2, 5, 5, 5, 5, 10, 10, 10, 10, 15, and 15 mg/kg in 3 days) were performed in mice, and the depression-like behaviors and locomotion were tested at 7 (T1) and 14 (T2) days after METH exposure (a: n = 10 and 11; b: n = 10 and 12; c: n = 10 and 13; d: n = 10 and 10). Data are expressed as the mean ± SEM.




Effect of Molecular Hydrogen Generated by Coral Calcium Hydride on Methamphetamine-Induced Hyperthermia and Depression-Like Behaviors

Mice were pre-treated with CCH (100 and 200 mg/kg, intragastric route [i.g.]) resuspended in 0.2 mL pure water 1-h before METH exposure (10 mg/kg, once) at 28°C ambient temperature. The core body temperature was determined every 20 min for 2-h. To explore the effect of CCH on METH-induced depression-like behaviors, mice were treated with METH (10 mg/kg × 4) for 3 days and then administered with pure water (0.2 mL, i.g.) or CCH (100 and 200 mg/kg, i.g.) twice per day. The depression-like behaviors were tested 7 and 14 days after METH exposure by TST, FST, and LMT.



Effect of Methamphetamine Exposure and Coral Calcium Hydride Administration on the Hippocampal Synaptic Plasticity and Levels of Oxidative Stress Products and Inflammatory Cytokines

Mice were treated with METH (10 mg/kg × 4) for 3 days and then administered with pure water (0.2 mL, i.g.) or CCH (100 and 200 mg/kg, i.g.) twice per day. Golgi staining was performed to examine the effect of METH exposure and CCH administration on the hippocampal synaptic plasticity. Hippocampal tissues were dissected to detect the level of oxidative stress products (MDA and LDH) and inflammatory cytokines (TNF-α and IL-6) by commercial assay kits.




Golgi Staining

Golgi staining was used to detect the changes of dendritic spines in hippocampal neurons. The commercial Golgi staining kit made by Genmed Medicine Technology Co., Ltd. (Shanghai, China) was used. The mice were anesthetized with isoflurane and perfused with 1 × PBS solution and 4% paraformaldehyde. The brains of these mice were harvested and washed with pure water, then placed in a soak solution for 2 weeks in the dark and subsequently transferred to 30% sucrose solution for 48-h. Sagittal sections (80 ∼ 100 μm thick) were stained using the oscillating sectioning technique. One out of every five sections were selected, and a total of three sections were selected from each mouse. After Golgi staining, the changes of dendritic spines were observed under a microscope, and the number of dendritic spines was calculated by two independent observers.



Measurement of TNF-α, IL-6, Malondialdehyde, and Lactate Dehydrogenase Levels

The levels of TNF-α and IL-6 in hippocampal tissues were detected by enzyme-linked immunosorbent assay (ELISA). The experiment was conducted according to the product instruction (ABclonal Technology Co., Ltd., Wuhan, China). The levels of MDA and LDH, which are the markers of lipid peroxidation, were determined using a thiobarbituric acid (TBA) assay kit and 2,4-dinitrophenylhydrazine colorimetric assay kit (Beyotime Technology, Shanghai, China) in accordance with the manufacturer’s protocol. After completing the drug treatments, hippocampal tissues of six mice in each group were collected and stored at −80°C until analysis. When performing the experiments, the tissues were homogenized in PBS buffer and centrifuged to collect the supernatant. The total protein content was tested using a Bicinchoninic Acid (BCA) protein assay kit (Solarbio, Beijing, China). The levels of TNF-α, IL-6, MDA and LDH was measured in nanomole per microgram (nmol/mg) of protein.



Data Analysis

Data are presented as means ± standard error of mean (SEM). Analysis of variance (ANOVA) including one-way, two-way, and three-way ANOVA and mixed ANOVA (repeated-measures design) were used for the statistical analyses. Bonferroni’s post hoc test was performed to assess the differences between groups. Unpaired two-tailed Student’s t-test was used to compare two independent groups. The threshold for statistical significance was set at P < 0.05 (GraphPad, v.8.0, CA, United States).




RESULTS


Animal Exclusion

A total of 390 C57BL/6 mice were initially purchased. With regard to accidental death after METH treatment, especially under HAT, the number of mice in each group was inconsistent in experimental design. In total, 24 mice died during METH treatments, 6 mice died because the failure of intragastric injection, and 5 mice were excluded due to poor general state and low activity in locomotion test. Thus, a total of 355 experimental animals were included in the data analysis.



High Ambient Temperature Aggravated Methamphetamine-Induced Hyperthermia and Body Weight Loss

Mice were treated with four doses of 10 mg/kg METH with 2-h interval in between doses at normal (22°C) and high (28°C) ambient temperatures (Baladi et al., 2014), and the control mice received four saline (10 mg/kg) injections (Zhu et al., 2006; García-Cabrerizo et al., 2018). As shown in Figure 1B, METH exposure under HAT led to severe hyperthermia (left) and greater body weight loss (right). The mixed ANOVA (repeated measure) revealed significant effects on body temperature of METH treatment (F1,54 = 57.29, P < 0.001) and ambient temperature (F1,54 = 15.06, P < 0.001), and significant interaction of METH treatment with ambient temperature (F1,54 = 5.68, P = 0.021). In addition, the two-way ANOVA revealed significant main effects on body weight loss for METH treatment (F1,54 = 89.03, P < 0.001), ambient temperature (F1,54 = 19.86, P < 0.001), and interaction of METH treatment and ambient temperature (F1,54 = 17.01, P < 0.001). Post hoc comparisons indicated that the body weight loss was much more serious when METH was given under HAT (P < 0.001), compared to NAT.



Methamphetamine Exposure Induced Depression-Like Behaviors in an Ambient Temperature and Dose-Dependent Manner

To investigate the potential effects of hyperthermia on depression-like behaviors, mice were treated with METH (10 mg/kg × 4 injections) at NAT (22°C) and HAT (28°C), and the behavioral tests including LMT, TST, and FST were performed 7 (T1) and 14 (T2) days later. As shown in Figure 1C, METH treatment under the NAT did not induce any depression-like behaviors in TST (T1: P = 0.782; T2: P = 0.390) and FST (T1: P = 0.442; T2: P = 0.365). However, METH treatment given with HAT induced depression-like behaviors both in TST (P < 0.001) and FST (P < 0.001) at 7 days after METH exposure (T1) but recovered in T2 tests (TST: P = 0.808; FST: P = 0.394). All the LMT results showed no significant differences between groups in T1 and T2 tests (NAT: P = 0.753 and P = 0.209; HAT: P = 0.456 and P = 0.853).

Next, we increased the doses of METH treatments to 10 mg/kg × 12 injections (in 3 days). The results of behavioral tests also showed no difference between groups in T1 (TST: P = 0.568; FST: P = 0.611) and T2 (TST: P = 0.707; FST: P = 0.938) tests when METH treatment was performed under NAT. However, METH treatment given with HAT induced long-lasting depression-like behaviors at least for 14 days. The results of FST and TST test revealed significant differences between saline and METH group in T1 (TST: P < 0.001; FST: P < 0.001) and T2 (TST: P < 0.001; FST: P < 0.001) tests. Moreover, METH treatments under NAT and HAT did not affect the locomotion of animals in T1 and T2 procedures (NAT: P = 0.749 and P = 0.979; HAT: P = 0.797 and P = 0.460).

Interestingly, we involved different METH exposure regimens and doses under NAT with the aim to induce depression-like behaviors. As shown in Figure 2B, long-term (a and b), higher dose (c), or escalating-dose (d) regimen of METH exposure failed to induce depression-like behaviors and locomotion deficit in mice, only except for the total distance traveled by mice in LMT, which increased after 7 or 14 days of METH treatments and 7 days of drug abstinence when compared to that of control mice (P < 0.001).



Inhibition of Methamphetamine-Induced Hyperthermia and Depression-Like Behaviors Using Coral Calcium Hydride Generated Molecular Hydrogen

Since CCH interaction with water under acidic conditions leads to gradual HG production, mice were administrated with CCH intragastrically before and after METH treatments to investigate the preventative and therapeutic effect of molecular hydrogen on METH-induced hyperthermia and depression-like behaviors, respectively. Mice were pretreated with CCH (100 and 200 mg/kg, i.g.), and received METH injection (10 mg/kg, i.p.) 1-h later under HAT (28°C) (Figure 3A). The core body temperature was determined every 20 min for next 2-h. As shown in Figure 3B, CCH pretreatment significantly attenuated METH-induced hyperthermia. The two-way ANOVA indicated significant main effects on body temperature for drug treatment (F3,35 = 4.007, P = 0.015) and time (F3.256,114 = 35.58, P < 0.001), and interaction of drug treatment and time (F18,210 = 4.90, P < 0.001). Moreover, the one-way ANOVA revealed significant difference in body temperature at 60 min after METH treatment between groups (F3,35 = 14.06, P < 0.001). Post hoc comparisons indicated a rise in body temperature in METH-treated mice (P < 0.001), and an inhibitory effect of CCH pretreatment at doses of 200 mg/kg (P = 0.002), but not 100 mg/kg (P = 0.801) on METH-induced increase of body temperature (Figure 3C).
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FIGURE 3. Coral calcium hydride (CCH) administration inhibited METH-induced hyperthermia and depression-like behaviors. (A) Timeline of CCH pre-treatment, METH exposure and core body temperature determination. (B) The core body temperature was determined every 20 min after METH (10 mg/kg, i.p.) injection for 2-h (n = 6, 10, 12, and 11). The arrows represent drug treatment. (C) The body temperature at 60 min after METH treatment was analyzed. (D) Timeline of METH exposure, therapeutic CCH treatment and behavioral tests. (E) Effect of CCH administration on METH-induced depression-like behaviors (n = 8 per group). Data are expressed as the mean ± SEM.


To examine the therapeutic effect of CCH on METH-induced depression, CCH (100 and 200 mg/kg, i.g.) treatments were given to mice for 7 days (once per day) after METH injections (10 mg/kg × 4 × 3 days, i.p.) (Figure 3D). As shown in Figure 3E, the results of one-way ANOVA revealed significant differences between groups in the immobility time in TST (F3,28 = 18.74, P < 0.001) and FST (F3,28 = 39.34, P < 0.001). Post hoc comparisons indicated significant therapeutic effect of 100 mg/kg (TST: P = 0.002; FST: P < 0.001) and 200 mg/kg (TST: P < 0.001; FST: P < 0.001) CCH on METH-induced depression-like behaviors. Furthermore, there were no differences noted on the total distance in LMT between groups (F3,28 = 1.473, P = 0.2432).



Coral Calcium Hydride Induced Reversal of Methamphetamine-Induced Hippocampal Synaptic Plasticity Damage and Attenuation of Degree of Oxidative Stress and Neuroinflammation

Golgi staining showed that METH elicited hippocampal synaptic plasticity damage in mice, and this change was more severe when METH was given under HAT (P = 0.027, Figure 4A). The two-way ANOVA indicated significant main effects on spine number for METH treatment (F1,8 = 176.20, P < 0.001) and ambient temperature (F1,8 = 13.52, P = 0.006), but no interaction of METH treatment and ambient temperature (F1,8 = 3.353, P = 0.104). Furthermore, METH induced oxidative stress and neuroinflammation in a time-dependent manner. The one-way ANOVA indicated significant main effects on MDA levels (NAT: F3,20 = 271.0, P < 0.001; HAT: F3,20 = 137.8, P < 0.001), LDH (NAT: F3,20 = 90.15, P < 0.001; HAT: F3,20 = 26.56, P < 0.001), TNF-α (NAT: F3,20 = 69.17, P < 0.001; HAT: F3,20 = 196.2, P < 0.001), and IL-6 (NAT: F3,20 = 9,96, P < 0.001; HAT: F3,20 = 78.03, P < 0.001) for METH treatment. HAT aggravated METH-induced abnormal changes in MDA, TNF-α and IL-6 level (statistical data presented in Figure 4B). Interestingly, there was no difference between NAT and HAT group for the activity of LDH at each time point after METH treatments (Figure 4B). As shown in Figure 4C, the results of one-way ANOVA revealed significant differences between groups on the spine number (F3,28 = 18.74, P < 0.001). Post hoc comparisons indicated that CCH administration effectively reversed METH-induced hippocampal synaptic plasticity damage (CCH100: P < 0.001, CCH200: P < 0.001 compared to METH group). Similar results were revealed in MDA (F3,20 = 115.50, P < 0.001), LDH (F3,20 = 50.66, P < 0.001), TNF-α (F3,20 = 73.14, P < 0.001), and IL-6 (F3,20 = 81.24, P < 0.001) content measurement (Figure 4D). Post hoc comparisons also indicated an inhibitory effect of CCH administration on METH-induced increase of MDA (CCH100: P < 0.001, CCH200: P < 0.001), LDH (CCH100: P < 0.001, CCH200: P < 0.001), TNF-α (CCH100: P = 0.05, CCH200: P < 0.001), and IL-6 (CCH100: P < 0.001, CCH200: P < 0.001). Therefore, it can be stated conclusively that CCH administration significantly reversed hippocampal synaptic plasticity damage and alleviated oxidative stress and neuroinflammation induced by METH exposure.
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FIGURE 4. Coral calcium hydride administration inhibited METH-induced hippocampal synaptic plasticity damage, oxidative stress, and neuroinflammation. (A) HAT aggravated METH-induced hippocampal synaptic plasticity damage. The number of spines in hippocampal neuron was significantly decreased after METH treatment, especially when it given under HAT. Bar = 10 μm. (B) METH elicited time-dependent oxidative stress and neuroinflammation in hippocampus. HAT compounded METH-induced increase of MDA, TNF-α, and IL-6 levels, but did not change the activity of LDH. (C) CCH administration attenuated METH-induced hippocampal synaptic plasticity damage. (D) CCH administration inhibited METH-induced secretion of oxidative stress products and inflammatory cytokines in hippocampus. Data are expressed as the mean ± SEM (n = 3 per group in Golgi staining; n = 6 per group in measurement of MDA, LDH, TNF-α, and IL-6 levels).





DISCUSSION

Herein, we firstly demonstrated the role of hyperthermia in METH-induced depression-like behaviors in mice. The results of present study revealed that HAT (28°C) aggravates METH-induced hyperthermia and plays a key role in METH-induced depression-like behaviors. Secondly, we further clarified the effect of CCH, on METH-induced hyperthermia and behavioral abnormality. Treatment with CCH significantly inhibited METH-induced hippocampal synaptic plasticity damage and attenuated the rise in oxidative stress products and inflammatory cytokines in the hippocampus. Therefore, our study suggested that CCH used as an efficient hydrogen-rich agent is a novel and effective treatment of METH-induced psychiatric disorders.

It is known that frequent use of psychostimulants causes elevated behavioral and cognitive activity, and can also lead to severe psychiatric symptoms (King et al., 2010). The symptoms, such as psychosis, depression, and anxiety, are predictive of drug relapse, and significantly increase the risk of suicidal behavior and mortality (Archer et al., 2018). Previous studies have revealed that withdrawal of amphetamine-type psychostimulants and major depressive disorder share remarkable behavioral similarities in humans (Durdle et al., 2008; Härtel-Petri et al., 2017). Also, withdrawal from chronic or sub-chronic METH exposure induces anxiety and depression-like behaviors in several animal models (McCoy et al., 2011; North et al., 2013). The dose and duration of chronic METH usage range from 2 to 10 mg/kg and 7 days to 8 weeks, respectively (Ding et al., 2020). In addition, a binge dose (5–10 mg/kg × 4 at 2 h intervals) and the acute bolus drug administration (20–40 mg/kg) of METH have been employed frequently to study its neurotoxicity (Zhu et al., 2006; Melega et al., 2007). Fonseca et al. (2017) reported that a single neurotoxic dose of METH (30 mg/kg) induced a long-lasting depressive behavior in mice. However, the present study found that multiple repeated 10 mg/kg METH-injections paradigm induced depression-like behaviors in an ambient temperature and dose-dependent manner. We also considered that METH-induced hyperthermia is an important factor for the occurrence of depression-like behaviors. In a previous study, the author defined “neutral” as 24–27°C and “warm” as 28–37°C (Sabol et al., 2013). Indeed, 28°C cannot be considered as a high ambient temperature, but we found that most animals died after METH exposure when the ambient temperature was higher than 28°C. Therefore, we defined 28°C as the high ambient temperature in the present study, and the results revealed that HAT (28°C) aggravated METH-induced hyperthermia and lead to depression-like behaviors. No significant alteration in total distance in open field test indicates that METH induced depression-like behaviors do not affect the locomotor activity. Interestingly, the same METH-injections paradigm under NAT (22°C) and chronic METH treatments (10 mg/kg, 7 or 14 days) or escalating-dose (2 ∼ 15 mg/kg, 3 days) of METH exposure failed to induce depression-like behaviors. However, the difference in timescale of behavior tests after METH withdrawal also was a key factor related to the contradictory behavioral results. Indeed, a major pitfall of the present study is that it did not observe the earlier depression-like behaviors (less than 7 days) in these METH-treated mice.

Molecular hydrogen, as a selective antioxidant, was first reported by Ohsawa et al. (2007). Up to now, it has been shown to exhibit distinct potential as a novel therapeutic agent for a wide range of diseases, especially oxidative stress-mediated diseases. We previously found that molecular hydrogen significantly attenuated anxiety-like behaviors in morphine-withdrawn mice, and it was able to inhibit the acquisition and transfer of low dose METH-induced behavioral sensitization to a certain extent (Wen et al., 2020). Drinking or bathing with hydrogen-rich water and inhalation of HG were popular methods used to administer hydrogen to humans, while hydrogen-rich saline injection, ad libitum hydrogen-rich water consumption, and inhalation of HG were common methods to deliver molecular hydrogen to animals in experimental research. However, due to the low solubility of hydrogen in water, it is not easy to realize high concentration and long-term accumulation by hydrogen-rich water consumption or hydrogen-rich saline injection to animal model in a particular point of time. Therefore, we only evaluated the inhibitory effect of hydrogen on low dose METH-induced behavioral abnormality and neurotoxicity. Recent studies demonstrated that the hydrogen level released by CCH administration was more reliable and robust than hydrogen-rich water in vitro and in vivo. Moreover, Ueda et al. (2011) reported that CCH exerted antioxidant activity by enhancing the basal endogenous antioxidant ability in the hippocampus of rats. Consistent with above results, we found that CCH administration significantly attenuated large dose repeated METH treatment-induced severe hyperthermia and inhibited depression-like behaviors in FST and TST without altering the locomotion in mice. There has a previous study reported that molecular hydrogen potentiates hypothermia and prevents hypotension and fever in LPS-induced systemic inflammation. They found that molecular hydrogen caused a reduction in surges of TNF-α, IL-1β, and prostaglandin E2 (PGE2) in plasma and exerted anti-inflammatory effects strong enough to prevent fever by altering hypothalamic PGE2 production (Saramago et al., 2019). As already known, depressed mood and anhedonia are core symptoms of major depressive disorder (Rizvi et al., 2016). FST and TST are common tests used for assessing despair-like behaviors in laboratory animals (Zhao et al., 2019). In addition to above results, we investigated the effect of METH exposure and CCH treatment on anhedonia-like behavior, and consistent results were revealed in sucrose preference test (see Supplementary Figure 1). It is worthy to note that most studies in the past used oral intake of CCH or CCH-rich diet feeding for CCH administration. However, due to the restriction of time for drug treatment and body temperature determination, intragastric CCH treatment was involved in the present study. Meanwhile, we considered that long-term administration of intragastric injection might be a stress to the animals and would create influence on behavioral test, so intragastric CCH treatment was only given for 7 days and then the behavioral tests were subsequently performed. We also determined the effects of CCH treatment on locomotion and depression-like behaviors, as well as the index of oxidative stress and inflammation in hippocampus of naïve mice (see Supplementary Figure 2). Furthermore, coral calcium (CC) was used as a controlled treatment to exclude the therapeutic effects of other ingredients (see Supplementary Figure 3), and the result showed that administration of CC did not affect METH-induced depression-like behaviors. The previous data also revealed that there were no changes in the serum total Ca2+ levels after CCH treatment (Hou et al., 2016). Therefore, we considered that the protective effect of CCH was dependent on molecular hydrogen derived from CCH instead of other ingredients.

Although depressive symptoms and METH withdrawal have common neurobiological symptoms, our search for possible mechanisms of METH-induced depression-like behavior was focused on the METH-induced neurotoxicity and the involvement of hippocampal synaptic plasticity damage (Ren et al., 2017; Papageorgiou et al., 2019; Golsorkhdan et al., 2020). Recent studies have found that hippocampal volume and neuron loss are prominent characters of depression (Barch et al., 2019; Sheline et al., 2019). Accumulating evidence also supports the existence of alteration of hippocampal synaptic plasticity in depressive symptoms (Lu et al., 2014; Liu et al., 2018). Therefore, it has been proposed that increase in METH-induced oxidative stress products and inflammatory factors, results in decreased synaptic proteins synthesis and structural damage, ultimately leading to depressive symptoms (Huang et al., 2013). Likewise, HAT aggravated hyperthermia, and it also induced remarkable increase of MDA, LDH, IL-6, and TNF-α in hippocampus of METH-treated mice. Golgi staining showed corresponding severe damage in hippocampal synaptic plasticity when METH was given under HAT. In addition, CCH administration significantly reduced the damage of METH-induced hippocampal synaptic plasticity and reduced the levels of MDA, LDH, IL-6, and TNF-α in hippocampus of mice.

However, there have two limitations of the present study. Firstly, although the present data revealed the inhibitory effect of CCH on METH-induced severe hyperthermia, whether it affect the hypothalamus or generate peripheral effect thereby causing temperature change in METH-treated mice should be explored. Moreover, since the evidence of CCH toxicity in humans is limited, the possible toxicity should be carefully investigated in future studies.



CONCLUSION

In the present study, we revealed that hyperthermia plays a key role in METH-induced depression-like behaviors. In addition, it was also proved that molecular hydrogen released by CCH effectively ameliorated METH-induced hyperthermia and depression-like behaviors, and this function was possibly elaborated via the regulation of hippocampal synaptic plasticity damage mediated by oxidative stress and neuroinflammation. In summary, based on our present study, it can be concluded that CCH acts as a protective antioxidant treatment and may have potential application in reducing the risk of psychiatric symptoms in METH abusers.
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Supplementary Figure 1 | Administration of coral calcium hydride (CCH) inhibited methamphetamine (METH)-induced depression-like behavior in sucrose preference test. METH treatment and CCH administration were the same as the procedure presented in Figure 3D. After 7 days of CCH administration, sucrose preference test was conducted to assess the anhedonia of mice. Two bottles of 1% (w/v) sucrose solution were provided in each cage to conduct 48 h habituation. Then, mice were deprived of water for 24 h and individually housed before being exposed to sucrose bottle and water bottle for 24 h, and sucrose and water intake were measured. Sucrose preference was calculated as the percentage of sucrose consumption in total liquid consumption. METH exposure under HAT induced the decrease of sucrose intake, and CCH administration significantly inhibited the effect of METH (n = 8 per group). Data are expressed as the mean ± SEM.

Supplementary Figure 2 | Administration of CCH without METH treatment did not induce the depression-like behavior and the activation of oxidative stress and neuroinflammation in hippocampus. (A) Timeline of CCH treatment, behavioral test and tissue collection. (B) Administration of CCH without METH did not induce the depression-like behavior (n = 8 per group). (C) Administration of CCH without METH treatment has no effect on the activity of LDH and the content of MDA, TNF-α, and IL-6 in hippocampus (n = 6 per group). Data are expressed as the mean ± SEM.

Supplementary Figure 3 | Administration of coral calcium (CC) did not affect METH-induced depression-like behaviors. (A) Timeline of CC/CCH treatment and behavioral tests. (B) Administration of CC after METH treatment did not alter the depression-like behavior. Mice were administered with CC or CCH (200 mg/kg, intragastric route [i.g.]) resuspended in 0.2 mL pure water twice per day after METH exposure (n = 6, 6, 8, and 6). Data are expressed as the mean ± SEM.



REFERENCES

Arab, A., Ruda-kucerova, J., Minsterova, A., Drazanova, E., Szabó, N., Starcuk, Z. Jr., et al. (2019). Diffusion kurtosis imaging detects microstructural changes in a methamphetamine-induced mouse model of parkinson’s disease. Neurotox. Res. 36, 724–735. doi: 10.1007/s12640-019-00068-0

Archer, G., Kuh, D., Hotopf, M., Stafford, M., and Richards, M. (2018). Adolescent affective symptoms and mortality. Br. J. Psychiatry 213, 419–424. doi: 10.1192/bjp.2018.90

Baladi, M. G., Newman, A. H., Nielsen, S. M., Hanson, G. R., and Fleckenstein, A. E. (2014). Dopamine d(3) receptors contribute to methamphetamine-induced alterations in dopaminergic neuronal function: role of hyperthermia. Eur. J. Pharmacol. 732, 105–110. doi: 10.1016/j.ejphar.2014.03.023

Barch, D. M., Tillman, R., Kelly, D., Whalen, D., Gilbert, K., and Luby, J. L. (2019). Hippocampal volume and depression among young children. Psychiatry Res. Neuroimaging 288, 21–28. doi: 10.1016/j.pscychresns.2019.04.012

Castelli, M. P., Madeddu, C., Casti, A., Casu, A., Casti, P., Scherma, M., et al. (2014). Δ9-Tetrahydrocannabinol prevents methamphetamine-induced neurotoxicity. PLoS One 9:e98079. doi: 10.1371/journal.pone.0098079

Chen, L. J., Zhi, X., Zhang, K. K., Wang, L. B., Li, J. H., Liu, J. L., et al. (2021). Escalating dose-multiple binge methamphetamine treatment elicits neurotoxicity, altering gut microbiota and fecal metabolites in mice. Food Chem. Toxicol. 148:111946. doi: 10.1016/j.fct.2020.111946

Cornish, J. L., Hunt, G. E., Robins, L., and Mcgregor, I. S. (2012). Regional C-Fos And Fosb/Δfosb expression associated with chronic methamphetamine self-administration and methamphetamine-seeking behavior in rats. Neuroscience 206, 100–114. doi: 10.1016/j.neuroscience.2012.01.004

De-Carolis, C., Boyd, G. A., Mancinelli, L., Pagano, S., and Eramo, S. (2015). Methamphetamine abuse and “Meth Mouth” in europe. Med. Oral Patol. Oral Cir. Bucal. 20, E205–E210. doi: 10.4317/medoral.20204

Ding, J., Hu, S., Meng, Y., Li, C., Huang, J., He, Y., et al. (2020). Alpha-synuclein deficiency ameliorates chronic methamphetamine induced neurodegeneration in mice. Toxicology 438:152461. doi: 10.1016/j.tox.2020.152461

Durdle, H., Lundahl, L. H., Johanson, C. E., and Tancer, M. (2008). Major depression: the relative contribution of gender, mdma, and cannabis use. Depress Anxiety 25, 241–247. doi: 10.1002/da.20297

Fonseca, R., Carvalho, R. A., Lemos, C., Sequeira, A. C., Pita, I. R., Carvalho, F., et al. (2017). methamphetamine induces anhedonic-like behavior and impairs frontal cortical energetics in mice. CNS Neurosci. Ther. 23, 119–126. doi: 10.1111/cns.12649

García-Cabrerizo, R., Bis-Humbert, C., and García-Fuster, M. J. (2018). Methamphetamine binge administration during late adolescence induced enduring hippocampal cell damage following prolonged withdrawal in rats. Neurotoxicology 66, 1–9. doi: 10.1016/j.neuro.2018.02.016

Golsorkhdan, S. A., Boroujeni, M. E., Aliaghaei, A., Abdollahifar, M. A., Ramezanpour, A., Nejatbakhsh, R., et al. (2020). Methamphetamine administration impairs behavior, memory and underlying signaling pathways in the hippocampus. Behav. Brain Res. 379:112300. doi: 10.1016/j.bbr.2019.112300

Halpin, L. E., Northrop, N. A., and Yamamoto, B. K. (2014). Ammonia mediates methamphetamine-induced increases in glutamate and excitotoxicity. Neuropsychopharmacology 39, 1031–1038. doi: 10.1038/npp.2013.306

Hao, Y., Ge, H., Sun, M., and Gao, Y. (2019). Selecting an appropriate animal model of depression. Int. J. Mol. Sci. 20:4827. doi: 10.3390/ijms20194827

Härtel-Petri, R., Krampe-Scheidler, A., Braunwarth, W. D., Havemann-Reinecke, U., Jeschke, P., Looser, W., et al. (2017). Evidence-based guidelines for the pharmacologic management of methamphetamine dependence, relapse prevention, chronic methamphetamine-related, and comorbid psychiatric disorders in post-acute settings. Pharmacopsychiatry 50, 96–104. doi: 10.1055/s-0043-105500

Hotchkiss, A. J., and Gibb, J. W. (1980). Long-term effects of multiple doses of methamphetamine on tryptophan hydroxylase and tyrosine hydroxylase activity in rat brain. J. Pharmacol. Exp. Ther. 214, 257–262.

Hou, C., Wang, Y., Zhu, E., Yan, C., Zhao, L., Wang, X., et al. (2016). Coral calcium hydride prevents hepatic steatosis in high fat diet-induced obese rats: a potent mitochondrial nutrient and phase ii enzyme inducer. Biochem. Pharmacol. 103, 85–97. doi: 10.1016/j.bcp.2015.12.020

Huang, M. C., Lin, S. K., Chen, C. H., Pan, C. H., Lee, C. H., and Liu, H. C. (2013). Oxidative stress status in recently abstinent methamphetamine abusers. Psychiatry Clin. Neurosci. 67, 92–100. doi: 10.1111/pcn.12025

Johnson, M. A., Rajan, V., Miller, C. E., and Wightman, R. M. (2006). Dopamine release is severely compromised in the R6/2 mouse model of huntington’s disease. J. Neurochem. 97, 737–746. doi: 10.1111/j.1471-4159.2006.03762.x

Kaewsuk, S., Sae-Ung, K., Phansuwan-Pujito, P., and Govitrapong, P. (2009). Melatonin attenuates methamphetamine-induced reduction of tyrosine hydroxylase, synaptophysin and growth-associated protein-43 levels in the neonatal rat brain. Neurochem. Int. 55, 397–405. doi: 10.1016/j.neuint.2009.04.010

King, G., Alicata, D., Cloak, C., and Chang, L. (2010). Psychiatric symptoms and hpa axis function in adolescent methamphetamine users. J. Neuroimmune Pharmacol. 5, 582–591. doi: 10.1007/s11481-010-9206-y

Liao, L. S., Lu, S., Yan, W. T., Wang, S. C., Guo, L. M., Yang, Y. D., et al. (2021). The role Of Hsp90α In methamphetamine/hyperthermia-induced necroptosis in rat striatal neurons. Front. Pharmacol. 12:716394. doi: 10.3389/fphar.2021.716394

Liu, W., Xue, X., Xia, J., Liu, J., and Qi, Z. (2018). Swimming exercise reverses cums-induced changes in depression-like behaviors and hippocampal plasticity-related proteins. J. Affect. Disord. 227, 126–135. doi: 10.1016/j.jad.2017.10.019

Lu, B., Nagappan, G., and Lu, Y. (2014). Bdnf and synaptic plasticity, cognitive function, and dysfunction. Handb. Exp. Pharmacol. 220, 223–250. doi: 10.1007/978-3-642-45106-5_9

Luo, Y., Zhao, P., Dou, M., Mao, J., Zhang, G., Su, Y., et al. (2021). Exogenous microbiota-derived metabolite trimethylamine N-Oxide treatment alters social behaviors: involvement of hippocampal metabolic adaptation. Neuropharmacology 191:108563. doi: 10.1016/j.neuropharm.2021.108563

Martins, T., Baptista, S., Gonçalves, J., Leal, E., Milhazes, N., Borges, F., et al. (2011). Methamphetamine transiently increases the blood-brain barrier permeability in the hippocampus: role of tight junction proteins and matrix metalloproteinase-9. Brain Res. 1411, 28–40. doi: 10.1016/j.brainres.2011.07.013

Matsumoto, R. R., Seminerio, M. J., Turner, R. C., Robson, M. J., Nguyen, L., Miller, D. B., et al. (2014). Methamphetamine-induced toxicity: an updated review on issues related to hyperthermia. Pharmacol. Ther. 144, 28–40. doi: 10.1016/j.pharmthera.2014.05.001

McCoy, M. T., Jayanthi, S., Wulu, J. A., Beauvais, G., Ladenheim, B., Martin, T. A., et al. (2011). Chronic methamphetamine exposure suppresses the striatal expression of members of multiple families of immediate early genes (iegs) in the rat: normalization by an acute methamphetamine injection. Psychopharmacology (BERL) 215, 353–365. doi: 10.1007/s00213-010-2146-7

Melega, W. P., Cho, A. K., Harvey, D., and Laæan, G. (2007). Methamphetamine blood concentrations in human abusers: application to pharmacokinetic modeling. Synapse 61, 216–220. doi: 10.1002/syn.20365

Mikami, T., Tano, K., Lee, H., Lee, H., Park, J., Ohta, F., et al. (2019). Drinking hydrogen water enhances endurance and relieves psychometric fatigue: a randomized, double-blind, placebo-controlled study (1). Can. J. Physiol. Pharmacol. 97, 857–862. doi: 10.1139/cjpp-2019-0059

Molkov, Y. I., Zaretskaia, M. V., and Zaretsky, D. V. (2014). Meth math: modeling temperature responses to methamphetamine. Am. J. Physiol. Regul. Integr. Comp. Physiol. 306, R552–R566. doi: 10.1152/ajpregu.00365.2013

Murakami, Y., Kawata, A., Suzuki, S., and Fujisawa, S. (2018). cytotoxicity and pro-/anti-inflammatory properties of cinnamates, acrylates and methacrylates against raw264.7 cells. In Vivo 32, 1309–1322. doi: 10.21873/invivo.11381

North, A., Swant, J., Salvatore, M. F., Gamble-George, J., Prins, P., Butler, B., et al. (2013). Chronic methamphetamine exposure produces a delayed, long-lasting memory deficit. Synapse 67, 245–257. doi: 10.1002/syn.21635

Ohsawa, I., Ishikawa, M., Takahashi, K., Watanabe, M., Nishimaki, K., Yamagata, K., et al. (2007). Hydrogen acts as a therapeutic antioxidant by selectively reducing cytotoxic oxygen radicals. Nat. Med. 13, 688–694. doi: 10.1038/nm1577

Pan, A. L., Hasalliu, E., Hasalliu, M., and Angulo, J. A. (2020). Epigallocatechin gallate mitigates the methamphetamine-induced striatal dopamine terminal toxicity by preventing oxidative stress in the mouse brain. Neurotox. Res. 37, 883–892. doi: 10.1007/s12640-020-00177-1

Panmak, P., Nopparat, C., Permpoonpattana, K., Namyen, J., and Govitrapong, P. (2021). Melatonin protects against methamphetamine-induced alzheimer’s disease-like pathological changes in rat hippocampus. Neurochem. Int. 148:105121. doi: 10.1016/j.neuint.2021.105121

Papageorgiou, M., Raza, A., Fraser, S., Nurgali, K., and Apostolopoulos, V. (2019). Methamphetamine and its immune-modulating effects. Maturitas 121, 13–21. doi: 10.1016/j.maturitas.2018.12.003

Pogorelov, V. M., Nomura, J., Kim, J., Kannan, G., Ayhan, Y., Yang, C., et al. (2012). Mutant disc1 affects methamphetamine-induced sensitization and conditioned place preference: a comorbidity model. Neuropharmacology 62, 1242–1251. doi: 10.1016/j.neuropharm.2011.02.003

Qi, B., Yu, Y., Wang, Y., Wang, Y., Yu, Y., and Xie, K. (2021). Perspective of molecular hydrogen in the treatment of sepsis. Curr. Pharm. Des. 27, 667–678. doi: 10.2174/1381612826666200909124936

Ren, W., Luan, X., Zhang, J., Gutteea, P., Cai, Y., Zhao, J., et al. (2017). Brain-derived neurotrophic factor levels and depression during methamphetamine withdrawal. J. Affect. Disord. 221, 165–171. doi: 10.1016/j.jad.2017.06.017

Rizvi, S. J., Pizzagalli, D. A., Sproule, B. A., and Kennedy, S. H. (2016). Assessing anhedonia in depression: potentials and pitfalls. Neurosci. Biobehav. Rev. 65, 21–35. doi: 10.1016/j.neubiorev.2016.03.004

Sabol, K. E., Yancey, D. M., Speaker, H. A., and Mitchell, S. L. (2013). Methamphetamine and core temperature in the rat: ambient temperature, dose, and the effect Of A D2 receptor blocker. Psychopharmacology (BERL) 228, 551–561. doi: 10.1007/s00213-013-3059-z

Sambo, D. O., Lebowitz, J. J., and Khoshbouei, H. (2018). The sigma-1 receptor as a regulator of dopamine neurotransmission: a potential therapeutic target for methamphetamine addiction. Pharmacol. Ther. 186, 152–167. doi: 10.1016/j.pharmthera.2018.01.009

Saramago, E. A., Borges, G. S., Singolani, C. G. Jr., Nogueira, J. E., Soriano, R. N., Cárnio, E. C., et al. (2019). Molecular hydrogen potentiates hypothermia and prevents hypotension and fever in LPS-induced systemic inflammation. Brain Behav. Immun. 75, 119–128. doi: 10.1016/j.bbi.2018.09.027

Shaerzadeh, F., Streit, W. J., Heysieattalab, S., and Khoshbouei, H. (2018). Methamphetamine neurotoxicity, microglia, and neuroinflammation. J. Neuroinflammation 15:341. doi: 10.1186/s12974-018-1385-0

Sheline, Y. I., Liston, C., and Mcewen, B. S. (2019). Parsing the hippocampus in depression: chronic stress, hippocampal volume, and major depressive disorder. Biol. Psychiatry 85, 436–438. doi: 10.1016/j.biopsych.2019.01.011

Ueda, Y., Kojima, T., and Oikawa, T. (2011). Hippocampal gene network analysis suggests that coral calcium hydride may reduce accelerated senescence in mice. Nutr. Res. 31, 863–872. doi: 10.1016/j.nutres.2011.09.011

Ueda, Y., Nakajima, A., and Oikawa, T. (2010). Hydrogen-related enhancement of in vivo antioxidant ability in the brain of rats fed coral calcium hydride. Neurochem. Res. 35, 1510–1515. doi: 10.1007/s11064-010-0204-5

Wen, D., Hui, R., Liu, Y., Luo, Y., Wang, J., Shen, X., et al. (2020). Molecular hydrogen attenuates methamphetamine-induced behavioral sensitization and activation of ERK-ΔFOSB signaling in the mouse nucleus accumbens. Prog. Neuropsychopharmacol. Biol. Psychiatry 97:109781. doi: 10.1016/j.pnpbp.2019.109781

Wen, D., Hui, R., Wang, J., Shen, X., Xie, B., Gong, M., et al. (2019). Effects of molecular hydrogen on methamphetamine-induced neurotoxicity and spatial memory impairment. Front. Pharmacol. 10:823. doi: 10.3389/fphar.2019.00823

Xie, X. L., He, J. T., Wang, Z. T., Xiao, H. Q., Zhou, W. T., Du, S. H., et al. (2018). Lactulose attenuates meth-induced neurotoxicity by alleviating the impaired autophagy, stabilizing the perturbed antioxidant system and suppressing apoptosis in rat striatum. Toxicol. Lett. 289, 107–113. doi: 10.1016/j.toxlet.2018.03.015

Zhao, X., Cao, F., Liu, Q., Li, X., Xu, G., Liu, G., et al. (2019). Behavioral, inflammatory and neurochemical disturbances in Lps And Ucms-induced mouse models of depression. Behav. Brain Res. 364, 494–502. doi: 10.1016/j.bbr.2017.05.064

Zhu, J. P., Xu, W., Angulo, N., and Angulo, J. A. (2006). Methamphetamine-induced striatal apoptosis in the mouse brain: comparison of a binge to an acute bolus drug administration. Neurotoxicology 27, 131–136. doi: 10.1016/j.neuro.2005.05.014

Zhu, Q., Wu, Y., Li, Y., Chen, Z., Wang, L., Xiong, H., et al. (2018). Positive effects of hydrogen-water bathing in patients of psoriasis and parapsoriasis En plaques. Sci. Rep. 8:8051. doi: 10.1038/s41598-018-26388-3


Conflict of Interest: 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.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Wang, Tong, Hui, Hou, Zhang, Zhang, Xie, Ni, Cong, Ma and Wen. 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.











	 
	ORIGINAL RESEARCH
published: 20 January 2022
doi: 10.3389/fnmol.2021.810726





[image: image]

Regional Homogeneity Abnormalities and Its Correlation With Impulsivity in Male Abstinent Methamphetamine Dependent Individuals

Yanan Zhou1,2,3†, Qianjin Wang1,2†, Honghong Ren1,2, Xuyi Wang1,2, Yanhui Liao4, Zhi Yang5, Yuzhu Hao1,2, Yunfei Wang1,2, Manyun Li1,2, Yuejiao Ma1,2, Qiuxia Wu1,2, Yingying Wang1,2, Dong Yang3, Jiang Xin6, Winson Fu Zun Yang7*, Long Wang8* and Tieqiao Liu1,2*

1National Clinical Research Center for Mental Disorders, and Department of Psychiatry, The Second Xiangya Hospital of Central South University, Changsha, China

2Hunan Key Laboratory of Psychiatry and Mental Health, Changsha, China

3Department of Psychiatry, Hunan Brain Hospital (Hunan Second People’s Hospital), Changsha, China

4Department of Psychiatry, Sir Run Run Shaw Hospital, School of Medicine, Zhejiang University, Hangzhou, China

5Laboratory of Psychological Heath and Imaging, Shanghai Mental Health Center, Shanghai Jiao Tong University School of Medicine, Institute of Psychological and Behavioral Science, Shanghai Jiao Tong University, Shanghai, China

6School of Computer Science and Engineering, Central South University, Changsha, China

7Department of Psychological Sciences, College of Arts & Sciences, Texas Tech University, Lubbock, TX, United States

8Department of Psychiatry, Sanming City Taijiang Hospital, Sanming, China

Edited by:
Jianfeng Liu, Texas A&M University, United States

Reviewed by:
Yixiao Luo, Hunan Normal University, China
Jiajia Zhu, First Affiliated Hospital of Anhui Medical University, China
Xiang Yang Zhang, Institute of Psychology, Chinese Academy of Sciences (CAS), China

*Correspondence: Winson Fu Zun Yang, winson.yang@ttu.edu; Long Wang, 742978062@qq.com; Tieqiao Liu, liutieqiao123@csu.edu.cn

†These authors have contributed equally to this work

Specialty section: This article was submitted to Molecular Signaling and Pathways, a section of the journal Frontiers in Molecular Neuroscience

Received: 07 November 2021
Accepted: 27 December 2021
Published: 20 January 2022

Citation: Zhou Y, Wang Q, Ren H, Wang X, Liao Y, Yang Z, Hao Y, Wang Y, Li M, Ma Y, Wu Q, Wang Y, Yang D, Xin J, Yang WFZ, Wang L and Liu T (2022) Regional Homogeneity Abnormalities and Its Correlation With Impulsivity in Male Abstinent Methamphetamine Dependent Individuals. Front. Mol. Neurosci. 14:810726. doi: 10.3389/fnmol.2021.810726

Methamphetamine (MA) use affects the brain structure and function. However, no studies have investigated the relationship between changes in regional homogeneity (ReHo) and impulsivity in MA dependent individuals (MADs). The aim of this study was to investigate the changes of brain activity under resting state in MADs and their relationship to impulsivity using ReHo method. Functional magnetic resonance imaging (fMRI) was performed to collect data from 46 MADs and 44 healthy controls (HCs) under resting state. ReHo method was used to investigate the differences in average ReHo values between the two groups. The ReHo values abnormalities of the brain regions found in inter-group comparisons were extracted and correlated with impulsivity. Compared to the HCs, MADs showed significant increased ReHo values in the bilateral striatum, while the ReHo values of the bilateral precentral gyrus and the bilateral postcentral gyrus decreased significantly. The ReHo values of the left precentral gyrus were negatively correlated with the BIS-attention, BIS-motor, and BIS-nonplanning subscale scores, while the ReHo values of the postcentral gyrus were only negatively correlated with the BIS-motor subscale scores in MADs. The abnormal spontaneous brain activity in the resting state of MADs revealed in this study may further improve our understanding of the neuro-matrix of MADs impulse control dysfunction and may help us to explore the neuropathological mechanism of MADs related dysfunction and rehabilitation.

Keywords: methamphetamine, impulsivity, regional homogeneity, resting state, functional magnetic resonance image


INTRODUCTION

Methamphetamine (MA), commonly known as “ice,” is an amphetamine-type stimulant (ATS) that is one of the most abused new drugs in the world (Shadloo et al., 2017). According to the 2019 China Drug Situation Report released in 2020, MA users in China accounted for 55.2 percent of its 2.148 million registered drug users, making it the largest drug user in the country by far, (China National Narcotic Control Commission, 2020). In addition to the high prevalence of MA use, the high recurrence rates of MA dependent individuals (MADs) exacerbate the problem, creating a huge public health burden worldwide (Jiang et al., 2021). Chronic use of MA has been associated with a variety of physical and mental health problems (e.g., cardiovascular disease, depression) (Schwarzbach et al., 2020; Jiang et al., 2021), daily dysfunction (e.g., impulsivity) (Moallem et al., 2018; Wang et al., 2020) and neurocognitive dysfunction (Basterfield et al., 2019; Mizoguchi and Yamada, 2019), contributing to a considerable global disease burden. Although increasing studies have been conducted on the treating MA use disorders, such as pharmacotherapy (Chan et al., 2019), psychotherapy (Harada et al., 2018), and repetitive transcranial magnetic stimulation (rTMS) (AshaRani et al., 2020), the effectiveness in reducing MA recurrence remains unsatisfactory.

A challenge for treating MA abuse is recurrence during abstinence (Li X. et al., 2019). Although many factors contribute to recurrence of MADs, a possible key predictor is impulsivity (Ahn et al., 2016; Vassileva and Conrod, 2019). Impulsivity is defined as a predisposition toward rapid, unplanned reactions to internal or external stimuli with diminished regard to their negative consequences to themselves or others (Ahn et al., 2016; Psederska et al., 2021). It is considered a key etiological factor in current conceptualizations of substance use disorder (SUD). Moreover, self-reported impulsivity is a strong predictor of poor treatment response (Fernie et al., 2010; Winhusen et al., 2013). Although MA dependence is associated with many neuropsychiatric and behavioral problems, impulsivity has been studied extensively because of its purported importance in initiation and escalation of drug use and the probability of recurrence (Schwartz et al., 2010).

One of the popular methods of investigating impulsivity in MA patients is through resting-state functional magnetic resonance imaging (rs-fMRI). Rs-fMRI is a powerful tool that measures brain activities by detecting changes in blood-oxygen-level-dependent (BOLD) signals in the resting brain (Park et al., 2019). It has been widely used recently because it does not require the involvement of any specific task in the scanner and could reveal the neural substrates of task-independent processes in diseases (Xie et al., 2021). A specific methodology in rs-fMRI is regional homogeneity (ReHo). ReHo evaluates signal synchronization by calculating the consistency of temporal variations of BOLD signals within local brain regions (Liu et al., 2019c), and has been used in many neuropsychiatric disorders (Li H. et al., 2019; Ma et al., 2019), but rarely in addiction (Liao et al., 2012; Qiu et al., 2013). Over the past few decades, several neuroimaging studies have assessed the relationship between abnormal brain function and abnormal behaviors (such as impulsivity) in MADs, but the results have been inconsistent. For instance, abstinent MADs showed less frontal activation during cognitive control compared to healthy controls (HCs) (Salo et al., 2013; Weafer et al., 2020), and showed less delay discounting activation than HCs in the bilateral precuneus, right caudate, anterior cingulate cortex (ACC), and dorsolateral prefrontal cortex (DLPFC) (Hoffman et al., 2008). In contrast, abstinence MADs have greater activation of MA-related cues in the ventral striatum and medial frontal cortex (Malcolm et al., 2016). Moreover, few functional magnetic resonance imaging (fMRI) studies have focused on the relationship between impulsivity and brain dysfunction.

In this study, we used the ReHo method to study the difference in spontaneous brain activity between MADs and HCs in the resting state. Based on our previous studies (Xie et al., 2021), we hypothesized that ReHo values in the resting state would differ in the relevant brain regions between MADs and HCs. We also hypothesized that differences in ReHo values might be related to impulsivity.



MATERIALS AND METHODS


Participants

One hundred Han male participants (50 MADs and 50 HCs, aged 18 – 45, completion of at least 6 years of formal education; fluency in Chinese; right-handed) were enrolled in this study. Data for 3 MADs (2 had contraindications to MRI and 1 had abnormal scan) and 6 HCs (3 were lost to follow-up, 1 had contraindication to MRI, and 2 had abnormal scans) were excluded. Meanwhile, one MADs with maximal head motion exceeding 2 mm or rotations over 2° was excluded from further analysis. A total of 46 MADs and 44 HCs were included in the final analysis. MADs were recruited from the Kangda Voluntary Drug Rehabilitation Centers in Changsha, Hunan Province, while drug-free HCs were recruited via local community advertisements. All the MADs were diagnosed with MA use disorders per DSM-5 by two trained senior psychiatrists using the Structured Clinical Interview (SCID) (First et al., 2002). All the MADs were required not to use any psychoactive substances other than tobacco, including alcohol, at least 48 h before the MRI scan. In order to reduce the effects of different stages of abstinence on brain cognition, MADs were assessed 3 months after abstinence, during which time MADs used drugs. Participants were excluded if they met any of following criteria: (1) had any general medical condition or neurological disorders that could confound brain function; (2) had a history of severe head injury with skull fracture or loss of consciousness of more than 10 min; (3) had any current or previous psychiatric disorder or family history of psychiatric disorder; and (4) had contraindications for MRI (including implanted metallic devices or ferromagnetic material or claustrophobia).



Clinical Assessment

All the participants completed the following self-report scales; all the instruments have good reliability and validity.


General Information

Basic demographic information included age, height, weight, education, marital status, employment, and income. We also reported the drinking, smoking, and betel use status in the two groups.



Impulsivity

The level of impulsivity was measured using the Barratt Impulsivity Scale 11 Edition (BIS-11), which is the most extensive self-report scale for this purpose (Subramanian et al., 2020). The Chinese version of BIS-11 was used to measure the cognitive impulsiveness, motor impulsiveness and non-planning impulsiveness of MADs. Items 4, 5, 13, 14, 15, 16, 17, 19, 20, 21, and 26 were reverse scored (Yao et al., 2007). The whole scale consists of 30 items, using a 5-point Likert scale for each item with a higher total score indicating stronger impulsivity (Patton et al., 1995).




Magnetic Resonance Imaging Data Acquisition

Magnetic resonance imaging data of all participants were acquired in the resting condition using a 3.0T MRI scanner (Siemens Skyra, Munich) equipped with a 16-channel head coil at the Magnetic Resonance Imaging Center of Hunan Children’s Hospital, Changsha, China. None of the participants were taking any medications on the day of the MRI scan. Participants were instructed to remain awake and still in supine position with eyes closed. During the scanning, foam pads and earplugs were used to restrain head motion and to attenuate noise. Anatomical T1-weighted MRI data were acquired using a 3D magnetization preparing rapid acquisition gradient echo sequence with the following parameters: repetition time (TR) = 2,530 ms, echo time (TE) = 2.98 ms, flip angle = 7°, field of view = 256 × 256 mm, slice thickness = 1 mm, slice gap = 0 mm, voxel size = 1 × 1 × 1 mm3, number of slices = 176, and scanning time = 363 s. Functional images were obtained using a gradient echo-planar imaging (EPI) sequence with the following parameters: TR = 2,000 ms, TE = 30 ms, flip angle = 78°, field of view = 224 × 224 mm, slice thickness = 3.5 mm, slice gap = 0.7 mm, voxel size = 3.5 × 3.5 × 3.5 mm3, number of slice = 33, and scanning time = 488 s.



Data Preprocessing

Functional MRI data were preprocessed according to standard procedures with the Data Processing Assistant for Resting-State fMRI (DPARSF, version 4.1) (Chao-Gan and Yu-Feng, 2010),1 running in MATLAB (version R2013b, The MathWorks, Inc., Natick, MA, United States) (Yan et al., 2016). Functional MRI data preprocessing consisted of the following steps: (1) remove the first 10 time points in case of unstable signal quality, (2) perform slice-timing adjustment, (3) perform realignment, excluding subjects with maximal head motion exceeding 2 mm or rotations over 2°, (4) remove the mean framewise displacement (FD) > 0.2 mm, (5) conduct spatial normalization to the EPI template of Montreal Neurological Institute (MNI) space by resampling to 3 mm × 3 mm × 3 mm, (6) remove linear detrending, (7) temporal band-pass filtering (0.01 – 0.1 Hz), (8) smooth at 8 mm full width at half maximum (FWHM), and (9) nuisance signals were regressed out, including Friston 24 head motion parameters, global signal, white matter signal, and cerebrospinal fluid signal.



Regional Homogeneity Calculation

ReHo calculation was performed with the REST2 software. In short, this was achieved by calculating Kendall’s coefficient of concordance (KCC) of time series of a given voxel with those of its nearest 26 neighbors on a voxel-by-voxel basis (Zang et al., 2004). The KCC value was calculated to this voxel, and a separate KCC map was obtained for each participant. For standardization purpose, the individual ReHo maps were divided by their own global mean KCC within the whole-brain mask. The individual ReHo maps were then spatially smoothed with an 8 mm FWHM Gaussian kernel to reduce noise and residual differences in gyral anatomy.



Statistical Analysis

All statistical analyses were performed using R version 3.5.3. Before statistical analysis, normality, and variance homogeneity were tested. Demographic and clinical data are compared between groups using the Chi-square test, Mann–Whitney U test, or Student’s t-test, When appropriate. Several one-way analyses of covariances (ANCOVAs) were used to analyze group differences in ReHo values among the pre-defined regions of interest (ROIs). Covariances used were smoking, drinking, and betel use. Bonferroni-correction was used at this stage to reduce the number of type-I errors. ANOVAs were also used to analyze group differences in impulsivity. Significant ReHo results were subsequently used as individual predictors in linear regression for impulsivity. Scores were mean centered before running linear regressions as interaction terms needed to be computed.




RESULTS


Demographics and Clinical Characteristics

MADs were significantly older than HCs with lower weight and higher education levels (Table 1). More importantly, MADs smoked more (95.70%) than HCs (45.50%, p < 0.001), and had longer smoking duration (12.80 ± 4.85 years) than HCs (7.42 ± 6.73, p = 0.001). Although there were no significant differences in drinking (p = 0.052), MADs drank for a longer time (3.89 ± 5.44 years) compared to HCs (1.27 ± 3.01, p = 0.006). Finally, MADs also use more betel (67.40%) compared to HCs (40.90%, p = 0.021) and used betel for a longer duration (9.02 ± 5.17 years) as compared to HCs (3.78 ± 2.16, p < 0.001).


TABLE 1. Demographics and clinical characteristics of participants.
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Behavioral Results

There were no significant differences between MADs and HCs on BIS-attention at F(1,85) = 0.11, p = 0.74, BIS-nonplanning at F(1,85) = 0.29, p = 0.59, or BIS-motor at F(1,85) = 1.58, p = 0.21.



Neuroimaging Results


Regional Homogeneity

There were significant differences between MADs and HCs on ReHo values of the left caudate at F(1,85) = 14.79, p = 0.017, right caudate at F(1,85) = 30.00, p < 0.001, left postcentral gyrus at F(1,85) = 31.96, p < 0.001, left precentral gyrus at F(1,85) = 39.21, p = 0.0087, right postcentral gyrus at F(1,85) = 16.73, p < 0.001, and right precentral gyrus at F(1,85) = 17.06, p = 0.0089 after Bonferroni correction. See Figure 1 for more details.


[image: image]

FIGURE 1. It displays the least square means (lsmeans) among HC and MAD for the significant regions of interest. HC, healthy control, MAD, methamphetamine dependent individual.




Regression Analysis

Regression analysis of predicting BIS from ReHo values revealed a significant model for left postcentral gyrus for predicting BIS-motor at F(3,86) = 4.72, p = 0.0043. Although there was a Group × ReHo interaction where higher left postcentral gyrus ReHo values in the MAD group was associated with lower BIS-motor scores, it only approached significance (B = −3.74, p = 0.074). There was also a significant model for ReHo values of the left precentral gyrus at F(3,86) = 4.32, p = 0.0069. Although there was a Group × ReHo interaction where higher left precentral gyrus ReHo values in the MAD group was associated with lower BIS-nonplanning scores, it only approached significance (B = −5.35, p = 0.061). ReHo values of the left precentral gyrus predicted BIS-motor scores at F(3,86) = 4.32, p = 0.001. There was a Group × ReHo interaction where higher left precentral gyrus ReHo values in the MAD group was associated with lower BIS-motor scores (B = −6.75, p = 0.034). ReHo values of the left precentral gyrus also predicted BIS-attention scores at F(3,86) = 3.03, p = 0.033. There was a Group × ReHo interaction where higher left precentral gyrus ReHo values in the MAD group was associated with lower BIS-attention scores (B = −8.29, p = 0.017). There were no other significant models of ReHo values predicting BIS scores. See Figure 2 for more details.
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FIGURE 2. It presents the correlation between BIS scores and ReHo values. The p-values presented in this figure were p-values of the regression model. BIS, Barratt Impulsivity Scale, ReHo, regional homogeneity, HC, healthy control, and MAD, methamphetamine dependent individual.






DISCUSSION

To our knowledge, this is the first study to explore the relationship between ReHo values of local spontaneous brain activity and impulsivity in MADs. Compared with HCs, MADs showed significantly increased ReHo values in bilateral caudate, and decreased ReHo values in the bilateral postcentral gyrus, and the bilateral precentral gyrus. We further found that the ReHo values of the left precentral gyrus were negatively correlated with the BIS-attention, BIS-motor, and BIS-nonplanning subscale scores, while the ReHo values of the left postcentral gyrus were only negatively correlated with the BIS-motor subscale scores in MADs.

Compared to one of our previous studies, this study focused on the relationship between the abnormal ReHo values of the brain ROIs in MADs and the impulsivity of MADs (Xie et al., 2021). Moreover, most previous studies have focused on exploring the relationship between low-frequency fluctuation (ALFF) (Wang et al., 2013; Liu Y. et al., 2020), fractional amplitude of low frequency fluctuation (fALFF) (Chu et al., 2014; Wang et al., 2017) or structural MRI (Huang et al., 2020; Meade et al., 2020) and clinical variables, rather than ReHo. Furthermore, some studies on ReHo have focused on other addicts (Huang et al., 2020; Meade et al., 2020) and psychiatric patients (Liu P. et al., 2020; Shan et al., 2021), but not on MADs.

The striatum is a continuous mass structure composed of the caudate and putamen (Lerner et al., 2012), which can directly participate in rewards, movement control, regulation, and decision-making, especially action selection and initiation (de la Fuente-Fernández et al., 2002; Liu et al., 2019a). In this study, the increase in the bilateral striatum ReHo of MADs indicates the importance of their spontaneous neural activity in resting brain of MADs. This is consistent with our previous findings that ReHo was increased in the bilateral striatum of MADs compared to HCs (Xie et al., 2021; Yang et al., 2021). To date, only a few rs-fMRI studies have used ReHo to explore spontaneous brain activity changes and synchronization in individuals with SUD. A comparative study in recurring heroin addicts found that ReHo in the right caudate of recurred heroin addicts increased (Chang et al., 2016). It should be noted that compared with HCs, the ReHo of the left dorsal striatum was reduced in codeine-containing cough syrups (CCS) dependent individuals, and was negatively correlated with the BIS-11 total scores and attentional impulsivity score (Qiu et al., 2013). The reason why our results were inconsistent with this study may be mainly due to the heterogeneity of clinical samples (i.e., different addictive substances, different data collection status, and different sample sizes). Thus, the different mechanisms underlying MA and codeine use may result in representation in the brain. In addition, the ReHo values may change during withdrawal. Using fALFF, it was found that the activity of spontaneous neurons in the caudate of smokers was enhanced (Feng et al., 2016). Meanwhile, structural MRI studies showed a significant increase in gray matter volume in the putamen and caudate nuclei of cocaine users compared to HCs (Ersche et al., 2011). Although the methodologies were different, these findings provide strong support for the theory that the bilateral striatum is a key region in addiction disorders, and our findings support this view.

It is worth noting that the ReHo values of the bilateral postcentral gyrus and the bilateral precentral gyrus were decreased in MADs. It is well known that precentral gyrus, as the primary motor cortex, is involved in somatosensory activity, while postcentral gyrus, as the primary sensory cortex, is involved in the initiation and regulation of spontaneous movement (Javed et al., 2021). However, their relevance to addiction should not be underestimated. Studies have shown that the sensory and motor cortex is involved in various stages of drug addiction (Yalachkov et al., 2010). Meanwhile, the activation of sensory and motor cortex induced by drug-related cues can predict relapse (Kosten et al., 2006). Previous studies have also shown that the ReHo values of MA-associated psychosis (MAP) decreases in the left postcentral gyrus (Yang et al., 2021). Moreover, studies of nicotine addicts have shown a significant increase in the ReHo values of paracentral lobule after 2 weeks of abstinence (Mo et al., 2018). More interestingly, the study further found that the ReHo values of the left precentral gyrus were negatively correlated with the BIS-attention, BIS-motor, and BIS-nonplanning subscales scores, while the ReHo values of the left postcentral gyrus were only negatively correlated with the BIS-motor subscale scores in MADs. It is not difficult to know from the results that the negative correlation with impulsivity is mainly concentrated in the left precentral gyrus, rather than the left postcentral gyrus, which is consistent with the previous research results. For example, a meta-analysis of cue-reactivity in behavioral addictions found increased neural activation in the precentral gyrus (Starcke et al., 2018). Similar results also exist in individual with SUD (such as cannabis, alcohol) (Cheng et al., 2014; Fede et al., 2020). The precentral gyrus is one of the four most important gyrus in the prefrontal cortex. The prefrontal cortex is known to be the higher-order association center of the brain as it is responsible for decision making, regulating impulsivity-related disorders such as drug addiction, reasoning, personality expression, maintaining social appropriateness, and other complex cognitive behaviors (Liu et al., 2019b; El-Baba and Schury, 2021). This may be one of the reasons why the precentral gyrus is more associated with impulsivity than the postcentral gyrus.

We observed that the ReHo values of the left precentral gyrus were negatively correlated with BIS-attention, BIS-motor, and BIS-nonplanning subscales scores in MADs. This may indicate that reduced ReHo values in the left precentral gyrus are more closely associated with impulsivity in MADs than in HCs. Also, as presented in this study, ReHo values of the left postcentral gyrus only negatively correlated with BIS-motor subscale scores in MADs. Different brain regions are thought to be preferentially involved in complementary aspects of cognitive control to produce appropriate behavior (Crunelle et al., 2014). The left precentral gyrus may be particularly involved in cognitive control of MAD behavior, behavioral aspect of impulsivity, and temporal impulsivity, while the left postcentral gyrus may only be particularly involved in the behavioral aspect of impulsivity. In addition, no correlation was observed between left precentral gyrus of HCs and BIS subscales scores in the current study. This may indicate that changes in the ReHo values of the left precentral gyrus cannot be a predictor of impulsivity in HCs. Therefore, the reduced ReHo values in the left precentral gyrus might indicate dysfunction in this region in MADs.

While our study provided new insights on the role of ReHo in the left precentral gyrus on impulsive behaviors, some limitations of our study need to be addressed. Firstly, the study was cross-sectional, and causal relationships between variables could not be rigorously evaluated. Therefore, longitudinal studies are needed to help address these issues in the future. Secondly, the study recruited only male MADs, and the results are not representative of brain changes in women. As previous studies have shown that gender is an influential factor of brain dysfunction in MADs, further study on female MADs is needed. Finally, as with all ReHo analyses, it is still debated what higher or lower ReHo represents in terms of biologic functions, or their interpretability toward behavioral change. As ReHo only measures local connectivity, and the brain consists of connected networks, other analyses are needed to supplement ReHo results. Furthermore, this study did not evaluate other factors related to the ReHo of MADs, such as chronic stress.



CONCLUSION

In conclusion, this study found abnormal ReHo values of MADs in the bilateral striatum, the bilateral precentral gyrus, and the bilateral postcentral gyrus. These brain changes might have to do with self-control and external perception. We also observed that decreased ReHo values in the left precentral gyrus and the left postcentral gyrus were associated with impulsivity. These findings may help to illustrate the pathophysiological mechanism of MADs, particularly in impulsivity, and provide a basis for the urgent formulation of good clinical treatment and prevention strategies to prevent recurrence.
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Methamphetamine (MA) abuse results in neurotoxic outcomes, including increased anxiety and depression. Studies have reported an association between MA exposure and anxiety, nonetheless, the underlying mechanism remains elusive. In the present study, we developed a mouse model of anxiety-like behavior induced by MA administration. RNA-seq was then performed to profile the gene expression patterns of hippocampus (HIPP), and the differentially expressed genes (DEGs) were significantly enriched in signaling pathways related to psychiatric disorders and mitochondrial function. Based on these, mitochondria was hypothesized to be involved in MA-induced anxiety. Quercetin, as a mitochondrial protector, was used to investigate whether to be a potential treatment for MA-induced anxiety; accordingly, it alleviated anxiety-like behavior and improved mitochondrial impairment in vivo. Further experiments in vitro suggested that quercetin alleviated the dysfunction and morphological abnormalities of mitochondria induced by MA, via decreasing the levels of reactive oxygen species (ROS), mitochondrial membrane potential (MMP), and increasing the oxygen consumption rate (OCR) and ATP production. Moreover, the study examined the effect of quercetin on astrocytes activation and neuroinflammation, and the results indicated that it significantly attenuated the activation of astrocytes and reduced the levels of IL-1β, TNFα but not IL-6. In light of these findings, quantitative evidence is presented in the study supporting the view that MA can evoke anxiety-like behavior via the induction of mitochondrial dysfunction. Quercetin exerted antipsychotic activity through modulation of mitochondrial function and neuroinflammation, suggesting its potential for further therapeutic development in MA-induced anxiety.
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INTRODUCTION

As a highly addictive psychostimulant drug, methamphetamine (MA) abuse is an increasingly common worldwide phenomenon, resulting in significant physical, behavioral, cognitive, and psychiatric outcomes (Meredith et al., 2005; Homer et al., 2008; Glasner-Edwards and Mooney, 2014). Epidemiological studies have shown that amphetamine-type stimulants represent the most widely used illicit drugs in the world after cannabis, with ≤ 51 million global users between the ages of 15 and 64 years (Wearne and Cornish, 2018). Among abusers, 72–100% experience MA-induced psychotic reactions (Srisurapanont et al., 2003; Smith et al., 2009), and 30.2% of chronic MA users are diagnosed with anxiety (Hellem, 2016). In a recent cohort research in Australia, even more than half (60%) of the participants were classified as experiencing moderate to severe anxiety and/or depression (Duncan et al., 2021).

Human neuroimaging studies have suggested that MA users experience significant changes in multiple brain regions, including the orbitofrontal cortex, striatum, amygdala, hippocampus, and insula, which are involved in a variety of functional networks, including the salience network, limbic system, and frontostriatal circuit (Uhlmann et al., 2016; May et al., 2020; Nie et al., 2021). Further evidence has demonstrated that MA administration can evoke changes in behavior, synaptic transmission, and volume in the hippocampus (Uhlmann et al., 2016; Golsorkhdan et al., 2020), resulting in the dysregulation of neurotransmitters and their receptors in these regions (Uhlmann et al., 2016), often accompanied by oxidative stress, apoptosis, and autophagy (Huang et al., 2017). Hippocampal damage, particularly dentate gyrus (DG) and ventral hippocampus (vH), is associated with the pathogenesis of anxiety and depression (Satpute et al., 2012; Allsop et al., 2014; Baksh et al., 2021). The relation between anxiety and hippocampal activity has been subject to research for many years. Therefore, it is important to take the role of hippocampus into consideration to identify anxiety-related genes with MA treatment.

Previous studies have demonstrated that both oxidative stress and mitochondrial dysfunction may play significant affective roles in the pathology of anxiety (Chang et al., 2007; Kohno et al., 2018). Excessive dopamine induced by MA is thought to trigger the overproduction of reactive oxygen species (ROS) by the mitochondria and relevant enzymes, exacerbating neurodegenerative diseases (Shin et al., 2017), which suggested that mitochondrial functional processes may play major roles in the brain abnormalities in relation to MA-induced anxiety. Increasing experimental evidence has supported the existence of a link between mitochondrial dysfunction, brain dysfunction, and neuropsychiatric disorders (Wallace, 2017; Pei and Wallace, 2018; Filiou and Sandi, 2019). Suboptimal mitochondrial function would be vulnerable to the stress-associated depletion of the brain’s energy resources, resulting in the development of psychiatric disorders (e.g., anxiety and depression) (Morava and Kozicz, 2013). However, the mechanisms underlying the etiology of MA-induced anxiety remain poorly understood.

Research has suggested that the treatment of co-occurring psychiatric disorders, including depression and anxiety, may also be important for preventing relapses (Glasner-Edwards et al., 2010; Su et al., 2017). A substantial amount of literature has demonstrated the efficacy of both first- and second-generation antipsychotic drugs for the treatment of psychotic symptoms associated with MA-induced depression and anxiety (Shoptaw et al., 2009; Wang et al., 2016; Chiang et al., 2019). However, adverse events are frequently reported in these studies. Quercetin, which is a flavonoid-type secondary metabolite found in foods and medicinal plants, is presumed to have antioxidant, anti-inflammatory, immunoprotective, and anti-carcinogenic effects and has been found to mitigate anxiety-like behaviors in mice by modulating oxidative stress and monoamine oxidase activity (Dhiman et al., 2019), preventing antioxidant enzyme impairment, regulating serotonergic and cholinergic neurotransmission, and decreasing neuroinflammation and neuronal apoptosis (Samad et al., 2018; Kosari-Nasab et al., 2019). Quercetin has been confirmed to be safe when used as a single compound in dietary supplements in both animal and human studies, and adverse effects following supplemental quercetin intake have rarely been reported (Andres et al., 2018). Despite evidence that quercetin serves as an oxidative stress and inflammatory modulator, no research has examined the effects of quercetin on anxiety-like behaviors induced by chronic MA.

In this study, we aimed to understand the gene profiling of hippocampus of MA-induced anxious mice and determine whether quercetin intervention could mitigate anxiety-like behaviors by exploring the underlying mechanisms. We first performed RNA-seq in HIPP to identify susceptibility genes in relation in anxiety induced by MA. Then the potential underlying pathways were analyzed by Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses. Subsequently, in view of the functional enrichment, we assessed the anti-anxiety effects of quercetin as a mitochondrial protector in vitro. Finally, we performed experiments in vivo and in vitro to further explore the role of quercetin in mitochondria and neuro-inflammation. These findings will contribute to a better understanding of the role of mitochondria in anxiety and allow for the therapeutic potential of quercetin against MA-induced anxiety to be assessed.



MATERIALS AND METHODS


Animals and Treatment

Mice were housed with a 12-h light/dark cycle (lights on at 7:00 A.M). Behavioral testing is performed between 9:00 AM and 6:00 PM. The experimental mice were transferred to the behavioral testing room 30 min before the first trial to allow them to habituate to the room conditions. All procedures were approved by the Committee on Ethics in the Use of Animals from Kunming Medical University (CEUA no. kmmu2021227). MA was dissolved in sterile saline to a concentration of 1 mg/ml as a stock solution. Quercetin was purchased from Sigma-Aldrich Company (Sigma-Aldrich, MO, United States) and was first dissolved in polyethylene glycol (PEG, Sigma-Aldrich), at a final concentration of 50 mg/kg in 20% PEG with 0.9% saline. Adult male C57BL/6 mice which weighed from 22 to 25 g were randomly divided into three groups (n = 12 each group): control, MA-treated, and MA + quercetin (Q)-treated. The control group received normal saline injection intraperitoneally; the MA group received escalating MA doses, as described in a previous study (Manning et al., 2016), at 5, 10, and 15 mg/kg during the first, second, and third weeks, respectively; and the MA + Q group received escalating MA doses and quercetin treatment, administered with one dose at 50 mg/kg daily for 4 days during the first week and 5 days in the second week, as described in a previous study (Zhang et al., 2019). On the 22nd day, the open field (OFT) and Elevated Plus Maze (EPM) tests were used to examine the motor activity and anxiety levels, respectively. After behavioral testing, the animals were sacrificed immediately, and subsequent experiments were conducted.



Conditioned Place Preference Test

The conditioned place preference test (CPP) apparatus consisted of two compartments: one had black and white striped walls, a white floor, and a black ceiling; the other had black and white checkered walls, a black floor, and a white ceiling. The two compartments were separated by a removable board. Behavioral subjects were habituated for 5 min and placed in the experimental environment for adaptation for 3 days before the CPP test.

Pre-test, conditioning, and a test were included in the MA CPP session. During the pre-test phase, the mice were placed in the middle of the conditioning apparatus and allowed to freely explore the full extent of the CPP apparatus for 15 min. The time spent in each chamber was measured. Mice that spent > 65% (> 585 s) or < 35% (< 315 s) of the total time (900 s) on one side were eliminated from subsequent CPP experiments (Zhou et al., 2019). Conditioning was conducted on mice confined to one chamber for 30 min, which was paired with an intraperitoneal (i.p.) MA injection on days 1, 3, 5, and 7, and on days 2, 4, and 6, the mice were confined to the other chamber for 30 min, which was paired with an i.p. saline injection. For the CPP test, mice were released from the middle part of the CPP apparatus and allowed to freely explore both chambers for 15 min. The CPP score was calculated by subtracting the time spent within the saline-paired side from that spent on the MA-paired side. Mouse behavior was analyzed using the ANY-maze video tracking system (Stoelting Co.).



Open Field Test

Each experimental animal was placed in the corner of the open field apparatus (50 × 50 × 40 cm3, SANS Co., Jiangsu, China), which consisted of a white plastic floor and wall. The OFT performance was recorded using a video camera attached to a computer and controlled by a remote device. The total distance traveled (cm) and time spent in the center area (20 × 20 cm2) were recorded during a 5−min test period. After each trial, the whole open field apparatus was cleaned with 75% ethyl alcohol to efficiently remove odor to prevent any bias based on olfactory cues. The mouse behavior was analyzed using the ANY-maze video tracking system (Stoelting Co.).



Elevated Plus Maze Test

The EPM consisted of two open arms (30 cm × 5 cm) and two enclosed arms of the same size, with 15 cm white plastic walls. The four arms were connected by a central square (5 cm × 5 cm) (SANS Co., Jiangsu, China). The arms were elevated 55 cm above the floor. Each experimental mouse was placed in the central square of the maze, facing one of the enclosed arms. The number of entries into each arm and the time spent in the open arms were recorded during a 5-min test period. When a mouse falls from the maze, the data were excluded. After each trial, all arms and the center area were cleaned with 75% ethyl alcohol, as previously described. All experimental data was collected and analyzed described.



RNA Preparation, Library Construction, and Sequencing

Total RNA was isolated using RNA-Bee reagent, following the manufacturer’s protocol. RNA purity was determined using the NanoPhotometer spectrophotometer (IMPLEN, CA, United States), and the concentration was determined using the Qubit RNA Assay Kit (Life Technologies, CA, United States). Samples with RNA integrity values > 7.0 were used for the following experiments, which were assessed by the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies, CA, United States).

Sequencing libraries were prepared using the NEB Next Ultra RNA Library Prep Kit (Illumina, United States), according to the manufacturer’s recommendations, which were described in our previous research (Sun et al., 2020). In brief, mRNA was purified using poly-T oligo-attached magnetic beads, fragmentation was performed using divalent cations, and library quality was assessed on the Agilent Bioanalyzer 2100 and qPCR. The clustering of the index-coded samples was performed on an acBot Cluster Generation System using TruSeq PE Cluster Kitv3-cBot-HS (Illumina, San Diego, CA, United States). The library preparations were then sequenced on an Illumina Hiseq platform, and paired-end reads were generated.



Quantification and Differential Expression Analysis of mRNA

As mentioned in Sun et al. (2020), the reference genome index was built, and paired-end clean reads were aligned to the reference genome using Hisat2 v2.0.5. Feature Counts v1.5.0-p3 was used to count the reads numbers. The expected number of fragments per kilobase of transcript sequence per millions (FPKM) of base pairs sequenced was calculated based on the gene length, and read counts were mapped to the gene.

Differential expression analysis (n = 3 per group) was performed using the DESeq2 R package (1.16.1). P-values were adjusted using the Benjamini and Hochberg approach for controlling the false discovery rate (FDR), and p < 0.05 and log2 fold-change > 1 were considered to be significant DEGs. DEGs enrichment in the KEGG pathways was assessed using the web tool Metascape1.



Immunofluorescence Staining and Imaging

Mice were deeply anesthetized and perfused with 25 ml ice-cold PBS, followed by 25 ml 4% ice-cold paraformaldehyde (PFA) in PBS. Brains were removed and dehydrated with 15% and 30% sucrose at 4°C. The fixed brains were sliced into 30-μm-thick sagittal slices using a Leica CM1950. Slices were permeabilized in 1.2% Triton X-100 in PBS for 15 min and subject to incubation in blocking solution. Slices were incubated with primary antibodies for NeuN (1:200, Abcam), glial fibrillary acidic protein (GFAP, 1:500, Abcam) for 24 h at 4°C, followed by incubation with species-matched and Alexa Fluor conjugated secondary antibodies raised in rabbit (1:5,000, Invitrogen) for 2 h at room temperature. 4′,6-Diamadino-2-phenylindole (DAPI, 1:1,000, Invitrogen) was incubated after secondary antibody incubation for 15 min at room temperature. Slices were mounted and coverslipped using VECTASHIELD H-1000 mounting medium and scanned on a Nikon C2 confocal microscope using NIS-Element software.



H&E Staining and Electron Microscope Imaging

The brain tissues were fixed in 4% paraformaldehyde (PFA) immediately after sacrifice. H&E staining was performed on 5 μm paraffin sections using standard H&E staining protocol which were described previously (Sun et al., 2020). The thin sections were made with an ultramicrotome, stained by OsO4. Electron microscopy and ultrastructural studies were performed on a transmission electron microscope (JEM-1400Flash).



Cell Culture

Hippocampal astrocytes were prepared from C57BL/6 mouse pups under sterile conditions. Neonatal mouse pups were decapitated, after brain removal, hippocampus were separated and cut in small pieces, and incubated in trypsin solution (GIBICO) at 37°C for 20 min, DNase I (50 μl/ml) was added. Tissue pieces were washed with DMEM + 10%FBS. Cells were centrifuged at 1,000 rpm for 5 min and suspended with astrocytes medium (AM, Cell Sciences). Astrocytes were plated into poly-D-lysine (Byotime) coated 25 cm2 flasks at 1 × 106 cells/flask, and grown in astrocytes medium, maintained in a humidified 37°C incubator with 5% CO2 with media exchange next day. Cells were digested with trypsin, the 3rd passages were used in all experiments.



Measurement of ATP, Mitochondrial Membrane Potential, and Reactive Oxygen Species

Intracellular ATP was determined using a firefly luciferase-based ATP assay kit (Beyotime, Beijing, China) based on a fluorescence technique. In brief, astrocytes (1 × 104) were plated in 96-wells, and appropriate drug treatments were applied for 48 h. Opaque-walled 96-well plates with culture media (50 μL) were prepared. Luminescence test solution (50 μL) was added and incubated for 30 min and then measured using a luminescence microplate reader. Mitochondria-derived ATP was measured after treatment with 300 mM iodoacetic acid (IAA, Sigma-Aldrich, MO, United States). IAA was added to half of the wells and the cells were then incubated at 37°C and 5% CO2 for 60 min. After 30 min, 1 mM oligomycin was added to half of the wells containing IAA and incubated for 30 min to abolish all ATP production and confirm that the ATP levels in the presence of IAA were produced by the mitochondrial ATP synthase. Subsequently, the media was removed from the wells and cellular ATP was measured using ATP assay kit (mentioned before).

JC-1 assay was conducted to analyze the MMP using the JC-1 mitochondrial membrane potential assay kit (Beyotime, Beijing, China). In brief, astrocytes (2 × 105) were plated in 6-well plates and, after appropriate drug treatments, stained with 10 μM JC-1 for 20 min. JC-1 exhibits double fluorescence staining, either as red fluorescent J-aggregates (530 nm excitation/590 nm emission, as P3) at high potentials or as green fluorescent J-monomers (490 nm excitation/530 nm emission, as P2) at low potentials; Flow cytometric analysis was performed by fluorescence-assisted cell sorting (FACS) after JC-1 staining detected changes in MMP and the value was calculated. The relative proportion of red and green fluorescence was used as an index of change in membrane potential.

For ROS generation measurements, primary astrocytes were plated in 96-wells, and appropriate drug treatments were applied for 48 h. Then, cells were loaded with the ROS probe 70-dichlorodihydrofluorescein diacetate (DCFDA, 2 μM) for 40 min at RT in the dark. The mROS assay was conducted using the MitoSOX red mitochondrial superoxide indicator (Mercury Drive, Sunnyvale, CA, United States). Cells were measured by FACS at 488 nM excitation.



Oxygen Consumption Rate Analysis

Astrocytes were plated at 7.5 × 104/well in seahorse assay plates and treated with their respective treatments at 37°C and 5% CO2 and for 24 h. Mitochondrial oxygen consumption rate (OCR) was measured by extracellular flux (XF) assay (Seahorse XFp analyzer, Agilent Technologies, Santa Clara, CA, United States), according to manufacturer’s procedures. Briefly, cells were incubated in a CO2-free environment for 1 h, and OCR was measured every 3 min for the next 90 min. First, OCR was acquired in basal conditions (20 mM glucose), followed by in the presence of 1.5 μM oligomycin (ATP synthase inhibitor), with 3.5 μM carbonyl cyanide-p-trifluoromethoxy phenylhydrazone (FCCP), and finally, with 0.5 μM rotenone/antimycin A.



Quantification of Gene Expression Assay

Quantification of gene expression was performed by ABI 7500 Sequence Detection System (Applied Biosystems, Foster City, CA, United States). The qPCR assays were performed as described in our previous study (Chen et al., 2016). The primers used for qPCR are shown in Supplementary Table 1. The mRNA levels were determined by qPCR in triplicate for each of the independently prepared RNA samples, and mRNA levels were normalized against the levels of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression.



Western Blotting Analysis

Total protein was extracted from astrocytes or brain tissue and quantified by bicinchoninic acid (BCA) protein assay kit (Pierce, United States) and used for immunoblotting analysis, as described previously. Briefly, the blot was incubated with a specific primary antibody overnight (anti- GFAP, 1:1,000), followed by incubation with HRP-conjugated secondary antibody. The bands were detected with a chemiluminescence detection kit (Millipore Co., MA, United States) and scanned using the iBright FL1500 chemiluminescence imaging system (Thermo Fisher Scientific, United States).



Statistical Analysis

The results are presented as the mean ± standard error of the mean (SEM). For comparisons between two or multiple groups, the Student’s t-test or one-way analysis of variance (ANOVA) analysis was conducted, respectively. Significance is indicated by asterisks: *p < 0.05, **p < 0.01, ***p < 0.001.




RESULTS


Repeated Methamphetamine Administrations Induce Anxiety-Like Behavior in Mice

Initially, to identify an optimal concentration for the generation of an MA-addicted mouse model, we tested three different MA concentrations (2.5, 5, and 10 mg/kg, i.p.). Mice were trained to associate the MA reward with the paired context during training for the MA CPP (Figure 1A). A preference for the MA-paired side indicates the expression of a reward–context associated memory, which was assessed by measuring the time that an animal spent on the MA-paired side in the CPP apparatus. After four sessions of MA CPP training, mice treated with 5 mg/kg MA as well as the 2.5 mg/kg MA-treated group (Figure 1B, p < 0.05), respectively, showed a significant preference for the MA-paired side. However, 6 of 8 mice died in the 10 mg/kg MA-treated group. We then adopted 5 mg/kg MA as the initial concentration to establish a subsequent mouse model (Figure 1C), due to 2.5 mg/kg MA-group failing to exhibited anxiety-like behaviors (data not shown).
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FIGURE 1. Repeated MA administrations induce anxiety-like behavior in mice. (A) Timeline of the Conditional place preference (CPP) experimental procedure. (B) The movement trajectory of the two groups of mice across compartments (left); CPP scores were assessed as the difference of time spent in the drug-paired compartment between the post and pre-conditioning phases (right). Data collected from three independent experiments. (C) Timeline of the model establishment and sample collection. (D,E) Anxiety assessment with the elevated plus maze (EPM) and open field test (OFT). Student t-tests, *p < 0.05 and **p < 0.05. Data collected from three independent experiments.


After 3 weeks with escalating dose of MA treatment, mice demonstrated a fear of entering the open arms of the EPM test (Figure 1D) with fewer numbers of entries to open zone and less time (p < 0.01) and shorter distance (p < 0.05) spent in the open zone. Consistently, MA treatments also displayed decreased locomotor activity and spent significantly less time in the center of the OFT than control mice (Figure 1E, p < 0.01). This suggested we successfully generated an animal model with anxiety-like behaviors.



RNA-seq Revealed Differentially Expressed Genes in the Hippocampus in the Methamphetamine-Treated Mouse Model

To better elucidate the molecular features of MA-induced anxiety-like behaviors in mice, we performed RNA-seq to investigate DEGs between control and chronic MA-treated mice in HIPP. Hierarchical clustering analysis was performed and displayed in Figure 2A. Fourteen upregulated genes were identified between the control and MA-treated groups, which were displayed in Supplementary Table 2.
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FIGURE 2. RNA-seq revealed differentially expressed genes in the HIPP in the MA-treated mouse model. (A) Hierarchical clustering analysis of RNAs with altered expression between the two groups (p < 0.05, fold change > 2). Red strip, high relative expression; blue strip, low relative expression. Color intensity reflects the degree of expression increase or decrease. (B) Thirty most enriched KEGG classifications of assembled differential genes in HIPP. (C) The genes implicated by the Top 5 KEGG signaling pathways in HIPP. (D) qPCR validation for RNA-seq data.


To further investigate the altered signaling pathways involved in mice presenting with MA-induced anxiety-like behavior, we then performed KEGG enrichment analyses. The results demonstrated that DEGs between the control and MA-treated groups were mainly enriched in following signaling pathways: protein folding (chaperone-mediated protein folding, response to unfolded protein, chaperone cofactor-dependent protein refolding, “de novo” posttranslational protein folding, “de novo” protein folding, cellular response to unfolded protein), synaptic plasticity and synaptic transmission (regulation of synaptic plasticity, positive regulation of synaptic transmission), rhythmic processes (regulation of synaptic plasticity, positive regulation of synaptic transmission), protein phosphorylation (negative regulation of phosphorylation, negative regulation of protein phosphorylation, peptidyl-threonine dephosphorylation), oxidative stress, and the intrinsic apoptotic signaling pathway (Figure 2B). The targeted genes related to the top 5 shared KEGG pathways are shown in Figure 2C. These pathways indicates mitochondria, which participated in protein folding, and synaptic plasticity and synaptic transmission, oxidative stress, and the intrinsic apoptotic (Cheng et al., 2015; Fang et al., 2015; Song et al., 2017; Saito and Imaizumi, 2018), plays an important role in MA-induced anxiety and might be promising therapeutic target.

Furthermore, as immediate early genes (IEGs) have been reported to be involved in MA use and the development of neuropsychiatric disorders (McCoy et al., 2011; Gallitano, 2020), we used three samples from each group to validate four selected DEGs which were classified as IEGs (Fos, Egr1, Arc and Nr4a1). The results revealed that, in general, MA upregulated all the four IEGs identified, in accordance with the RNA-seq results (Figure 2D).



Administration of Quercetin Ameliorates Anxiety-Like Behaviors in a Methamphetamine Mouse Model

Quercetin has been reported to mitigate anxiety-like symptoms in a lipopolysaccharide-induced mouse model of anxiety (Samad et al., 2018; Lee et al., 2020) and has been reported as a mediator of mitochondrial function and ER stress (Khan et al., 2016). Therefore, we evaluated the effects of quercetin on MA-induced behavioral phenotypes and the role played by quercetin in mitochondrial functional modifications in the present study (Figure 3A).
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FIGURE 3. Administration of quercetin ameliorates anxiety-like behaviors in an MA mouse model. (A) Timeline of the model establishment and sample collection. (B,C) Anxiety assessment with the elevated plus maze (EPM) and open field test (OFT). Student t-tests, *p < 0.05 and **p < 0.05. Data collected from three independent experiments.


In the EPM test, the time spent and the number of entries into the open arms were significantly reduced in the MA-treated group compared with those in the control group (Figure 3B, p < 0.05); in contrast, when compared with the control group, the time spent and number of entries into the closed arms were significantly elevated in the MA-treated group (Data not shown). However, mice treated with MA + Q showed the significant restoration of the time spent and the number of entries into the open arms compared with those for the single MA-treated group (Figure 3B, p < 0.05), with no significant differences observed between the control group and the MA + Q group (Figure 3B, p > 0.05).

The OFT results revealed that a single administration of MA significantly reduced the number of times MA-treated mice crossed in the central zone compared to the saline-treated group (Figure 3C, p < 0.05), while no significant difference in the number of crossings in the peripheral zone were observed (Data not shown). Quercetin combined with MA treatment significantly enhanced the number of central zone crossings compared with the single MA-treated group (Figure 3C, p < 0.05).



Quercetin Ameliorates Mitochondrial Dysfunction and Aberrant Morphology in Astrocytes

Astrocytes have been shown to participate in anxiety development through the synaptic pruning of neurons (Çalışkan et al., 2020) and, although most of previous researches have focused on MA-induced neuronal injury. In this study, we performed experiments on astrocytes to explore its roles in MA-induced anxiety.

As signaling pathways linked to mitochondrial function have emerged as deregulated pathways forementioned, we also evaluated mitochondrial morphology of astrocytes in the HIPP using electron microscopy. The control group presented with relatively long, tubular mitochondria, whereas the mitochondria of MA-treated group were relatively more fragmented and swollen, with the loss of cristae (Figure 4A), indicating MA-induced damage to mitochondria of astrocytes in HIPP. Quercetin treatment was able to reinstate mitochondrial morphology toward long tubular mitochondria with intact cristae in MA-treated astrocytes (Figure 4A).
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FIGURE 4. Quercetin ameliorates mitochondrial dysfunction and aberrant morphology in astrocytes. (A) Electron microscopy analysis (magnification, × 20,000) of astrocytes in HIPP. Areas in red boxes are magnified (Insets). (B) Electron microscopy analysis (magnification, × 20,000) in astrocytes. Areas in red boxes are magnified (Insets). (C) Representative images of astrocytic mitochondria. Alive astrocytes were incubated with MitoTraker Green as a probe for mitochondria in each group. (D) The percentage of astrocytes for short-shape (blue) and long-shape (green) mitochondria in different group is presented as histograms in panel (C). (E) Total ROS (left) and mitochondria-derived ROS (right) production quantification by flow cytometry in each group. (F) Quantification of the mitochondrial membrane potential (MMP). (G) Quantification of the total (left) and mitochondria-derived ATP (right) by using an ATP quantification kits. (H) An analysis of O2 consumption in astrocytes. The Agilent SeahorseXFe24 analyzer measures OCR at basal and after injection of oligomycin (3.5 μM), FCCP (4 μM), and antimycin A (1 μM)/rotenone (1 μM) for three measurement cycles at each step (left). Basal, ATP-linked, maximal, and reserve capacity OCR in each group. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. control, as determined by Student’s t test.


To further assess the effect of MA on mitochondria in vitro, we first evaluated mitochondrial morphology. The results demonstrated that tubular mitochondria in astrocytes shortened in length and swelled in width, forming large, spherical structures (Figure 4B), when exposed to MA. Similar morphological changes in mitochondria were viewed using mitotracker (Figure 4C). Quercetin treatment rescued abnormal mitochondrial morphology in astrocytes treated with MA (Figures 4A–C). The percentage of astrocytes with short/long mitochondria among different groups was analyzed and shown in Figure 4D.

Then, we test mitochondrial function in astrocytes. Mitochondria, as the intracellular source of ROS in animal cells, when confronting with oxidative stress, is the primary target attacked by ROS, and also produces excessive amounts of ROS due to the damage to enzymes in the electron transport chain. Therefore, we evaluated the total ROS by DCFDA and the mitochondrial ROS by MitoSOX staining respectively, and quantified the fluorescence intensity in MA-treated astrocytes with or without quercetin treatment. The results showed that both the total ROS (Figure 4E left, p < 0.05) and mitochondrial ROS (Figure 4E right, p < 0.001) were markedly increased in MA treated group, which were rescued by quercetin (Figure 4E, p < 0.05).

As we know, a series of redox reactions creates an electrochemical gradient through the mitochondrial electron transport chain, which drives the synthesis of ATP and generates the MMP. Therefore we measured the total and mitochondria-derived ATP, and MMP to evaluated mitochondrial function. The results revealed decreasing in MMP (Figure 4F, p < 0.01) and ATP (Figure 4G, p < 0.001) in MA-treated astrocytes, indicating mitochondria dysfunction after MA treatment. The quercetin supplementation of MA-treated astrocytes markedly elevated both the total ATP (Figure 4G left, p < 0.05) and mitochondria-derived ATP levels (Figure 4G right, p < 0.001) and increased MMP in MA-treated astrocytes (Figure 4F, p < 0.05). We used an XF24 metabolic bioanalyzer to assess the effects of quercetin supplementation on OCR in MA-treated astrocytes; as a result, we found that quercetin markedly reinstated the decreasing in the OCR induced by MA (Figure 4H, p < 0.001).

Considering mitochondrial also play an important role in neurons, we also evaluated the effects of quercetin on mitochondrial morphology and function in PC12. The mitochondria in MA-treated PC12 exhibited short and fragmented morphology with a significant decrease in number of PC12 (Supplementary Figures 1A,B) as compared to the control group. The quercetin supplementation partially restores mitochondrial morphology and the number of PC12 when exposed to MA. The results of mitochondrial function revealed that MMP (Supplementary Figure 1C, p < 0.05) and ATP (Supplementary Figure 1D, p < 0.05) decreased in 2 mM MA-treated PC12, accompanying an increase in ROS (Supplementary Figure 1E, p < 0.05). Quercetin diminished total ROS production (Supplementary Figure 1E, p < 0.05), but failed to rescue the abnormality of ATP production and MMP induced by MA (Supplementary Figures 1C,D, p > 0.05).



Quercetin Mitigated Astrocytes Activation and Neuroinflammatory Induced by Methamphetamine

Research have reported that astrocytes were activated in an MA-treated animal model, resulting in morphological and phenotypic abnormality (Zhou et al., 2019), and fragmented and dysfunctional mitochondria trigger A1 astrocytic response and propagate inflammatory neurodegeneration (Joshi et al., 2019). We evaluate astrocytes activation by immunostaining and western blotting for GFAP. The results indicated GFAP expression increased after MA treatment (Figure 5F, p < 0.05) with a larger area of astrocytes (Figures 5A–E, p < 0.05). Quercetin alleviated the activation of astrocytes (Figures 5A–F, p < 0.01), suggesting that MA treatment facilitated astrocytes activation, whereas quercetin reversed the cellular phenotypes.


[image: image]

FIGURE 5. Quercetin mitigated astrocytes activation and neuroinflammatory induced by MA. (A) Merged image of panels (B,C); Immunofluorescence was performed with anti-GFAP [green, (C)] and DAPI [blue, (B)]; (D) Enlarged images of the areas marked in panel (C) with a white box; (E) Area of astrocytes (μm2/cell) in each group, *p < 0.05, **p < 0.01. (F) Representative band pattern of the WB of different treatment of astrocytes using antibodies for GFAP and β-Actin (left); summary bar graphs of GFAP and β-Actin levels in different group (right). (G–I) Expression of proinflammatory factors by qPCR in the hippocampus (IL-1β, TNFα, IL-6). (J–L) The levels of the proinflammatory factors IL-1β were detected by ELISA. All experiments represent the average of 3 independent experiments.


Previous studies have shown that mitochondrial dysfunction in astrocytes, combining with neuroinflammation, impair the generation of reactive astrocytes and enhance neuronal cell death (Fiebig et al., 2019). Therefore, we assessed the change of neurons and microglia, which was considered as the main components innate neuroimmune cell, by immunostaining for NeuN and Iba-1. The results demonstrated MA administration markedly decreased the numbers of neurons (Supplementary Figures 2A–C) and promoted microglia proliferation (Supplementary Figures 2D–F).

Astrocytes and microglia, as key regulators of neuroinflammation in CNS, are activated during neuroinflammation to secrete inflammatory cytokines and chemokines (Kwon and Koh, 2020); consequently, we analyzed the expression of elevation of interleukin (IL)-1β, IL-6, and tumor necrosis factor (TNF)α, the pro-inflammatory cytokines which were triggered by drug abuse (Dang et al., 2021). As suspected, MA treatment accelerated astrocyte activation, accompanied by the elevation of IL-1β (Figure 5G, p < 0.001), TNFα (Figure 5H, p < 0.01), and IL-6 (Figure 5I, p < 0.001) in the HIPP and MA-treated astrocytes (Figures 5J–L). Quercetin, as an anti-inflammatory agent, decreases all the three cytokines in vitro, and attenuated the expression of IL-1β and TNFα, but not IL-6 in HIPP.




DISCUSSION

In the present study, we found mitochondrial morphological defects accompanied the dysfuntion in MA-treated mice with anxiety-like behavior. Quercetin attenuated anxious symptoms and pathology, and modified mitochondria and neuroinflammation in both a mouse model and cultured astrocytes treated with MA. These findings, for the first time, suggested that quercetin could inhibit the progression of MA-induced anxiety by modulating mitochondrial function and morphology and mitigating neuroinflammation in the central nervous system. The results indicated that quercetin represents a potential therapeutic medicine for future development and supported the hypothesis that changes in mitochondrial function mediate anxiety progression.

We found that MA-induced anxiety-like behavior in mice, as previously described (Ru et al., 2019; Jayanthi et al., 2021). Consistent with our findings, Iwazaki et al. (2008) have demonstrated synaptic plasticity- and synaptic transmission-, oxidative stress-, and intrinsic apoptotic-related signaling pathway were dysregulated in protein expression level in MA-treated rats. As an organelle generating secondary ROS, which can disturb protein folding and cause mitochondrial DNA mutations, mitochondria are regarded as both a source and a target of oxidative stress (Song et al., 2017), besides, they play an important role in apoptosis via the intrinsic apoptotic program which was identified to be dysregulated in frontal cortex in MA-treated rats (Iwazaki et al., 2008). Furthermore, ER-misfolded proteins have been reported to accumulate at ER-mitochondria contact regions, where they eventually imported into mitochondrial matrix and resulted in impaired mitochondrial function (Saito and Imaizumi, 2018; Cortés et al., 2021), and dysfunction mitochondria failed to maintain synaptic ion homeostasis and synaptic plasticity due to decreased ATP production and overloaded Ca2+ concentrations (Fang et al., 2015). In summary, MA exposure facilitated mitochondrial damage, intracellular ROS production (Cao et al., 2017), the depolarization of MMP and metabolic disturbance (Li et al., 2015), eventually leading to mitochondrial dysfunction (Xie et al., 2016) and intrinsic apoptotic program activation (Iwazaki et al., 2008). In this article, pathways related to mitochondria were markedly changed, and mitochondria were found to be short, fragmented with abnormal morphology after MA treatment in vivo and in vitro. Multiple parameters about mitochondria function were then displayed aberrant, such as ROS and ATP production, MMP, and OCR, implying that mitochondria as a target organelle in MA-treatment. Based on these, we speculate that mitochondria represent a primary target organelle of MA treatment in the HIPP.

Accumulating data has highlighted the contributions of brain mitochondria and bioenergetics to the development of psychiatric disorders and stress-related pathologies (Einat et al., 2005; Manji et al., 2012). The damaged mitochondria accumulation induced synaptic loss, and neuron apoptosis (de la Mata et al., 2017), underscoring the importance of mitochondria in the development of psychotic disorders. In addition, The fundamental role played by mitochondria in the synthesis of the primary excitatory neurotransmitter (glutamate) and the inhibitory neurotransmitter (γ-aminobutyric acid, GABA) suggest that the mitochondrial adaptations observed in the context of anxiety may contribute to an imbalance in neural excitation and inhibition, which is thought to underlie several neuropsychiatric disorders (Filiou and Sandi, 2019). Mitochondria-targeting drugs have been reported to show good outcomes in anxiety-related studies in both humans and rodents (Filiou and Sandi, 2019). In this article, we further demonstrated that modification of mitochondrial function and morphology might represent a potential strategy for alleviating anxiety-like behaviors induced by MA, since chronic MA exposure resulted in the dysregulation of mitochondrial morphology and mitochondrial dysfunction. Quercetin, as a bioactive compound with diverse pharmacologic effects, has been reported to exert several beneficial effects, including neuroprotective effects (Costa et al., 2016), the regulation of the sleep–wake cycle (Kambe et al., 2010), and the optimization of mitochondrial function (Houghton et al., 2018). In this study, quercetin supplementation significantly mitigated MA-induced anxiety-like behavior by improving mitochondrial morphology and function, alleviating neuronal injury, both in vivo and in vitro. Here, we also identified the novel pharmacological efficacy of quercetin in the treatment of anxiety induced by MA.

As a major source of glycogen and lactate, astrocytes provided neurons with additional energy and play key metabolic roles in the CNS (Shirakawa et al., 2010). Moreover, astrocytes can dispose of and recycle damaged mitochondria released by neurons, and release healthy extracellular mitochondrial particles to neuron (Hayakawa et al., 2016). Astrocyte dysfunction has been shown to facilitate the pathogenesis of neurological and psychiatric disorders (Tian et al., 2018). Hence, astrocytes and the mitochondria may represent an important target of neurological and psychiatric disorders. Thus, we intended to focus this study on astrocytes in subsequent experiments. Research has shown MA exposure facilitated dysfunction and morphological abnormalities of mitochondrial (Valian et al., 2019), which can trigger various innate immune signaling pathways in a cell-intrinsic or -extrinsic manner (Bader and Winklhofer, 2020), resulting in the release of inflammatory factors. In this work, we observed MA-induced morphological abnormalities of mitochondria in vivo and in vitro, and mitochondrial dysfunction in astrocytes, and the phenotypes were rescued by quercetin. As we know, except for microglia, astrocytes also serve as crucial regulators of the innate and adaptive immune responses, and play critical roles in neuroinflammation (Colombo and Farina, 2016). In this study, we found that MA treatment accelerated astrocyte activation, accompanied by the elevation of interleukin (IL)-1β, IL-6, and tumor necrosis factor (TNF)α in the HIPP and MA-treated astrocytes (Figure 5). Quercetin, as a bioactive compound with antioxidant and anti-inflammatory properties (Khan et al., 2016), reduced the expression of IL-1β and TNFα in vitro and in vivo, and alleviated astrocytes activation when treated with MA in this work (Figure 5). These results suggested that MA treatment accelerated astrocytes activation and facilitated the release of inflammatory factors, which can trigger neuronal apoptosis and synaptic loss (Garwood et al., 2011; Çalışkan et al., 2020). Moreover, the excessive accumulation of damaged mitochondria, combined with astrocyte activation and the increase in inflammatory factors, induces neurotoxicity and promotes neuronal apoptosis (Nicholls, 2004), which initiates a vicious cycle that aggravates the anxiety process (Garwood et al., 2011; Çalışkan et al., 2020). These findings also confirmed the neuroprotective activity of quercetin, through modulating astrocytes and rebalancing neuroinflammation levels activation.

Nevertheless, the mechanisms by which quercetin exerts its anti-neuroinflammation activity and modulates mitochondrial function remain unclear. According to previous reports, Nr4a1 (also known as TR3 or NGFI-B), which was upregulated in our RNA-seq results, is an orphan member of the nuclear receptor superfamily. It migrates from the nucleus to the mitochondria, where it binds to Bcl-2 to induce apoptosis and cause the release of cytochrome c (Liu et al., 2008). Nr4a1 evoked cellular oxidative stress and disrupt ATP generation (Zhang and Yu, 2018), and the expression and activity of Nr4a1 are sustained by chronic stress in animal models and in human studies of neuropathologies sensitive to the buildup of chronic stress (Akiyama et al., 2008; Jeanneteau et al., 2018). Nr4a1 has also been shown to be important for regulating metabolic and morphological aspects of neuronal functions by modifying the expression of several mitochondrial regulatory genes, including Mfn1, Mfn2, Fis1 and OPA1 (Jeanneteau et al., 2018), which can result in mitochondrial dysfunction and behavioral phenotypes. Therefore, we speculated that quercetin might modulate genes associated with mitochondrial function via downregulating Nr4a1. Thus, we detected the expression of Nr4a1 in MA + quercetin and MA groups in vivo, the results verified the effects of quercetin in decreasing the Nr4a1 expression both in RNA and protein level (Supplementary Figure 3). Future work will explore the molecular mechanism extensively.

In conclusion, our study indicated that MA cause damage to brain cells, including neurons and astrocytes, by influencing mitochondrial metabolism, energy production, and morphology in astrocytes, which participated in the development of neuropsychiatric disorders, such as anxiety. The oral supplementation of quercetin neutralized the neuropsychiatric status of MA-treated mice; our findings indicated the potential of quercetin as a candidate agent for alleviating MA-induced anxiety and support the hypothesis that mitochondria mediate anxiety progression. Further study is necessary to illustrate the contributions and mechanisms of mitochondria in the progression of anxiety induced by MA.
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Supplementary Figure 1 | The effect of quercetin on mitochondrial morphology and function in MA-treated in PC12. (A) Representative images of mitochondria in PC12. Alive cells were incubated with MitoTraker Green as a probe for mitochondria in each group. (B) Enlarged images of the areas marked in A with a white box. (C) Quantification of the mitochondrial membrane potential (MMP). (D) Quantification of the total ATP in PC12. (E) Total ROS production quantification by flow cytometry in each group. All experiments represent the average of 3 independent experiments. *p < 0.05, as determined by Student’s t test.

Supplementary Figure 2 | Confocal microscopic analysis of neuron and astrocytes using immunofluorescence stainings. (A–C) Immunofluorescence was performed with anti-NeuN [green, (C)] and DAPI [blue, (B)], (C) Merged image of panels (A,B). (D–F) Immunofluorescence was performed with anti-Iba [green, (D)] and DAPI [blue, (E)], (F) Merged image of panels (D,E). All experiments represent the average of 3 independent experiments.

Supplementary Figure 3 | Quercetin rescued MA-induced Nr4a1 upregulation in gene and protein level. (A) Representative band pattern of the WB of different treatment of HIPP using antibodies for Nr4a1 and GAPDH. (B) Summary bar graphs of Nr4a1 and GAPDH levels in different groups in hippocampus. (C) Expression of Nr4a1 and GAPDH by qPCR in HIPP. *p < 0.05, ***p < 0.0005, and ****p < 0.0001. All experiments represent the average of 3 independent experiments.
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Menthol Flavor in E-Cigarette Vapor Modulates Social Behavior Correlated With Central and Peripheral Changes of Immunometabolic Signalings
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The use of electronic cigarette (e-cigarette) has been increasing dramatically worldwide. More than 8,000 flavors of e-cigarettes are currently marketed and menthol is one of the most popular flavor additives in the electronic nicotine delivery systems (ENDS). There is a controversy over the roles of e-cigarettes in social behavior, and little is known about the potential impacts of flavorings in the ENDS. In our study, we aimed to investigate the effects of menthol flavor in ENDS on the social behavior of long-term vapor-exposed mice with a daily intake limit, and the underlying immunometabolic changes in the central and peripheral systems. We found that the addition of menthol flavor in nicotine vapor enhanced the social activity compared with the nicotine alone. The dramatically reduced activation of cellular energy measured by adenosine 5′ monophosphate-activated protein kinase (AMPK) signaling in the hippocampus were observed after the chronic exposure of menthol-flavored ENDS. Multiple sera cytokines including C5, TIMP-1, and CXCL13 were decreased accordingly as per their peripheral immunometabolic responses to menthol flavor in the nicotine vapor. The serum level of C5 was positively correlated with the alteration activity of the AMPK-ERK signaling in the hippocampus. Our current findings provide evidence for the enhancement of menthol flavor in ENDS on social functioning, which is correlated with the central and peripheral immunometabolic disruptions; this raises the vigilance of the cautious addition of various flavorings in e-cigarettes and the urgency of further investigations on the complex interplay and health effects of flavoring additives with nicotine in e-cigarettes.

Keywords: e-cigarette, nicotine, menthol, social activity, electronic nicotine delivery systems (ENDS)


INTRODUCTION

The use of electronic nicotine delivery systems (ENDS), also known as electronic cigarettes (e-cigarettes) has been dramatically increasing in recent years, and it has become a serious public health issue. Despite the lack of either health data or the demonstrated efficacy in promoting smoking cessation, the e-cigarette is often advertised as a safer alternative or cessation aid to conventional tobacco cigarette smoke, mainly due to its much lower levels of toxic/carcinogenic chemicals (Arnold, 2014; Benowitz, 2014; Ramamurthi et al., 2016). Although the popularity of e-cigarette use continues to increase, research evidence based on scientific knowledge is lacking and the main focused aspect of e-cigarettes include their beneficial roles in tobacco smoking cessation or reduction, their health risks, and their environmental consequences (Rom et al., 2015; Hartmann-Boyce et al., 2020).

The major composition of e-cigarettes usually consists of propylene glycol and vegetable glycerol (PG/VG) as odorless liquid vehicles to generate vapor, nicotine which is the main addictive substance, and a wide variety of flavorings (Allen et al., 2016; Smith et al., 2020). As the number of users grows exponentially worldwide, liquids of e-cigarettes are available in a dramatically large combination of flavor additives, with more than 8,000 flavorings (Zhu et al., 2014; Hsu et al., 2018). A recent increase in the prevalence of e-cigarettes among young adults and adolescents may largely be due to their widely available flavors which appeal to the youth (Ambrose et al., 2015; Villanti et al., 2017; Cullen et al., 2019a,b). Epidemiological survey data have shown that the most common flavor categories include fruit, menthol, and tobacco. Menthol flavor was shown to be one of the most popular flavors among young users (Leventhal et al., 2019) and the extent of satisfaction with vaping varies among unique flavor users (Gravely et al., 2020; Rose et al., 2020). However, the incorporated effects of flavorings when added in the nicotine-containing vapor and the underlying mechanisms are largely unknown.

Many previous studies have confirmed the association between cigarette smoking and neurodegeneration (Deochand et al., 2016; Yu et al., 2016; Liu et al., 2020), cognition and memory (Ge et al., 2019; Wei et al., 2020; Martin Rios et al., 2021), and mental disorders, such as attentional deficits (Joo et al., 2017; Lawrence et al., 2021) and schizophrenia (Donde et al., 2020; King et al., 2020), considering the wide distribution of nicotinic acetylcholine receptors (nAChRs) throughout the brain (Levin et al., 2015). Based on the fact that nicotine is one of the main addictive components of an e-cigarette, there is increasing recognition that e-cigarettes impact brain functions, for instance, e-cigarettes impaired the integrity of the blood-brain barrier (BBB) and exacerbated the cognitive dysfunction (Chen et al., 2021), mental disorders (Pham et al., 2020), vascular inflammation (Kaisar et al., 2017), metabolic imbalance (Debarba et al., 2020), and neurotoxicity (Ruszkiewicz et al., 2020) in the brain of human and animal models, while the effects of ENDS with specific flavor on the behaviors need further disclosure. Furthermore, it is the utmost emergency to understand the molecular architectures sculptured in the brain and the peripheral system that synergistically respond to the ingredients of e-cigarettes.

The aim of the current study is to provide a comprehensive behavioral analysis of ENDS with menthol flavor in male mice (Leventhal et al., 2021). We sought to characterize the impacts of the immunometabolic signals on the key brain regions that may account for the behavioral changes. The proteomic cytokine array of the serum was also investigated to detect the circulating immunological signals that were influenced by menthol flavor in ENDS. The correlation analyses among the behavioral parameters and the central and peripheral immunometabolic indices were conducted to reveal the systemic responses mediated by menthol flavor in ENDS.



MATERIALS AND METHODS


Animals

Male C57BL/6J mice (Hunan SJA Laboratory Animal Co., Ltd., Hunan, China) aged 8 weeks old, were maintained in standard housing conditions on a 12/12 h day/night cycle (lights on at 7 a.m. and off at 7 p.m.) with ad libitum access to food and water. All behavioral tests were conducted at a fixed time period during the light cycle. All mice were handled for 15–20 min per day for 3 days before behavioral assays to reduce the stress introduced by contact with an experimenter. All animal experiments and procedures were carried out in accordance with the protocols approved by the Animal Care and Use Ethics Committee of the Shenzhen Institutes of Advanced Technology, Chinese Academy of Sciences.



E-Cigarette Exposure System

The inExpose e-cigarette device (SCIREQ Scientific Respiratory Equipment Inc.) was used in our experiments for vapor exposures of accurate amounts of nicotine between groups, as shown in Figure 1. During the experiments, 8 mice were treated in one single run, in a closed whole body exposure chamber with relatively spacious space. The action state of animals in the chamber was recorded in real-time by a camera connected to a computer. A supporting software (IX-2PD-4DIO-ECIG inExpose) was applied for controlling the e-cigarette vapor generation and postprocessing. For details of the running program, the exposure duration was set as 30 min per run, one time per day. The gas flow rate was set as 2 L per min (Supplementary Table 1). The purified exhaust gas was expelled after the exposure. The e-cigarette vapor exposures were carried out for 7 days per week, for 43 days, and the following behavioral tests were performed with a continuous daily vapor exposure except that the elevated plus maze was assessed when the ENDS had been withdrawn for 48 h (Figure 2). The mice were randomly assigned to one of the three treatment groups and exposed daily as follows: (1) Veh cont: Vehicle control of 50% propylene glycol (PG) + 50% vegetable glycerin (VG); (2) Nico: 4% Nicotine + 46% PG + 50% VG; (3) Nico + ment: nicotine with menthol flavoring: 10% of menthol flavoring agent + 4% of Nicotine + 35% of PG + 51% of VG. All behavioral tests were conducted approximately around 15–16 h following the e-cigarette exposure to avoid its acute effects, except the Elevated plus maze test performed at the 48 h withdrawal period.
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FIGURE 1. Schematic diagram of a precise substance vapor device. Each part of the device is represented by a stick figure. (A) Flexiware software: the exposure temperature, patterns of smoking and humidity, and the exposure time and duration can be modified practically by the computerized exposure system; (B) a Uint-Wise controller connected with (C) e-cigarette vapor generator; (D) whole body exposure chamber with relatively spacious space, eight mice for every single run, and the action state of animals in the chamber was recorded in real-time by a camera (E) connected with (A); a gas purifier before it is discharged.
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FIGURE 2. Experimental design of this study. (A) Diagram of experimental procedures. The duration of vapor exposure is 30 min per day and 7 days a week. Veh cont, Vehicle control of propylene glycol/vegetable glycerin; Nico, Nicotine; Nico + ment, nicotine with menthol flavor. (B) Schematic workflow of this study. Veh cont, Vehicle control of 50% propylene glycol (PG) + 50% of vegetable glycerin (VG); Nico: 4% of Nicotine + 46% of PG + 50% of VG; Nico + ment: 10% of menthol flavoring agent + 4% of Nicotine + 35% of PG + 51% of VG.




Behavioral Assessment


Three-Chamber Sociability and Social Novelty Test

The three-chamber test (TCT) is widely used to observe the sociability and social novelty of rodents. An opaque white box (42 cm length × 60 cm width × 25 cm height) was made of acrylic and each chamber measured 42 cm length × 20 cm width × 25 cm height. Before the test, the mice were placed in the corner of the center chamber to habituate to the 3 chambers and two empty cups for 10 min. In the TCT, a subject mouse is allowed to explore two opposing chambers containing another mouse (social stimulus) or empty cage in the sociability test; and to explore two opposing chambers containing the familiar mouse or the novel mouse in the test of preference for social novelty. In the first session (sociability test), the test mice were placed in the corner of the center chamber, a new male mice of the same age were placed into the cup in the left chamber, while no mice were placed in the right chamber. In the second session (social memory test), the mice in the left chamber remained unchanged, and another set of new male mice of the same age was placed into the cup in the right chamber. Each session was monitored for 10 min. Time around and the number of interactions with each wire cage, which either housed the mice or not, and the time spent in each chamber zone was recorded. The contact zone was considered to be at a 2-cm distance from each cup. The 3-chamber box and the cups were cleaned with 70% of ethanol between the sessions.

For sociability sessions,
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For social novelty sessions,
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Elevated Plus Maze

To measure the anxiety levels in e-cigarette withdrawn mice, the elevated plus maze (EPM) was assessed by using a plastic elevated plus maze constructed from two white open arms (25 cm length × 5 cm width) and two white enclosed arms (25 cm length × 5 cm width × 15 cm height) extending from a central platform (5 cm length × 5 cm width) at 90° which form a plus shape. The maze was placed 65 cm above the floor. A camera was set directly above the EPM apparatus for video recording. The mice were individually placed at the center, with their heads facing the open arms. The number of entries and the amount of time spent in the same type of arms were recorded during the 5-min sessions.



Tail Suspension Test

The tail suspension test (TST simulates the behavioral despair states similar to depression, and this behavioral test was performed as described before (Can et al., 2012; Liu et al., 2021). After 1 h of habituation in the experimental environment, each mouse was suspended on a metal bar 50 cm above the floor of the suspension box with an adhesive tape placed approximately 1 cm from the tip of the tail for 6 min. At the beginning of the test, the animals exhibited escape behaviors, which after a period of struggle, became more subtle. These subtle movements were considered as the immobility time. Immobility was defined as the absence of any limb or body movements, except those caused by respiration. The activities of the mice were recorded by a camera, and the immobility time during the 6-min testing period was calculated. During the test, the mice were recorded separately to prevent animals from observing or interacting with each other. After each animal had completed the test, the suspension box was thoroughly cleaned to eliminate olfactory effects.



Visual Looming Test

The visual looming test (VLT) was performed in a closed Plexiglas box (40 cm length × 40 cm width × 30 cm height) with a sheltered nest in the corner. For upper field looming stimulus (LS), an LCD monitor was placed on the ceiling to present multiple LS, which was a black disc expanding from a visual angle of 2° to 20° in 0.3 s, expanding the speed of 60° per second. The expanding disc stimulus was repeated 15 times in quick succession (totally 4.5 s). This together with a 0.066 s pause between each repeat forms the total upper visual field LS that lasts 5.5 s. Behavior was recorded using an HD digital camera (Sony, Shanghai, China). The latency between the placement and the first overt behavioral signs, such as escape behavior and time staying in the nest were recorded. Animals were handled and habituated for 10–15 min in the looming box 1 day before testing. During the looming test session, the mice were first allowed to freely explore the looming box for 5 min. No observable adaptation was observed in all our experiments.



Hot-Plate Test

To measure the basal responsiveness to nociceptive stimulation, the mice were placed on a hot-plate set at 55 ± 1°C. The antinociceptive response was the latency from the placement of the mouse on the heated surface until the first overt behavioral sign of nociception, such as licking a hind paw, vocalization, or jumping off the plate. The time between the placement and the first overt behavioral sign was recorded as a pain threshold in this test and the mouse was immediately removed from the hot plate immediately after responding or after a maximum of 30 s (cut-off), to prevent tissue damage.



Y Maze Spontaneous Alternation Test

The Y maze test was conducted to detect spatial memory and spontaneous alternation performance. The Y maze used in this study is composed of three arms (42 cm length × 4 cm width × 25 cm height) projecting from a central triangular area. The mice were placed in the central area and were allowed to explore freely for 8 min. The observer recorded an arm entry when the hind paws were completely within the arm. Spontaneous alternation was defined as successive entries into the three different arms (without returning to any arm). The percentage alternation was calculated as the ratio of actual to possible alternations (the total number of arm entries - 2) × 100. The arms were cleaned with 70% ethanol between sessions.




Tissue Processing and Western Blot

The mice were sacrificed immediately after behavioral experiments. They were anesthetized with isoflurane (0.3 ml per 25 g mouse) and euthanized by exsanguination. The brain regions of the frontal cortex and the hippocampus were dissected out on the ice and stored at -80°C for later use. The samples were homogenized in a Radioimmunoprecipitation (RIPA) lysis buffer with 1 time protease inhibitor cocktail and 1 time phenylmethylsulfonyl fluoride (PMSF). Homogenates were incubated on ice for 30 min and centrifuged at 12,000 × rpm for 10 min at 4°C. The concentration of total protein in each sample was measured using a bicinchoninic acid (BCA) kit. Then, the sample was mixed with 6 times loading buffer and boiled at 100°C for 10 min. The denatured samples containing 20 μg of total protein were separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE), and then transferred to the nitrocellulose membrane. The membrane was blocked with 5% non-fat milk in Tris-buffered saline (TBST; 0.1% Tween 20) at room temperature for 1 h, then incubated in primary antibodies overnight at 4°C. The next day, the membrane was incubated with HRP-conjugated secondary antibodies for 1 h at room temperature. For detection, the ECL super signal chemiluminescence kit was used according to the manufacturer’s protocol. The gray intensity analysis of the bands was performed using Image J software (NIH, United States).



Blood Collection and Proteome Profiler Mouse Cytokine Array

Orbital sinus blood samples were collected before sacrifice from the chronic ENDS-exposed mice. After collection, the blood samples were kept on ice and then centrifuged (3,000 rotations per minute for 10 min at 4°C), and the serum was separated. The serum samples were used fresh or kept at -80°C until further processing. The Proteome Profiler Mouse Cytokine Array Kit (Panel A; R&D Systems) was used to profile cytokines in 50 μL of serum samples according to the manufacturer’s protocol. The visualization of the array membranes was achieved using an enhanced chemiluminescence detection and exposure to X-ray film (Kodak, United States). Densitometry analysis was carried out using Quantity One.



Urine Collection

To confirm the exposure of nicotine e-cigarettes in the appropriate treatment group, urinary cotinine levels in all the groups were measured at random days after aerosol exposure by using ultraperformance liquid chromatography coupled with tandem mass spectrometry (UPLC-MS/MS) method. Urine was collected during aerosol exposure from the plastic film located at the bottom of the exposure chamber using a pipette and transferred to a microcentrifuge tube. Separate films were replaced between groups in the exposure trials.



Ultraperformance Liquid Chromatography Coupled With Tandem Mass Spectrometry Analysis

The UPLC–MS-MS analysis was performed on a Waters Acquity ultra-performance liquid chromatography (UPLC) system interfaced with a Waters Xevo TQ MS. Chromatographic separation of cotinine was achieved with an HSS T3 column (2.1 × 100 mm; 1.8 μm particle size). The temperature of the column was maintained at 40°C. A portion of 2.0 μL of the extracted sample was injected onto the column and the gradient elution was performed with 0.1% (v/v) formic acid in deionized water (mobile phase A) and (methanol mobile phase B) at a flow rate of 0.2 mL/min. The MS detection of cotinine was conducted by electrospray ionization (ESI) in the positive ion mode, using the multiple reaction monitoring (MRM) for analyte identification. The following ESI conditions were applied: capillary voltage of 1.5 kV; source temperature of 150°C; desolvation temperature of 400°C; and desolvation gas flow (nitrogen) of 800 L/h; The analysis time was approximately 5 min per sample. About 100 μL of the test urine sample was first diluted by 900 μL of ultrapure water in the centrifuge tube, and then eddied for 1 min and centrifuged at 10,000 rpm for 10 min. The supernatant was taken for testing.



Statistical Analyses

Experiment data are expressed as the mean ± SEM of the number of tests stated. Statistical comparisons were made using one-way ANOVA followed by Tukey’s HSD test, as indicated in the figure legends. All the statistical tests were performed using the Prism 8.0 software (GraphPad Software Inc., San Diego, CA, United States). Spearman’s correlation analysis was used to conduct the correlations among the behavioral parameters and the AMPK activation in the hippocampus, as well as the altered cytokine levels in the sera. A p-value of less than 0.05 was considered statistically significant.




RESULTS


Compensatory Enhanced Sociability in Mice Exposed to Electronic Nicotine Delivery Systems With Menthol Flavor

The e-cigarette products in the market usually offer a very wide variety of flavoring agents mixed with nicotine, which is one of the biggest health concerns of e-cigarettes (Rambaran et al., 2019; Malik et al., 2021). Here, we aim to evaluate whether the social functioning is modified by ENDS with a flavoring compound. Menthol is one of the most prevalent and common flavors used in e-cigarettes; so, we compared the behavioral responses in vapor-exposed mice between the nicotine alone group and nicotine group mixed with menthol flavoring. To do this, adult male C57BL/6J mice were randomly assigned to three treatment groups (n = 8 per group) which were exposed to the following: (1) propylene glycol and vegetable glycerol as vehicle control (50:50, PG/VG, Veh cont); (2) PG/VG with 4% (vol/vol) nicotine (Nico); (3) Vapor of 4% nicotine with 10% of menthol flavorings (Nico + ment). Here, we selected the inhalation model with a short duration (30 min) per day and long-term vapor exposure (>40 days) period. After a daily vapor exposure of 30 min and 7 days a week for 43 days, the three-chamber sociability and social novelty tests were evaluated between the above groups (Figures 2A,B). Since we focused to investigate the merged effects of menthol flavor in the nicotine vapor, here, we have only used the PG/VG as vehicle control in the following sets of behavioral assessments. To verify the exposure constituents, the levels of urine cotinine (i.e., nicotine metabolite) were assessed for the mice in all three vapor exposure groups. Mean cotinine levels averaged from multiple mice per exposure run on the random days were higher in urine from the mice exposed to vapors of nicotine alone (319.3 ± 33.99 ng/mL) or nicotine with menthol flavor (452.8 ± 92.71 ng/mL) compared to the Veh control (50.97 ± 13.36 ng/mL) [F(2, 6) = 12.65, p = 0.0070, Supplementary Figure 1]. The body weight was measured weekly and no significant differences were observed in weight gain among all the treatment groups under our vapor exposure condition (Supplementary Figure 2).

Social interaction is a complex and highly conserved neuropsychiatric behavior that safeguards survival (Barak and Feng, 2016). Whether the additive of menthol flavor into e-cigarette would change the social interaction was unknown. We evaluated the social behaviors of mice via three-chamber social tests in this study. Sociability was investigated in the sociability session of the test (Figure 3A). Mice exposed to long-term ENDS with or without menthol flavor showed normal sociability as assessed by interaction time and time spent in the target chamber. Mice from the Nico group appeared normal while having slightly less contact and socialization with the stranger mouse 1 than in the empty arena compared with that in the Veh control group (No statistical significance, Figures 3C–E). Interestingly, the mice in the Nico + ment group prefer and spent more time (129.3 ± 21.01 s) to socialize with the stranger mouse 1 compared to the Nico group (83.67 ± 5.558 s, Figures 3C,F) while the time spent in the chamber of stranger mouse 1 and the preference of chamber was similar to the mice of all the groups [F(2, 20) = 1.411, p = 0.2672, Figures 3E,G]. In the test session of preference for social novelty (Figure 3B), mice spent more time making contact and socializing with the newly introduced unfamiliar mouse (stranger 2) than stranger 1, as a normal manifestation of social memory and preference for social novelty [F(2, 20) = 3.005, p = 0.0723, Figure 3H]. No significant difference were observed among the groups in their interacting time, the number of interaction, and the preference index with the novel mouse (Figures 3H,I,K), while mice exposed to nicotine alone spent less time in the chamber of the stranger 2 [F(2, 20) = 4.542, p = 0.0236, Figure 3J], and mice of Nico + ment group also showed an increased preference for staying in the chamber of the newly introduced stranger 2 mice than with the familiar mouse, the stranger 1, compared to the mice in the group of nicotine vapor alone (Figures 3J,L). Our data suggested that long exposure to menthol-flavored ENDS may have compensatory enhancing effects on the sociability and preference for social novelty compared to the vapor exposure of nicotine alone.
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FIGURE 3. Social behavioral assessments in mice after long-term vapor exposure. Schematic diagram of two parts of the Three-Chamber Test (TCT); stage one (A) and stage two (B). (A,B) Left: the schematic diagram of the sociability session and the social novelty session of the TCT. Center: the trajectory graphs represent the movements of the tested mouse during the sociability session and the social novelty session, respectively. Right: the heatmaps represent the trajectory of motions in mice. (C–G) Social behavioral assessments of tested mice in the sociability session. Time around target mouse [F(2, 20) = 3.383, p = 0.0543] (C) and the number of interactions with stranger 1 [F(2, 20) = 0.9427, p = 0.4062] or empty cage (D). Time spent in the chambers of stranger 1 side or the empty side (E). (F) Preference index of stranger 1 among groups. F(2, 20) = 4.040, p = 0.0336. (G) Preference of stranger 1 chamber against the empty side among the exposure groups [F(2, 20) = 0.9022, p = 0.4216]. (H–L) Social behavioral assessments of tested mice in the social novelty session. Time around target mouse (H) and the number of interactions [F(2, 20) = 0.5234, p = 0.6004] (I) with stranger 2 mouse or stranger 1 mouse. (J) Time spent in the chambers of stranger 2 sides or the stranger 1 side. (K) Preference index of stranger 2 among the groups [F(2, 20) = 0.2197, p = 0.8047]. (L) Preference of stranger 2 chamber against stranger 1 side among the exposure groups [F(2, 20) = 4.081, p = 0.0326]. The calculations of Preference index and Preference of chamber are presented in Methods. Data are shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 as determined by ordinary one-way ANOVA, within-group analyses using paired t-test, with the factors of test condition (sociability or social novelty), cages, and chamber sides (e.g., stranger 1 side or the opposite side). Veh cont, Vehicle control; Nico, Nicotine; Nico + ment, nicotine with menthol flavor.




Effects of Long-Term Electronic Nicotine Delivery Systems Exposure With Menthol Flavor on Anxiety, Depression-Like Behaviors

The previous study has demonstrated the interplay between social behaviors and anxiety status (Lupien et al., 2009; Yamamuro et al., 2020). Since social stress is one of the major risk factors for the progression of anxiety disorders (Gross and Hen, 2004) (Feder et al., 2009), and shared neuronal circuits between them has been confirmed (Mottolese et al., 2014; Jing et al., 2021), we assessed the anxiety and the depression-like behaviors of the mice after long-term vapor exposure. We compared the 48 h-withdrawal responses in vapor-exposed mice with nicotine or nicotine plus menthol. By performing the behavioral tests of EPM (after 48 h-withdrawal) in mice, we observed that long-term vapor exposure of daily half-hour ENDS with or without menthol flavor did not cause significant withdrawal responses evaluated by anxiety-like behaviors in EPM at the 48-h-ENDS withdrawal period (Figures 4A,B). Specifically, we analyzed the immobility time for all groups during the EPM test [F(2, 21) = 0.5963, p = 0.5599, Figure 4C; no significant differences were observed. Further, a tail hanging test was performed for the evaluation of depressive-like behaviors. No significant changes were observed on immobility time in the tail suspension test [F(2, 21) = 0.7295, p = 0.4940, Figure 4D]. Our current data suggested that long-term e-cigarette usage with short daily nicotine exposure time did not induce anxiety or depression-like behaviors in mice, even after adding the menthol flavor in the e-liquid. These data suggested that the enhancement of menthol flavor in ENDS on social functioning is independent of the emotional status.
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FIGURE 4. Anxiety, depressive-like behavioral assessments in mice exposed to long-term vapor exposure. (A) The trajectory and heatmap of mice in the EPM. (B) The percentage of time of staying in the open arm to the time of one trial ratio (%) [F(2, 21) = 2.222, p = 0.1333]. (C) The immobility time of mice during the trial in EPM (s). (D) Immobility time of mice during Tail suspension test (s). The value of *p < 0.05 as determined by ordinary one-way ANOVA and multiple comparisons with every other group. Bars represent marginal means ± SEM. N = 8 per group. Veh cont, Vehicle control; Nico, Nicotine; Nico + ment: nicotine with menthol flavor. EPM, Elevated plus maze. TST, Tail suspension test.




No Innate Visual or Perceptual Behavioral Alterations in Mice After Long-Term Electronic Nicotine Delivery Systems Exposure With Menthol Flavor

We further evaluated whether the social functioning changes induced by the menthol flavor in ENDS are associated with any alternations on innate visual or perceptual behaviors (Ferrara et al., 2021; Sakurai, 2021; Wei et al., 2021). Behavioral paradigms, such as innate fear and heat pain response were used in our experiments. In the VLT, innate fear responses were quantified. Unexpected salient visual cues stimulate the animal’s defensive behaviors, such as shying away and hiding back in the nest (Zhou et al., 2019). We analyzed the onset latency of mice to such behaviors. There were no changes in the latency of flight to nest, the flight-to-nest latency, as well as the duration in the nest in the Nico group when compared to both Veh control and Nico + ment groups (Figures 5A–C). Chronic ENDS inhalation with daily limited-duration may not affect the innate fear responses in mice, and the same was also observed when menthol flavor was added. In the Hot-Plate Test (HPT), the pain response to a thermal stimulus was assessed by the onset of latency, and we found no differences among all groups [F(2, 21) = 1.157, p = 0.3337, Figure 5D]. These data suggested that chronic nicotine vapor with or without menthol under our exposure conditions did not affect the innate visual or perceptual behaviors.
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FIGURE 5. The innate visual or perceptual behavioral assessment in mice after long-term ENDS exposure. The behavioral tests were performed in order during ENDS exposure as described in Figure 2B. (A) The latency to the onset behavior of mice during the Visual looming test (VLT; s) [F(2, 21) = 0.4033, p = 0.6732]. (B) The latency of flight to the nest behavior of mice during VLT (s) [F(2, 21) = 0.4649, p = 0.6345]. (C) Duration of mice hiding in the nest (s) [F(2, 21) = 0.2317, p = 0.7952]. (D) The latency to the onset behavior of mice during the Hot-plate test (s). The value of *p < 0.05 as determined by ordinary one-way ANOVA and multiple comparisons with every other group. Bars represent marginal means ± SEM. N = 8 per group. Veh cont, Vehicle control; Nico, Nicotine; Nico + ment, nicotine with menthol flavor.




Normal Spatial Learning and Memory in Mice With Long-Term Exposure of Electronic Nicotine Delivery Systems With or Without Menthol Flavor

Previous studies have suggested a potential relationship between social activity and the overall executive functioning, working memory, and visuospatial abilities in healthy older adults (Kelly et al., 2017; Kuiper et al., 2017; Perry et al., 2021). Here, we used the Y-maze test to measure the cognition and spatial memory of mice after exposure to e-cigarette vapor. The percentage of alternation in Y-maze arms was analyzed (Figures 6A,B). There were no significant changes of alternation [F(2, 21) = 0.6216, p = 0.5467] in the mice of either Nico group (64.07 ± 1.119 %) or Nico + ment group (64.25 ± 1.973 %) compared to the PG/VG group (66.53 ± 1.978 %). These data indicated that menthol flavor combined with nicotine in e-cigarette had no effect on spatial learning and memory.
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FIGURE 6. Spatial memory assessment in mice exposed to long-term vapor exposure. (A) Schematic diagram of recorded alternation of one trial in Y-maze. Spontaneous alternation was defined as successive entries into the three different arms (without returning to any arm). (B) The percentage alternation was calculated as the ratio of actual to possible alternations (the total number of arm entries - 2) × 100. The value of *p < 0.05 as determined by ordinary one-way ANOVA and multiple comparisons with every other group. Bars represent marginal means ± SEM. N = 8 per group. Veh cont, Vehicle control; Nico, Nicotine; Nico + ment, nicotine with menthol flavor.




The Reduced Adenosine 5′ Monophosphate-Activated Protein Kinase Activation in the Hippocampus by Chronic Electronic Nicotine Delivery Systems Exposure With Menthol Flavor

We further investigated the underlying mechanisms of the effects of chronic vapor on nicotine with or without menthol flavor. The prefrontal cortex and the hippocampus are the interconnected brain regions and hubs for modulating high brain functions and neuropsychiatric behaviors especially social behaviors (Padilla-Coreano et al., 2016; Eichenbaum, 2017). We here analyzed the AMPK/ERK signaling pathways which are involved in neuronal metabolism, neuroinflammation, and synaptic plasticity. By using Western blotting, we found that the hippocampal activation of ERK1/2 (as shown by phosphorylated/total ERK1/2) and AMPKα (as presented by phosphorylated/total AMPKα) in the hippocampus was decreased by menthol flavor when added into the nicotine vapor (Figures 7B,G,H). Further, we also evaluated the expression levels of presynaptic protein, synaptin-1, and the postsynaptic protein, PSD95 in the prefrontal cortex and the hippocampus to assess the alterations in synaptic plasticity. A slight reduction of synapsin-1 was observed in the hippocampal region without statistical significance (Figure 7I). The AMPK/ERK signaling in PFC (Figures 7A,C,D), and the expressions of Synapsin I and PSD95 in PFC and the hippocampus were not significantly changed under our vapor exposure condition (Figures 7A,B,E,F,I,J). These data suggested that the menthol flavor in ENDS might inactivate the AMPK-ERK signaling in the hippocampus.
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FIGURE 7. The immunometabolic signals and synaptic protein analyses in the PFC/hippocampus of mice after long-term vapor exposure. Western blot analyses of the expressions of p/t-ERK1/2, p/t-AMPKα, synaptic proteins, such as Synapsin-1 and PSD95 in the PFC (A) and the hippocampus (B). The quantification data of the above molecules are presented in (C–J), respectively. Data are expressed as means ± SEM. The values of *p < 0.05 as determined by ordinary one-way ANOVA and multiple comparisons with every other group. Veh cont, Vehicle control; Nico, Nicotine; Nico + ment, nicotine with menthol flavor.




Alterations of Peripheral Cytokine Levels Responded to Menthol Flavor in Electronic Nicotine Delivery Systems

Multiple cytokines and chemokines have been investigated regarding their roles in neuropsychiatric behaviors (Kronfol and Remick, 2000; Polacchini et al., 2018). No significant differences in weight gain among all the treatment groups were observed (Supplementary Figure 2). Here, we profiled multiple cytokines in the sera to assess the peripheral effects of chronic ENDS vapors which might respond to the social behavioral changes. Forty cytokines were measured in our experiment and we observed that the sera levels of CXCL12 and TIMP-1 were significantly reduced while that of the CXCL5 was dramatically increased after nicotine vapor exposure, and a further decline of TIMP-1 and CXCL13 were detected in the group of menthol-flavored ENDS compared to the Nicotine alone group. The serum expressions of CXCL12 were decreased in vapor groups with or without menthol flavor compared to the Veh control group, suggesting that the menthol flavor had no additional effects in ENDS on the serum level of CXCL12. The sera level of M-CSF was only reduced in Nico + ment group compared to the Vehicle control group. The C5 level in the sera was found dramatically decreased in the vapor group of nicotine with menthol flavor compared to either vehicle or ENDS exposure of nicotine only, suggesting a strong downregulation of C5 in the sera of menthol flavorings in ENDS (Figures 8A,B). These data suggested that menthol flavor may modulate the serum expressions of cytokines that responded to the alteration on the social activity by ENDS.


[image: image]

FIGURE 8. The cytokine profile in the sera is altered by long-term vapor exposure. (A) Representative blots from serum samples of mice treated with long-term vapor exposures of vehicle control, ENDS, or ENDS with menthol flavor that presented levels of 40 known cytokines using the murine Proteome Profiler Cytokine Array. Spots showing differential expression are boxed. (1): CXCL13; (2): C5; (3): sICAM-1; (4): TIMP-1; (5): CXCL5; (6): M-CSF; (7): CCL2; (8): CXCL12. (B) Heatmap of quantification revealed significant changes greater than 1.2-fold, data were determined by ordinary one-way ANOVA and multiple comparisons with every other group. *p < 0.05, **p < 0.01, ***p < 0.001 compared to the Veh cont; #p < 0.05 compared to Nico group, accordingly. Veh cont, Vehicle control; Nico, Nicotine; Nico + ment, nicotine with menthol flavor.




Linear Correlations Among the Central/Peripheral Immunometabolic Indices and the Response of Social Behaviors to Menthol Flavor in Electronic Nicotine Delivery Systems

To elucidate the correlation among the social activity and the immunometabolic indices in the hippocampus and in the sera which were affected by menthol flavor in ENDS, we conducted the Spearman’s correlation analysis among social behavioral indices that activated the AMPK in the hippocampus and the cytokine levels in the sera (p < 0.05, Figure 9). The serum level of C5 was found to be negatively correlated with the preference for social novelty as measured by the target exploration time in Stage 2 (r = -0.7). The serum level of C5 was also positively correlated with the activation of ERK (p-ERK/ERK, r = 0.79) and AMPK (p-AMPK/AMPK, r = 0.87) in the hippocampus. The levels of M-CSF and TIMP-1 in the sera were also found to be correlated with the AMPK-ERK signaling in the hippocampus (Figure 9). This set of correlation data suggested that the menthol flavor in ENDS may induce comprehensive immunometabolic responses in the brain nuclei and in the sera corresponding to the social activity change.


[image: image]

FIGURE 9. Correlations among immunometabolic signals presented as the activation of AMPK-ERK in the PFC and the hippocampus, cytokines in the sera, and the social behavioral parameters (p < 0.05). Through pairwise comparison of the social behavioral index and biochemical indicators, we selected and displayed those with p-value less than 0.05, and used the area and color depth of the dot to represent the r-value. (1): Time around the target in the sociability session of Three-Chamber Test (TCT); (2): Preference index in the sociability session; (3): Time around the target in the test session of preference for social novelty; (4): Preference index in the test session of preference for social novelty; (5): the level of p-ERK/ERK in the hippocampus; (6): the level of p-AMPKα/AMPKα in the hippocampus; (7–11): the serum level of CXCL13 (7), C5 (8), CXCL12 (9), M-CSF (10), and TIMP-1 (11).





DISCUSSION

The e-cigarette is among the focus of controversy since it may be harm-reducing for traditional smokers seeking to quit, while harm-initiating for former or never smokers, particularly among the youth (Kalkhoran and Glantz, 2016; Fairchild et al., 2018; Prochaska, 2019). The US FDA has been seeking to reduce nicotine concentrations in conventional tobacco cigarettes to non-addictive levels while emphasizing other nicotine delivery products, such as the role of e-cigarettes in attenuating the harmful effects of combustible tobacco (McCarthy, 2017). However, further scientific evidence is needed to convince the safety of e-cigarette and their aid on smoking cessation, given the widespread use of chemicals/artificial flavors to mimic natural flavors commonly used in the e-cigarettes.

A wide variety of flavor options of e-cigarettes on the market has grown in popularity and entices young generations to smoke (Zare et al., 2018). The menthol flavor is among the most commonly used flavorings in e-cigarettes, and an exception in which the flavored e-cigarettes have been banned by Federal regulations recently (Kaur et al., 2020). It has been well-documented that e-cigarettes cause systemic toxicity, including lung and liver injuries; the cytotoxicity induced by e-cigarette flavoring chemicals has also been determined in cell lines and humans. Repeated exposure to menthol was found to significantly decrease cell viability (Rickard et al., 2021); therefore additional research is urged to understand the mechanisms of the toxicity of flavorings and the chemical combinations in ENDS.

Smoking may increase the risk of mental disorders and non-affective psychoses. A systematic review of literature from 1946 to 2017 followed by a meta-analysis suggested that chronic tobacco smoking was strongly associated with neuropsychological deficits and cognitive impulsivity (Conti et al., 2019). The e-cigarette products in the market are generally composed of nicotine with flavor. Menthol flavor was the top choice among teen vapers according to research in the US (Leventhal et al., 2019). In this case, it is necessary to understand the neuropsychiatric roles and their effects on the brain as well as the peripheral system of menthol-flavored e-cigarettes. However, there is limited evidence on the neuropsychiatric roles of menthol flavor in ENDS that was specifically evaluated in vivo in animal models or humans.

Social behaviors are fundamental for the survival of any vertebrate species. Epidemiological data indicated that smokers endorse socializing as a reason to smoke (Fidler and West, 2009) and social functioning was found enhanced in smokers which was supposed to be related to nicotine (Martin and Sayette, 2018). However, very limited work has been implemented to depict the effect of e-cigarettes on social functions in animal models to reveal the underlying molecular mechanisms. In our current work, we have used a standard and precise vapor device to mimic the exposure of ENDS, which avoided the restraint stress that might have been caused by the nose-only aerosol exposure, and evaluated the social behaviors after long-term exposure with daily 30-min inhalation. As shown in the previous study, the effects of nicotine on social behaviors are complex regarding the dose, the schedule of administration, housing, and individual differences; nicotine may increase the social interaction at low doses but reduce it at high doses (Blanco-Gandia et al., 2015); and it was also presented to improve the sociability and reduced repetitive behaviors in a mouse model of autism at certain doses while no effects were observed in the normal mice (Mahmood et al., 2020). Consistent with some of these literature, we found in our experiment that, although the slight decrease in the social activity (no statistical difference) was observed in nicotine-vapored mice, the long exposure to menthol flavored ENDS was found to have compensatory enhancing effects on the sociability and preference for social novelty compared to the vapor exposure of nicotine alone, suggesting the antagonistic effect on the social functioning of menthol flavoring as a combinational ingredient with nicotine in ENDS.

Since social behaviors are instinctive with flexibility (Wei et al., 2021), and influenced by other psychiatric behaviors, we further assessed the behaviors related to emotion, cognition, and innate state in the mice after ENDS exposure with or without menthol flavor. Interestingly, under our ENDS exposure condition, which was a short-term treatment per day and it lasted for the long term; the ENDS exposure with menthol flavor did not change the anxiety/depressive-like behaviors measured by the elevated plus maze and tail suspension test; the innate visual or perceptual behavioral responses measured by the VLT, HPT, and the spatial memory evaluated by Y-maze in mice. One limitation of this study was that only male mice were used with a limited sample size. It will be necessary to understand how female individuals cope with e-cigarettes and to further confirm the complex interplay of menthol flavoring with nicotine in ENDS.

Further, we characterized the central and peripheral changes induced by the vapors of nicotine alone or combined with menthol flavor that may be related to the alterations in social activities. The prefrontal cortex and hippocampus are hub regions that are dominant in many complex behaviors including social activities and social cognition (Preston and Eichenbaum, 2013; Li et al., 2020; Qi et al., 2021). Increasing attention has been paid to the role of the crosstalk between metabolic, inflammatory, and neuropsychiatric disorders (Culmsee et al., 2018), such as the activation of ERK and the AMPK levels (Camargo et al., 2021). The adenosine 5′ monophosphate-activated protein kinase (AMPK) is a heterotrimeric serine/threonine kinase that promotes ATP generation and is regarded as a key regulator of cellular energy metabolism and mitochondrial homeostasis (Chaube and Bhat, 2016; Herzig and Shaw, 2018). Therefore, we measured the immunometabolic molecular signals in the prefrontal cortex, hippocampus, and the cytokines in the sera altered by nicotine vapor with or without menthol flavor and investigated their correlations with social behavioral changes. Our results suggested a negative correlation of preference for social novelty and C5 level in the sera of mice. Further, the serum level of C5 was also found to positively correlate with the activation of AMPK-ERK signaling in the hippocampus, which may hint at a coordinated response in the central and peripheral system to ENDS which contribute to the social behavioral enhancement induced by the menthol flavor. Previous studies have shown that anxiety was associated with low levels of many cytokines in sera, such as CCL11, CCL2, CCL5, and IL-6; and lower peripheral levels of CXCL5 was observed in people with psychiatric disorders, such as schizophrenia and recurrent depressive disorder with suicidal ideation (Polacchini et al., 2018). The cytokine profile observed in our study indicated that the menthol flavor in ENDS may act to reverse the potentially reducing effects of nicotine on social activities.

In conclusion, our present study profiled the social behaviors modulated by menthol flavor in ENDS. We presented the compensatory enhanced social activity induced by menthol flavor in the nicotine-containing e-cigarette. The striking enhancement in social activity induced by menthol flavoring, in combination with nicotine in ENDS, may explain the increased severity of nicotine dependence in menthol-flavored e-cigarette vaporer and the popularity of menthol/mint-flavored e-cigarettes in the market. The ENDS induced the immunometabolic alternations in the hippocampus, as well as in the sera that correspond to social behavioral changes, suggesting the disruption of systemic homeostasis are only induced by nicotine but also by other flavorings in the e-cigarette. Although our current data indicated the mild influences of the neuropsychiatric behaviors in the mice due to long-term ENDS exposure with daily intake limit; the phenomenon of enhanced social functions induced by menthol flavor in ENDS highly alerts us with the information that e-cigarette flavoring additives may have complex interplay with nicotine and lead to increased addiction as well as immunometabolic disruption among the e-cigarette users who definitely need further investigations.
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Supplementary Figure 1 | Urine cotinine measured during vapor exposure. The urine samples from the mice of all exposure groups were collected immediately following the daily exposure period and assessed by Liquid chromatography-mass spectrometry (LC-MS/MS) for cotinine as a marker for the intake of nicotine-containing vapors. Data are expressed as group mean ± standard error. *p < 0.05, **p < 0.001 as determined by ordinary one-way ANOVA and multiple comparisons with every other group. Veh cont, Vehicle control; Nico, Nicotine; Nico + ment, nicotine with menthol flavor.

Supplementary Figure 2 | Weight measured weekly during vapor exposure. (A) Weight measured weekly from week 0 to week 12. (B) Delta weight gain corrected for physiological growth, as measured in the weight value of the following week minus the weight value of the first week. Data are shown as mean ± SEM. *p < 0.05. Veh cont, Vehicle control; Nico, Nicotine; Nico + ment, nicotine with menthol flavor.

Supplementary Table 1 | Device parameters of e-cigarette vapor exposure program.

Supplementary Table 2 | Primary antibodies used for Western blot in this study.



REFERENCES

Allen, J. G., Flanigan, S. S., LeBlanc, M., Vallarino, J., MacNaughton, P., Stewart, J. H., et al. (2016). Flavoring Chemicals in E-Cigarettes: diacetyl, 2,3-pentanedione, and acetoin in a sample of 51 products, including fruit-, candy-, and cocktail-flavored E-Cigarettes. Environ. Health Perspect. 124, 733–739. doi: 10.1289/ehp.1510185

Ambrose, B. K., Day, H. R., Rostron, B., Conway, K. P., Borek, N., Hyland, A., et al. (2015). Flavored tobacco product use among US Youth Aged 12-17 Years, 2013-2014. JAMA 314, 1871–1873. doi: 10.1001/jama.2015.13802

Arnold, C. (2014). Vaping and health: what do we know about e-cigarettes? Environ. Health Perspect. 122, A244–A249. doi: 10.1289/ehp.122-A244

Barak, B., and Feng, G. (2016). Neurobiology of social behavior abnormalities in autism and Williams syndrome. Nat. Neurosci. 19, 647–655. doi: 10.1038/nn.4276

Benowitz, N. L. (2014). Emerging nicotine delivery products. Implications for public health. Ann. Am. Thorac. Soc. 11, 231–235. doi: 10.1513/AnnalsATS.201312-433PS

Blanco-Gandia, M. C., Mateos-Garcia, A., Garcia-Pardo, M. P., Montagud-Romero, S., Rodriguez-Arias, M., Minarro, J., et al. (2015). Effect of drugs of abuse on social behaviour: a review of animal models. Behav. Pharmacol. 26, 541–570. doi: 10.1097/FBP.0000000000000162

Camargo, A., Dalmagro, A. P., Wolin, I. A. V., Siteneski, A., Zeni, A. L. B., and Rodrigues, A. L. S. (2021). A low-dose combination of ketamine and guanosine counteracts corticosterone-induced depressive-like behavior and hippocampal synaptic impairments via mTORC1 signaling. Prog. Neuropsychopharmacol. Biol. Psychiatry 111:110371. doi: 10.1016/j.pnpbp.2021.110371

Can, A., Dao, D. T., Terrillion, C. E., Piantadosi, S. C., Bhat, S., and Gould, T. D. (2012). The tail suspension test. J. Vis. Exp. 2012:e3769. doi: 10.3791/3769

Chaube, B., and Bhat, M. K. (2016). AMPK, a key regulator of metabolic/energy homeostasis and mitochondrial biogenesis in cancer cells. Cell Death Dis. 7:e2044. doi: 10.1038/cddis.2015.404

Chen, H., Wang, B., Li, G., Steele, J. R., Stayte, S., Vissel, B., et al. (2021). Brain health is independently impaired by E-vaping and high-fat diet. Brain Behav. Immun. 92, 57–66. doi: 10.1016/j.bbi.2020.11.028

Conti, A. A., McLean, L., Tolomeo, S., Steele, J. D., and Baldacchino, A. (2019). Chronic tobacco smoking and neuropsychological impairments: A systematic review and meta-analysis. Neurosci. Biobehav. Rev. 96, 143–154. doi: 10.1016/j.neubiorev.2018.11.017

Cullen, K. A., Gentzke, A. S., Sawdey, M. D., Chang, J. T., Anic, G. M., Wang, T. W., et al. (2019a). e-Cigarette use among youth in the united states, 2019. JAMA 322, 2095–2103. doi: 10.1001/jama.2019.18387

Cullen, K. A., Liu, S. T., Bernat, J. K., Slavit, W. I., Tynan, M. A., King, B. A., et al. (2019b). Flavored tobacco product use among middle and high school students - united states, 2014-2018. MMWR Morb. Mortal. Wkly Rep. 68, 839–844. doi: 10.15585/mmwr.mm6839a2

Culmsee, C., Michels, S., Scheu, S., Arolt, V., Dannlowski, U., and Alferink, J. (2018). Mitochondria, microglia, and the immune system-how are they linked in affective disorders? Front. Psychiatry 9:739. doi: 10.3389/fpsyt.2018.00739

Debarba, L. K., Mulka, A., Lima, J. B. M., Didyuk, O., Fakhoury, P., Koshko, L., et al. (2021). Acarbose protects from central and peripheral metabolic imbalance induced by benzene exposure. Brain Behav. Immun. 89, 87–99. doi: 10.1016/j.bbi.2020.05.073

Deochand, C., Tong, M., Agarwal, A. R., Cadenas, E., and De la Monte, S. M. (2016). Tobacco smoke exposure impairs brain insulin/igf signaling: potential co-factor role in neurodegeneration. J. Alzheimers Dis. 50, 373–386. doi: 10.3233/JAD-150664

Donde, C., Brunelin, J., Mondino, M., Cellard, C., Rolland, B., and Haesebaert, F. (2020). The effects of acute nicotine administration on cognitive and early sensory processes in schizophrenia: a systematic review. Neurosci. Biobehav. Rev. 118, 121–133. doi: 10.1016/j.neubiorev.2020.07.035

Eichenbaum, H. (2017). Prefrontal-hippocampal interactions in episodic memory. Nat. Rev. Neurosci. 18, 547–558. doi: 10.1038/nrn.2017.74

Fairchild, A. L., Lee, J. S., Bayer, R., and Curran, J. (2018). E-Cigarettes and the harm-reduction continuum. N Engl. J. Med. 378, 216–219. doi: 10.1056/NEJMp1711991

Feder, A., Nestler, E. J., and Charney, D. S. (2009). Psychobiology and molecular genetics of resilience. Nat. Rev. Neurosci. 10, 446–457. doi: 10.1038/nrn2649

Ferrara, N. C., Trask, S., and Rosenkranz, J. A. (2021). Maturation of amygdala inputs regulate shifts in social and fear behaviors: A substrate for developmental effects of stress. Neurosci. Biobehav. Rev. 125, 11–25. doi: 10.1016/j.neubiorev.2021.01.021

Fidler, J. A., and West, R. (2009). Self-perceived smoking motives and their correlates in a general population sample. Nicotine Tob Res. 11, 1182–1188. doi: 10.1093/ntr/ntp120

Ge, L., D’Souza, R. S., Oh, T., Vincent, A., Mohabbat, A. B., Eldrige, J., et al. (2019). Tobacco use in fibromyalgia is associated with cognitive dysfunction: a prospective questionnaire study. Mayo Clin. Proc. Innov. Qual. Outcom. 3, 78–85. doi: 10.1016/j.mayocpiqo.2018.12.002

Gravely, S., Cummings, K. M., Hammond, D., Lindblom, E., Smith, D. M., Martin, N., et al. (2020). The Association of E-cigarette flavors with satisfaction, enjoyment, and trying to quit or stay abstinent from smoking among regular adult vapers from canada and the united states: findings from the 2018 ITC Four Country Smoking and Vaping Survey. Nicotine Tob Res. 22, 1831–1841. doi: 10.1093/ntr/ntaa095

Gross, C., and Hen, R. (2004). The developmental origins of anxiety. Nat. Rev. Neurosci. 5, 545–552. doi: 10.1038/nrn1429

Hartmann-Boyce, J., McRobbie, H., Lindson, N., Bullen, C., Begh, R., Theodoulou, A., et al. (2020). Electronic cigarettes for smoking cessation. Cochrane Database Syst. Rev. 10:CD010216. doi: 10.1002/14651858.CD010216.pub4

Herzig, S., and Shaw, R. J. (2018). AMPK: guardian of metabolism and mitochondrial homeostasis. Nat. Rev. Mol. Cell Biol. 19, 121–135. doi: 10.1038/nrm.2017.95

Hsu, G., Sun, J. Y., and Zhu, S. H. (2018). Evolution of Electronic Cigarette Brands From 2013-2014 to 2016-2017: Analysis of Brand Websites. J. Med. Internet. Res. 20:e80. doi: 10.2196/jmir.8550

Jing, W., Zhang, T., Liu, J., Huang, X., Yu, Q., Yu, H., et al. (2021). A circuit of COCH neurons encodes social-stress-induced anxiety via MTF1 activation of Cacna1h. Cell Rep. 37:110177. doi: 10.1016/j.celrep.2021.110177

Joo, H., Lim, M. H., Ha, M., Kwon, H. J., Yoo, S. J., Choi, K. H., et al. (2017). Secondhand Smoke exposure and low blood lead levels in association with attention-deficit hyperactivity disorder and its symptom domain in children: a community-based case-control study. Nicotine Tob Res. 19, 94–101. doi: 10.1093/ntr/ntw152

Kaisar, M. A., Villalba, H., Prasad, S., Liles, T., Sifat, A. E., Sajja, R. K., et al. (2017). Offsetting the impact of smoking and e-cigarette vaping on the cerebrovascular system and stroke injury: Is Metformin a viable countermeasure? Redox Biol. 13, 353–362. doi: 10.1016/j.redox.2017.06.006

Kalkhoran, S., and Glantz, S. A. (2016). E-cigarettes and smoking cessation in real-world and clinical settings: a systematic review and meta-analysis. Lancet Respir. Med. 4, 116–128. doi: 10.1016/S2213-2600(15)00521-4

Kaur, G., Gaurav, A., Lamb, T., Perkins, M., Muthumalage, T., and Rahman, I. (2020). Current perspectives on characteristics, compositions, and toxicological effects of e-cigarettes containing tobacco and menthol/mint flavors. Front. Physiol. 11:613948. doi: 10.3389/fphys.2020.613948

Kelly, M. E., Duff, H., Kelly, S., McHugh Power, J. E., Brennan, S., Lawlor, B. A., et al. (2017). The impact of social activities, social networks, social support and social relationships on the cognitive functioning of healthy older adults: a systematic review. Syst. Rev. 6:259. doi: 10.1186/s13643-017-0632-2

King, M., Jones, R., Petersen, I., Hamilton, F., and Nazareth, I. (2020). Cigarette smoking as a risk factor for schizophrenia or all non-affective psychoses. Psychol. Med. 2020, 1–9. doi: 10.1017/S0033291720000136

Kronfol, Z., and Remick, D. G. (2000). Cytokines and the brain: implications for clinical psychiatry. Am. J. Psychiatry 157, 683–694. doi: 10.1176/appi.ajp.157.5.683

Kuiper, J. S., Oude Voshaar, R. C., Zuidema, S. U., Stolk, R. P., Zuidersma, M., and Smidt, N. (2017). The relationship between social functioning and subjective memory complaints in older persons: a population-based longitudinal cohort study. Int. J. Geriatr. Psychiatry 32, 1059–1071. doi: 10.1002/gps.4567

Lawrence, D., Johnson, S. E., Mitrou, F., Lawn, S., and Sawyer, M. (2021). Tobacco smoking and mental disorders in Australian adolescents. Aust. NZ J. Psychiatry 2021:9617. doi: 10.1177/00048674211009617

Leventhal, A., Dai, H., Barrington-Trimis, J., and Sussman, S. (2021). ‘Ice’ flavoured e-cigarette use among young adults. Tob Control 2021:56416. doi: 10.1136/tobaccocontrol-2020-056416

Leventhal, A. M., Miech, R., Barrington-Trimis, J., Johnston, L. D., O’Malley, P. M., and Patrick, M. E. (2019). Flavors of e-cigarettes used by youths in the United States. JAMA 322, 2132–2134. doi: 10.1001/jama.2019.17968

Levin, E. D., Hall, B. J., and Rezvani, A. H. (2015). Heterogeneity across brain regions and neurotransmitter interactions with nicotinic effects on memory function. Curr. Top Behav. Neurosci. 23, 87–101. doi: 10.1007/978-3-319-13665-3_4

Li, R., Zhang, J., Wu, X., Wen, X., and Han, B. (2020). Brain-wide resting-state connectivity regulation by the hippocampus and medial prefrontal cortex is associated with fluid intelligence. Brain Struct. Funct. 225, 1587–1600. doi: 10.1007/s00429-020-02077-8

Liu, S., Xiu, J., Zhu, C., Meng, K., Li, C., Han, R., et al. (2021). Fat mass and obesity-associated protein regulates RNA methylation associated with depression-like behavior in mice. Nat. Commun. 12:6937. doi: 10.1038/s41467-021-27044-7

Liu, Y., Li, H., Wang, J., Xue, Q., Yang, X., Kang, Y., et al. (2020). Association of cigarette smoking with cerebrospinal fluid biomarkers of neurodegeneration, neuroinflammation, and oxidation. JAMA Netw. Open 3:e2018777. doi: 10.1001/jamanetworkopen.2020.18777

Lupien, S. J., McEwen, B. S., Gunnar, M. R., and Heim, C. (2009). Effects of stress throughout the lifespan on the brain, behaviour and cognition. Nat. Rev. Neurosci. 10, 434–445. doi: 10.1038/nrn2639

Mahmood, H. M., Aldhalaan, H. M., Alshammari, T. K., Alqasem, M. A., Alshammari, M. A., Albekairi, N. A., et al. (2020). The role of nicotinic receptors in the attenuation of autism-related behaviors in a murine BTBR T + tf/J Autistic Model. Autism Res. 13, 1311–1334. doi: 10.1002/aur.2342

Malik, A., Khan, M. I., Karbasian, H., Nieminen, M., Ammad-Ud-Din, M., and Khan, S. (2021). Modelling public sentiments about juul flavors on twitter through machine learning. Nicotine Tob Res. 2021:98. doi: 10.1093/ntr/ntab098

Martin, L. M., and Sayette, M. A. (2018). A review of the effects of nicotine on social functioning. Exp. Clin. Psychopharmacol. 26, 425–439. doi: 10.1037/pha0000208

Martin Rios, R., Lopez-Torrecillas, F., and Martin Tamayo, I. (2021). Executive functions in tobacco use disorder: new challenges and opportunities. Front. Psychiatry 12:586520. doi: 10.3389/fpsyt.2021.586520

McCarthy, M. (2017). US plan gives greater role to electronic cigarettes in tobacco harm reduction. BMJ 358:j3689. doi: 10.1136/bmj.j3689

Mottolese, R., Redoute, J., Costes, N., Le Bars, D., and Sirigu, A. (2014). Switching brain serotonin with oxytocin. Proc. Natl. Acad. Sci. USA 111, 8637–8642. doi: 10.1073/pnas.1319810111

Padilla-Coreano, N., Bolkan, S. S., Pierce, G. M., Blackman, D. R., Hardin, W. D., Garcia-Garcia, A. L., et al. (2016). Direct ventral hippocampal-prefrontal input is required for anxiety-related neural activity and behavior. Neuron 89, 857–866. doi: 10.1016/j.neuron.2016.01.011

Perry, B. L., McConnell, W. R., Coleman, M. E., Roth, A. R., Peng, S., and Apostolova, L. G. (2021). Why the cognitive “fountain of youth” may be upstream: Pathways to dementia risk and resilience through social connectedness. Alzheimers Dement. 2021:12443. doi: 10.1002/alz.12443

Pham, T., Williams, J. V. A., Bhattarai, A., Dores, A. K., Isherwood, L. J., and Patten, S. B. (2020). Electronic cigarette use and mental health: A Canadian population-based study. J. Affect. Disord. 260, 646–652. doi: 10.1016/j.jad.2019.09.026

Polacchini, A., Girardi, D., Falco, A., Zanotta, N., Comar, M., De Carlo, N. A., et al. (2018). Distinct CCL2, CCL5, CCL11, CCL27, IL-17, IL-6, BDNF serum profiles correlate to different job-stress outcomes. Neurobiol. Stress 8, 82–91. doi: 10.1016/j.ynstr.2018.02.002

Preston, A. R., and Eichenbaum, H. (2013). Interplay of hippocampus and prefrontal cortex in memory. Curr. Biol. 23, R764–R773. doi: 10.1016/j.cub.2013.05.041

Prochaska, J. J. (2019). The public health consequences of e-cigarettes: a review by the National Academies of Sciences. A call for more research, a need for regulatory action. Addiction 114, 587–589. doi: 10.1111/add.14478

Qi, S., Schumann, G., Bustillo, J., Turner, J. A., Jiang, R., Zhi, D., et al. (2021). Reward processing in novelty seekers: a transdiagnostic psychiatric imaging biomarker. Biol. Psychiatry 2021:11. doi: 10.1016/j.biopsych.2021.01.011

Ramamurthi, D., Gall, P. A., Ayoub, N., and Jackler, R. K. (2016). Leading-Brand advertisement of quitting smoking benefits for E-Cigarettes. Am. J. Public Health 106, 2057–2063. doi: 10.2105/AJPH.2016.303437

Rambaran, K., Sakhamuri, S., and Pereira, L. P. (2019). E-cigarettes: banning flavours is better than an outright ban. Lancet Respir. Med. 7:e37. doi: 10.1016/S2213-2600(19)30359-5

Rickard, B. P., Ho, H., Tiley, J. B., Jaspers, I., and Brouwer, K. L. R. (2021). E-Cigarette flavoring chemicals induce cytotoxicity in HepG2 Cells. ACS Omega 6, 6708–6713. doi: 10.1021/acsomega.0c05639

Rom, O., Pecorelli, A., Valacchi, G., and Reznick, A. Z. (2015). Are E-cigarettes a safe and good alternative to cigarette smoking? Ann. NY Acad. Sci. 1340, 65–74. doi: 10.1111/nyas.12609

Rose, S. W., Johnson, A. L., Glasser, A. M., Villanti, A. C., Ambrose, B. K., Conway, K., et al. (2020). Flavour types used by youth and adult tobacco users in wave 2 of the Population Assessment of Tobacco and Health (PATH) Study 2014-2015. Tob Control 29, 432–446. doi: 10.1136/tobaccocontrol-2018-054852

Ruszkiewicz, J. A., Zhang, Z., Goncalves, F. M., Tizabi, Y., Zelikoff, J. T., and Aschner, M. (2020). Neurotoxicity of e-cigarettes. Food Chem. Toxicol. 138:111245. doi: 10.1016/j.fct.2020.111245

Sakurai, T. (2021). Social processes and social environment during development. Semin Cell Dev. Biol. 2021:16. doi: 10.1016/j.semcdb.2021.09.016

Smith, T. T., Heckman, B. W., Wahlquist, A. E., Cummings, K. M., and Carpenter, M. J. (2020). The Impact of E-liquid propylene glycol and vegetable glycerin ratio on ratings of subjective effects, reinforcement value, and use in current smokers. Nicotine Tob Res. 22, 791–797. doi: 10.1093/ntr/ntz130

Villanti, A. C., Johnson, A. L., Ambrose, B. K., Cummings, K. M., Stanton, C. A., Rose, S. W., et al. (2017). Flavored tobacco product use in youth and adults: findings from the first wave of the PATH Study (2013-2014). Am. J. Prev. Med. 53, 139–151. doi: 10.1016/j.amepre.2017.01.026

Wei, D., Talwar, V., and Lin, D. (2021). Neural circuits of social behaviors: Innate yet flexible. Neuron 109, 1600–1620. doi: 10.1016/j.neuron.2021.02.012

Wei, S., Wang, D., Wei, G., Wang, J., Zhou, H., Xu, H., et al. (2020). Association of cigarette smoking with cognitive impairment in male patients with chronic schizophrenia. Psychopharmacology 237, 3409–3416. doi: 10.1007/s00213-020-05621-w

Yamamuro, K., Bicks, L. K., Leventhal, M. B., Kato, D., Im, S., Flanigan, M. E., et al. (2020). A prefrontal-paraventricular thalamus circuit requires juvenile social experience to regulate adult sociability in mice. Nat. Neurosci. 23, 1240–1252. doi: 10.1038/s41593-020-0695-6

Yu, R., Deochand, C., Krotow, A., Leao, R., Tong, M., Agarwal, A. R., et al. (2016). Tobacco Smoke-induced brain white matter myelin dysfunction: potential co-factor role of smoking in neurodegeneration. J. Alzheimers Dis. 50, 133–148. doi: 10.3233/JAD-150751

Zare, S., Nemati, M., and Zheng, Y. (2018). A systematic review of consumer preference for e-cigarette attributes: Flavor, nicotine strength, and type. PLoS One 13:e0194145. doi: 10.1371/journal.pone.0194145

Zhou, Z., Liu, X., Chen, S., Zhang, Z., Liu, Y., Montardy, Q., et al. (2019). A VTA GABAergic neural circuit mediates visually evoked innate defensive responses. Neuron 47:e476. doi: 10.1016/j.neuron.2019.05.027

Zhu, S. H., Sun, J. Y., Bonnevie, E., Cummins, S. E., Gamst, A., Yin, L., et al. (2014). Four hundred and sixty brands of e-cigarettes and counting: implications for product regulation. Tob Control 23, 3–9. doi: 10.1136/tobaccocontrol-2014-051670


Conflict of Interest: 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.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Xu, Tian, Li, Tang, Jing, Deng, Mo, Wang, Lai, Liu, Guo, Li, Li, Wang, Lu, Chen and Liu. 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.











	 
	ORIGINAL RESEARCH
published: 29 March 2022
doi: 10.3389/fnmol.2022.874080





[image: image]

Candidate Chinese Herbal Medicine Alleviates Methamphetamine Addiction via Regulating Dopaminergic and Serotonergic Pathways

Qin Ru1,2, Qi Xiong1, Xiang Tian1, Congyue Xu1, Can Li1, Lin Chen2* and Yuxiang Wu2*

1Wuhan Institutes of Biomedical Sciences, School of Medicine, Jianghan University, Wuhan, China

2Department of Health and Physical Education, Jianghan University, Wuhan, China

Edited by:
Qi Wang, Southern Medical University, China

Reviewed by:
Zeng Xiao Feng, Kunming Medical University, China
Mia Ericson, University of Gothenburg, Sweden
Genshen Zhong, Xinxiang Medical University, China

*Correspondence: Lin Chen, hdycl@126.com; Yuxiang Wu, yxwu@jhun.edu.cn

Specialty section: This article was submitted to Molecular Signalling and Pathways, a section of the journal Frontiers in Molecular Neuroscience

Received: 11 February 2022
Accepted: 03 March 2022
Published: 29 March 2022

Citation: Ru Q, Xiong Q, Tian X, Xu C, Li C, Chen L and Wu Y (2022) Candidate Chinese Herbal Medicine Alleviates Methamphetamine Addiction via Regulating Dopaminergic and Serotonergic Pathways. Front. Mol. Neurosci. 15:874080. doi: 10.3389/fnmol.2022.874080

Methamphetamine (METH) addiction and its induced mental disorders have become a severe worldwide problem. A candidate Chinese herbal medicine (CCHM) in our lab had therapeutic effects on METH-induced locomotor sensitization, however, its chemical and pharmacological profiles remain to be elucidated. The current study aimed to investigate the effect of CCHM on conditioned place preference (CPP) induced by METH and screen the main active ingredients and key targets by using network pharmacology and molecular docking methods. Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment, Gene ontology (GO) analysis and protein-protein interaction (PPI) network were performed to discover the potential mechanisms. Results showed that CCHM could significantly inhibit METH-induced CPP behaviors in mice. A total of 123 components and 43 targets were screened. According to the network pharmacology analysis, ten hub targets including D(2) dopamine receptor (DRD2) and 5-hydroxytryptamine receptor 3A (HTR3A) were screened. GO analysis and KEGG enrichment indicated that mechanisms of CCHM treatment of METH addiction were related to multiple pathways such as dopaminergic synapse and serotoninergic synapse. Western blot results showed that the protein expressions of DRD2 in nucleus accumbens and prefrontal cortex were significantly decreased in METH group, while the protein expressions of HTR3A were significantly increased. These changes caused by METH could be prevented by CCHM pretreatment. The results of molecular docking displayed that the five active ingredients such as (S)-Scoulerine, Hyndarin, and Beta-Sitosterol had good affinities with DRD2 and HTR3A. In conclusion, this study constructed the CCHM’s pharmacologic network for treating METH addiction based on the method of network analysis and experimental verification, and analyzed its major active ingredients and potential targets, indicating a new direction for further revealing its mechanisms of effect on METH addiction.
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GRAPHICAL ABSTRACT. Conditioned place preference (CPP) test was used to assess the potential therapeutic effects of CCHM on METH addiction. The active components and hub targets, which were screened by the network pharmacology analysis, were verified by further experiments.




INTRODUCTION

Drug addiction is a severe worldwide social problem, which has attracted great attention. Compared with drugs extracted from plants such as heroin and cocaine, the proportion of people who abuse amphetamine-type synthetic drugs is increasing year by year. According to reports released by United Nations Office on Drugs and Crime and the Ministry of Public Security of China, methamphetamine (METH) has become the most commonly abused amphetamine-type stimulant in Southeast Asia and North America. METH can easily enter the central nervous system through the blood-brain barrier, so its effect on brain is more evident than its peripheral effect (Paulus and Stewart, 2020). Studies have shown that METH abuse could seriously damage the structure and function of neurons and gliocyte in the prefrontal cortex, nucleus accumbens, hippocampus, and other brain regions of addicts, and cause a variety of central nervous system diseases, such as cognitive impairment, depression, and mental disorders (Zhang et al., 2018; Nie et al., 2020). The brain structure and function of most addicts cannot recover even after a prolonged period of abstinence, and the persistent mental disorders and negative emotions could also trigger the continuous drug-seeking behaviors, which led to relapse (Glasner-Edwards et al., 2009). METH addiction not only seriously affected the physical and mental health of abusers, but also led to crime, which has become a social problem endangering public security. Although antipsychotic drugs have been used to control the psychiatric symptoms caused by addiction, there is still a lack of drugs with definite efficacy on METH addiction in clinic. Therefore, the research and development of drugs for the prevention and treatment of METH addiction with better efficacy and fewer side effects has become the focus in drug abuse field.

The mechanism of METH addiction remains unclear, and multiple brain regions such as the prefrontal cortex and nucleus accumbens are involved, therefore, traditional Chinese medicine has become the focus of development of anti-addiction drugs due to its multi-system and multi-target mechanism (Chen et al., 2021). Our previous work have shown that a candidate Chinese herbal medicine (CCHM), which was composed of 8 traditional Chinese medicines including Corydalis yanhusuo and Codonopsis, could significantly improve the learning and memory impairment induced by METH, and inhibit the acquisition and expression of METH-induced locomotor sensitization (Can et al., 2019; Jiaming et al., 2019). The results of acute and long-term toxicity tests showed that CCHM had no detectable toxic effects (Can, 2019). However, as a Chinese herbal compound, the composition of CCHM is complex. A large number of experiments are still needed to analyze its main active ingredients and possible mechanisms. Based on the theory of systems biology, network pharmacology has the characteristics of systematic and holistic, and it is similar to the mechanism of traditional Chinese medicine in treating diseases. Network pharmacology could reveal the complex biological network relationships between drugs, targets, and diseases, analyze and predict the pharmacological mechanism of candidate drugs (Guo et al., 2019). Therefore, this study aimed to analyze the main active ingredients and critical targets of CCHM in the treatment of METH addiction based on the network pharmacology and molecular docking, and to provide the evidence for the clinical application of CCHM.



MATERIALS AND METHODS


Animals

Male C57BL/6 mice (2 months old, weighing 18∼22 g) were purchased from Beijing Charles River Laboratories (Beijing, China). Mice were housed in a temperature-controlled room with a humidity of 45∼55% and subjected to a 12-h cycle of alternating light and dark. All mice had free access to food and water, and were pre-adapted to the environment for at least 3 days before the experiment. All experiment procedures were approved by the Ethics Committee of Jianghan University. As shown in Figure 1A, the mice were randomly divided into four groups: the control group, the METH group, CCHM low group, and CCHM high group. METH was offered by Hubei Public Security Bureau and was dissolved in saline, and CCHM was decocted and condensed into extract before use. Mice were intraperitoneally injected with METH (2 mg/kg) or saline following 1 h intragastric administration of CCHM (14.12, 56.48 g/kg) or saline. The dosage of CCHM was selected based on our published articles (Can et al., 2019).
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FIGURE 1. Effect of candidate Chinese herbal medicine (CCHM) on Methamphetamine (METH)-induced conditioned place preference (CPP) in mice. (A) The experiment procedure of CPP test. Mice received METH (2 mg/kg, i.p) or saline (10 ml/kg, i.p) injections following 1 h pretreatments of CCHM (14.12, 56.48 g/kg, i.g) or saline (10 ml/kg, i.g) treatments. (B) Time spent in the white chamber was collected before and after METH abuse. (C) CPP score was calculated by subtracting the time spent in the drug-paired compartment in the pre-conditioning test from that after METH exposure. Data were presented as mean ± SE, **p < 0.01, compared with control group; #p < 0.05, compared with METH group, n = 10.




The Conditioned Place Preference Apparatus and Procedure

The conditioned place preference (CPP) facility was brought from Shanghai Xinruan Information Technology Co., Ltd. (Shanghai, China) and comprised three compartments. One chamber had a grid floor and black walls (L × W × H: 35 cm × 35 cm × 35 cm). Another same-sized chamber had a mesh floor and white walls. The middle chamber had a flat, gray floor and gray walls (L × W × H: 15 cm × 35 cm × 35 cm) and is connected to the other two compartments by removable doors. The white and black chamber had a ceiling light and camera, respectively. The general activity in the facility was monitored by video, and the time spent in each chamber was recorded using XR-XT401 software.

The CPP procedure used in this experiment was performed as previously described (Yang G. et al., 2020). The pretreatment period lasted from day 1 to day 3. Mice were placed in the middle chamber and then moved freely between the black and white chambers for 15 min per day. The time spent in each chamber on the third day was used as pre-processing data. The most visited chamber (black chamber) was designated as the preferred compartment and the other compartment (white chamber) was defined as drug compartment. Each animal received individual CPP training. The CPP training period lasted for 8 days (day 4∼day 11) and included four METH sessions and four saline sessions. The saline- and drug-paired compartments were separated by closed doors. On day 4, 6, 8, and 10, mice in METH or CCHM group were pretreated with saline or CCHM for 1 h and then confined to a drug-paired chamber (white chamber) for 1 h after intraperitoneally injected with 2 mg/kg METH. On days 5, 7, 9, and 11, the mice in METH or CCHM group were given saline or CCHM respectively and confined to the saline paired chamber (black chamber) for 1 h after saline injection. After each session, the floor and walls of each chamber were wiped with 75% ethanol. On day 12, the post-adaptation test was conducted for 15 min, and each mouse was placed in the middle chamber and then moved freely between the black and white chambers. Preference (CPP score) was calculated by subtracting the time spent in the white chamber on day 3 from the time spent in the white chamber on day 12 (Yang C. et al., 2020). CPP score reflects the difference in the time spent in the post-conditioning and pre-conditioning phases of METH.



Identification of Candidate Components in Candidate Chinese Herbal Medicine

Candidate Chinese herbal medicine was composed of eight Chinese medicinal herbs, including C. yanhusuo, Poria cocos, Codonopsis pilosula, Licorice, Atractylodes macrocephala Koidz, Astragalus membranaceus, Angelica sinensis, and American ginseng. The components of CCHM were retrieved from Traditional Chinese medicine system pharmacology (TCMSP) database.1 Oral Chinese medicine must overcome the obstacles of absorption, distribution, metabolism, and excretion (ADME) process in order to be effective, so oral bioavailability (OB) is one of the most important pharmacokinetic parameters in ADME. High OB is usually an important index for determining drug similarity (DL) of active substances (Guo et al., 2019). Substances with OB no less than 30% are considered to have a higher OB. DL index, as a qualitative concept used to estimate the medicinal properties of molecules in drug design, can be used for rapid screening of active substances (Tao et al., 2013; He et al., 2019). In the Drugbank database, the average DL index is 0.18. Substances with a DL index no less than 0.18 have higher medicinal properties. Therefore, compounds with OB ≥ 30% and DL index ≥ 0.18 and blood brain barrier (BBB) ≥ −0.3 in CCHM were selected as active substances in this study. The possible targets of the active substances of CCHM were searched from TCMSP database. The Uniprot database2 and the bioDBnet website3 were used to verify the gene symbols corresponding to the possible targets.



Screening of Possible Targets of Methamphetamine Addiction

Potential targets involved in METH addiction were collected from OMIM,4 Drugbank,5 and Genecards6 databases. Potential targets from different databases were combined and the duplicates has been deleted.



Network Analysis of Active Compounds and Potential Targets

The potential targets of active compounds in CCHM were mapped with METH addiction-related targets on the Bioinformatics and Evolutionary Genomics website.7 Cytoscape 3.8.0. software was used to construct the “herb-compound-target” network (Han et al., 2020). In these graphical networks, the compounds and proteins were expressed as nodes, whereas the compound-target interactions were expressed as edges.



Network Analysis of Protein-Protein Interaction

Potential targets of CCHM on METH addiction were analyzed by online STRING 11.08 to construct protein-protein interaction (PPI) network. The network was visualized with Cytoscape (3.8.0) and CytoHubba, a plug-in in Cytoscape, to filter the modules from the PPI network and to obtain the most important hub genes based on the degree score.



Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Enrichment of Hub Genes

To further characterize the molecular mechanism of CCHM on METH addiction, the DAVID website9 was used to conduct the GO analysis and KEGG enrichment of hub targets. Top terms of GO analysis and KEGG enrichment with thresholds of p-values ≤ 0.05 were chosen in functional annotation clustering.



Literature Verification

Literature retrieval was used to excavate and analyze the active components and possible mechanisms of CCHM in the treatment of METH addiction. This may provide literature verification for prediction results of the network pharmacology.



Western Blotting Analysis

Mice were sacrificed by cervical dislocation under anesthesia after behavioral testing. Protein extracts in nucleus accumbens and prefrontal cortex were isolated, lysed, and the supernatant was collected after centrifugation. BCA Protein Assay Kit was used to detect the concentration of protein extracts. Protein samples were separated and electroblotted onto the PVDF membrane. After blocking, membranes were incubated with primary antibodies followed by a horseradish peroxide conjugated secondary antibody. Enhanced chemiluminescence was used to visualize the band, and the intensity of each sample was determined quantitatively using Image J. Actin was used as loading control, and the results were normalized to the control group.



Molecule Docking of Main Active Compounds of Candidate Chinese Herbal Medicine With Hub Targets

The amino acid sequence of the two hub targets D(2) dopamine receptor (DRD2) and 5-hydroxytryptamine receptor 3A (HTR3A) were downloaded from the PDB protein structure database.10 Furthermore, AutoDock v.4.2.6 was used to add the hydrogens, calculate charges, and merge the non-polar hydrogens of protein structure (Zulkipli et al., 2020). Next, the protein file was saved in PDBQT format. The three-dimensional (3D) structures of main active compounds were downloaded from the PubChem structure database.11 The SDF format of main active compounds was converted to PDB format using OpenBabel 2.4.1 (Kumar et al., 2020). AutoDock v.4.2.6 was used to convert the PDB format of resveratrol to PDBQT format and for molecular docking of main active compounds with hub targets. PyMol software was used to conduct a visual analysis of docking results.



Statistical Analysis

Statistical analysis was processed with SPSS 23.0 and Prism 8 software. Data were shown as the mean ± SE and analyzed using one-way ANOVA and LSD post-hoc test. Differences between groups were considered to be statistically significant if values of p < 0.05.




RESULTS


Candidate Chinese Herbal Medicine Inhibited Methamphetamine-Induced Conditioned Place Preference Behavior in Mice

Conditioned place preference, a classic model widely used to assess drug-seeking behaviors, was used in this study to assess the preference for visual and tactile cues associated with METH after being administered with varying doses of CCHM. As shown in Figure 1B, mice in the control group did not produce motivational effects before or after place conditioning, which set the baseline measurement for the CPP test. METH administration at 2 mg/kg significantly increased preference of white chamber compared to the controls (p < 0.01). As shown in Figure 1C, compared to the METH group, pretreatment of CCHM reduced METH-induced motivational effects (p < 0.05), and CPP scores decreased with the increase of CCHM dose. Taken together, the results suggested that 2 mg/kg of METH was sufficient to induce CPP behaviors, and the co-administration of CCHM attenuated the acquisition of METH-induced CPP in mice.



Identification of Bioactive Compounds and Possible Targets in Candidate Chinese Herbal Medicine

A total of 163 compounds in CCHM obtained from TCMSP database met the requirement of OB ≥ 30%, DL index ≥ 0.18 and BBB ≥ −0.3, and 48 of which belong to C. yanhusuo, six to P. cocos, 16 to C. pilosula, 69 to Licorice, four to A. macrocephala Koidz, 12 to A. membranaceus, two to A. sinensis, and six to American ginseng. After eliminating the overlaps, 151 compounds were chosen as candidate bioactive compounds for further analyses, and the detailed information was shown in Table 1 and Supplementary Material 1. Among the 151 candidate bioactive components, 2,492 possible protein targets were retrieved from the TCMSP database. The detailed information was shown in Supplementary Material 2. After eliminating the overlaps, 138 protein targets were obtained for further analyses.


TABLE 1. Information of “Herb-active component-predictive target” for candidate Chinese herbal medicine (CCHM).
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Targets Identification of Candidate Chinese Herbal Medicine on Methamphetamine Addiction

Sixty METH addiction-related targets were collected from OMIM, 356 targets were collected from the Genecards database, and 11 targets were obtained from Drugbank database. After eliminating the overlaps, 392 targets were obtained for further analyses. The detailed information was shown in Supplementary Material 3. Then, these protein targets of CCHM were mapped with METH addiction-related targets using the Bioinformatics and Evolutionary Genomics website. As a result, 43 proteins were selected, corresponding to 123 active ingredients of CCHM and the detailed information of 43 proteins was shown in Supplementary Material 4.



Construction of “Herb-Compound-Target” Network

Cytoscape software was used to construct the of “herb-compound-target” network, as shown in Figure 2. Among these bioactive compounds, the top 10 compounds were 7-O-Methylisomucronulatol, 7-Methoxy-2-Methylisoflavone, Formononetin, Beta- Sitosterol, S-Scoulerine, Isocorypalmine, Leonticine, Medicarpin, Licochalcone, and Hyndarin. The detailed information was shown in Table 2. These bioactive components may be the main active compounds of CCHM in treating METH addiction.
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FIGURE 2. “Herb-compound-target” network of candidate Chinese herbal medicine (CCHM) in the treatment of methamphetamine (METH) addiction. The purple polygons represented different herbs. The pink squares represented active compounds of herbs, and the blue circle represented potential protein targets. The edges represent the interactions between them.



TABLE 2. Top ten components of candidate Chinese herbal medicine (CCHM) on methamphetamine (METH) addiction.
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Gene Ontology and Pathway Enrichment Analysis

To identify the biological characteristics of putative targets of CCHM on METH addiction in detail, the GO and KEGG enrichment of involved targets were conducted via the functional annotation tool of DAVID Bioinformatics Resources 6.8. There were 116 terms of biological process (BP), 20 terms of cellular component (CC), and 31 terms of molecular function (MF) in total, which met the requirements of Count ≥ 2 and p-value ≤ 0.05. The detailed information was shown in Supplementary Material 5. The top 10 significantly enriched terms in BP, CC, and MF categories were shown in Figure 3A, which indicated that CCHM may regulate neuron functions via adrenergic receptor signaling pathway, dopamine neurotransmitter receptor activity, dopamine binding to exert its therapeutic effects on METH addiction. To explore the underlying involved pathways of CCHM on METH addiction, KEGG pathway analysis of involved targets was conducted. The detailed pathway information of CCHM on METH addiction was shown in Supplementary Material 6. The top 15 significantly enriched pathways were shown in Figure 3B. The neuroactive ligand-receptor interaction pathways exhibited the largest number of involved targets (21 counts).
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FIGURE 3. Clustering analysis of possible targets of candidate Chinese herbal medicine (CCHM) in the treatment of methamphetamine (METH) addiction. (A) Gene ontology (GO) analysis of the possible targets. (B) Kyoto encyclopedia of genes and genomes (KEGG) enrichment analysis of the possible targets. Counts referred to the number of the enriched targets.




Screen of Hub Genes

The PPI network of possible targets involved in the treatment of CCHM on METH addiction was constructed using STRING (Figure 4A). There were 43 nodes and 200 edges, and the average node degree was 9.3. The average local clustering coefficient was 0.637, and the p-value of PPI enrichment was less than 1.0e-16. To obtain the hub genes in the PPI network, these node pairs were entered into the Cytoscape software. The scores of nodes were calculated by cytoHubba, and the top 10 hub genes were shown in Figure 4B.
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FIGURE 4. Protein-protein interaction (PPI) network and Hub gene screening map of targets. (A) PPI network exported from STRING database. (B) Key subnetwork of top 10 nodes analysed by CytoHubba.


The hub gene symbols, full names, and functions were shown in Table 3. These 10 key targets corresponded to 75 major active components of CCHM. The network diagram of “herb-major active component-hub target” constructed by Cytoscape software was shown in Figure 5.


TABLE 3. Detail information of ten hub genes of candidate Chinese herbal medicine (CCHM) on methamphetamine (METH) addiction.
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FIGURE 5. Network chart of “Herb-Main active compounds-hub targets.” The purple polygons represented different herbs. The blue circle represented potential protein targets. The pink squares represented active compounds of herbs, and the red squares represented main active compounds. The edges represent the interactions between them.




Gene Ontology and Pathway Enrichment Analysis of Hub Genes

The GO analyses and KEGG enrichment of hub genes were conducted via DAVID 6.8. There were respectively 51 BP, 5 CC, and 10 MF terms in total, which met the requirements of Count ≥ 2 and p-value ≤ 0.05. The detailed information was shown in Supplementary Material 7. The top enriched terms in BP, CC, and MF categories were shown in Figure 6. Among them, the results of BP (Figure 6A) showed that the treatment of METH addiction by CCHM was mainly related to adenylate cyclase-activating adrenergic receptor signaling pathway, response to cocaine and dopamine catabolic process. The results of CC (Figure 6B) showed that its treatment was mainly related to plasma membrane, axon, axon terminus, and so on. The results of MF (Figure 6C) showed that items including dopamine binding, protein homodimerization activity, and dopamine neurotransmitter receptor activity had close relationship with the treatment of METH addiction by CCHM, and the genes involved were shown in Table 4. There were 11 KEGG pathways met the requirements of Count ≥ 2 and p-values ≤ 0.05. The detailed pathway information of hub genes was shown in Supplementary Material 8 and Figure 6D, which indicated that CCHM may regulate METH addiction via dopaminergic synapse, cocaine addiction, neuroactive ligand-receptor interaction, amphetamine addiction, and serotonergic synapse.
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FIGURE 6. Gene ontology (GO) analysis and kyoto encyclopedia of genes and genomes (KEGG) enrichment of hub targets of candidate Chinese herbal medicine (CCHM) in the treatment of methamphetamine (METH) addiction. (A) The top 15 significantly enriched terms in BP enrichment analysis of the hub genes. (B) The top five significantly enriched terms in CC enrichment analysis of the hub genes. (C) The top 10 significantly enriched terms in MF enrichment analysis of the hub genes. (D) The top 11 significantly enriched terms in KEGG enrichment analysis. Counts refer to the number of the enriched genes.



TABLE 4. Results of kyoto encyclopedia of genes and genomes (KEGG) analysis on hub targets of candidate Chinese herbal medicine (CCHM) in the treatment of methamphetamine (METH) addiction.

[image: Table 4]


Literature Verification

It was found that Scoulerine could significantly inhibit the CPP behavior and alleviate the anxiety-like behavior caused by METH (Mi et al., 2016). Hyndarin, also known as L-tetrahydropalmatine, had significant inhibitory effects on locomotor sensitization, CPP behavior, self-administration behavior, and relapse behavior induced by METH (Zhao et al., 2014; Gong et al., 2016; Su et al., 2020), and hyndarin could also improve METH-induced learning and memory impairment (Cao et al., 2018). Studies have shown that hyndarin could improve METH-induced locomotor sensitization by regulating the activity of 5-HT neurons and the expression of dopamine D3 receptor (Yun, 2014b). These literature reports further validated the network pharmacological prediction results. The relationship between the other eight compounds and METH addiction has not been reported.



Protein Expression Validation of Predicted Target Genes

To further verify the effects of CCHM on the expressions of the potential targets identified via network pharmacology, the expression of DRD2 and HTR3A in nucleus accumbens and prefrontal cortex, which play important roles in the reward system, were examined using Western blotting. As shown in Figures 7A,C, compared with the control group, the protein level of DRD2 in nucleus accumbens was significantly decreased in the METH group, while the protein expression of HTR3A was greatly increased. Furthermore, pretreatment with CCHM could prevent METH-induced changes of DRD2 and HTR3A protein expressions in nucleus accumbens. Similar results were also found in the prefrontal cortex (Figures 7B,D). These results validated that CCHM may inhibit the METH induced abuse mainly through dopaminergic synapse and serotonergic synapse pathways.
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FIGURE 7. Candidate Chinese herbal medicine (CCHM) administration inhibited methamphetamine (METH)-induced expression changes of D(2) dopamine receptor (DRD2) and 5-hydroxytryptamine receptor 3A (HTR3A) in the nucleus accumbens and prefrontal cortex. (A) Representative bands of DRD2 and HTR3A in the nucleus accumbens. (B) Representative bands of DRD2 and HTR3A in the prefrontal cortex. (C) METH significantly decreased expression of DRD2 and increased expression of HTR3A, while CCHM pretreatment could greatly upregulate DRD2 expression and downregulate HTR3A expression. (D) The expression of DRD2 notably decreased and the level of HTR3A increased in METH group, which could be reverse by CCHM pretreatment. n = 3 for per group, *p < 0.05, **p < 0.01 compared to the control group, #p < 0.05, ##p < 0.01 compared to the METH group.




Molecular Docking Main Active Compounds and Hub Targets

To screen the main active compounds in CCHM, the docking results of 10 major active components of CCHM acting on DRD2 and HTR3A were shown in Table 5 and Figure 8. Results of molecular docking showed that eight of the 10 major active components had good binding abilities with the potential targets of methamphetamine treatment (DRD2 and HTR3A), and β-Sitosterol, scoulerine, isocorypalmine, medicarpin, and hyndarin had better binding activities with the two target proteins, and the molecular conformational binding was stable, which may affect the downstream signaling pathway to participate in the treatment of METH addiction by binding with the two targets.


TABLE 5. Results of ligand-receptor protein molecular docking.
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FIGURE 8. Docking conformations of main active components with D(2) dopamine receptor (DRD2) and 5-hydroxytryptamine receptor 3A (HTR3A).





DISCUSSION

Methamphetamine is widely abused worldwide, and effective clinical treatment strategy for METH abuse is still urgently needed. CCHM is a traditional Chinese medicine developed for the treatment of METH addiction, and our previous results showed that CCHM could significantly inhibit the acquisition and expression of METH-induced behavioral sensitization (Can et al., 2019), indicating that CCHM had the potential to ameliorate METH addiction. In this study, we found that pre-treatments of CCHM could significantly inhibit METH-induced conditional place preference, which further verified that CCHM had the potential to be developed as a candidate drug for the treatment of METH addiction. However, as a multi-component Chinese herbal compound, the pharmacodynamics basis and mechanism of CCHM are still unclear. In this study, GO and KEGG analysis revealed that CCHM could regulate dopaminergic synapse, serotonergic synapse, and neuroactive ligand-receptor interaction pathways. Among 10 hub targets out of 43 genes by PPI analyses, we focused on two most significant genes DRD2 and HTR3A, and performed molecular docking to verify interactions between active compounds of CCHM and DRD2 (or HTR3A). Our results demonstrated the effectiveness of CCHM in the treatment of METH addiction from bioinformatics and experimental perspectives, and provided more evidence for its clinical application.

Long-term abuse of METH would damage the nervous system, resulting in rapid cognitive decline, anxiety, mental disorders, hyperalgesia, depression, etc. (Prakash et al., 2017). At the same time, long-term use of METH also inhibited immune function and increased susceptibility to infection (Harms et al., 2012; Peerzada et al., 2013). CCHM consists of eight Chinese medicinal herbs. C. yanhusuo had the effect of promoting blood circulation and relieving pain (Ingram, 2014; Zhou et al., 2019). A. macrocephala Koidz, P. cocos, American ginseng, Licorice, and C. pilosula could improve the body immunity and reduce the damage of METH to the central nervous system (Fu et al., 2016; Tian et al., 2019; Bai et al., 2020). A. sinensis and A. membranaceus had good sedation and tranquilizing effects (Chen et al., 2004; Park et al., 2009). Therefore, it is reasonable to speculate that different herbs in CCHM may play an effective synergistic role in regulating METH addiction and its various complications, and the cooperation among different components could be achieved from the distinct mode of actions to achieve a complementary pharmacological synergy.

In the current study, the components in CCHM with OB ≥ 30%, DL index ≥ 0.18 and BBB ≥ −0.3 were considered pharmacokinetically active as they are possibly absorbed and distributed in human brain. 123 components and 43 targets of CCHM for the treatment of METH addiction were screened by databases. Compounds with high-degree may account for the major therapeutic effects of CCHM on METH addiction. Ten major active components including Beta-Sitosterol, S-Scoulerine, Isocorypalmine, Leonticine, Hyndarin, and 10 hub targets including DRD2, HTR3A, and MAOA were screened out. Results of hub targets GO and KEGG enrichment analysis showed that dopaminergic synapses, cocaine addiction, neuroactive ligand-receptor interaction, alcoholism, and serotonergic synapse were the main possible pathways involved in the CCHM treatment of METH addiction.

The neural circuits that project from dopamine neurons in the ventral tegmental area to the nucleus accumbens and frontal cortex are called the mesolimbic dopamine system (MLDS). Numerous studies have identified the MLDS as a common reward circuit and main neuroanatomical basis for the rewarding or positive reinforcement of addictive drugs, involving in drug-induced reinforcement, pathological memory, craving, and relapse (Peters et al., 2021). Addictive substances affect the release of monoamine neurotransmitters such as dopamine, adrenaline and 5-hydroxytryptamine by acting on the reward system, and regulate the excitability of neurons. Under physiological conditions, the presynaptic release and reuptake of dopamine in dopaminergic neurons are in equilibrium (Volkow et al., 2017; Limanaqi et al., 2018). METH enters neurons through dopamine transporter, spurs presynaptic dopamine release and increases the concentration of dopamine in the synaptic cleft. Moreover, it could replace endogenous dopamine vesicles via combination of monoamine transporter in neurons, inhibit dopamine uptake, and promote the interaction of dopamine and receptors to produce neuroadaptive and addictive behaviors (Krasnova and Cadet, 2009; Shin et al., 2017). Michael et al. found that intravenous METH injection could significantly increase the levels of dopamine in the nucleus accumbens, and the locomotor activities of rats was consistent with the change of dopamine levels in the nucleus accumbens (Baumann et al., 2011), and reducing dopamine levels in the nucleus accumbens could reduce the locomotor activities of addicted mice (Yun, 2014a). These studies suggested that dopaminergic system played important roles in METH-induced addictive behaviors. Among the 10 hub targets screened in this study, SLC6A3 is a dopamine transporter, which regulates the reuptake of dopamine, and plays a role in maintaining the homeostasis of dopamine in the synaptic cleft. The expression of SLC6A3 in the striatum of METH abusers was significantly decreased, accompanied with reduced learning and memory ability and motor ability (Volkow et al., 2001b,c). After 4 weeks of drug withdrawal, the expression of dopamine transporter in the striatum of abusers gradually recovered, but it was still significantly lower than that of healthy subjects (Yuan et al., 2014). Dopamine transporter inhibitors such as JHW007 and tetrabenazine significantly reduced relapse and locomoter sensitization in METH-addicted rats (Meyer et al., 2011; Ferragud et al., 2014). DRD2 and DRD3 belong to dopamine receptors. DRD3 antagonists could significantly inhibit the reinforcement of METH and relapse (Chen et al., 2014; Sun et al., 2016). METH abuse has been associated with DRD2 and DRD3 deficits in the caudate nucleus and nucleus accumbens, and DRD2 receptor availability was lower in the METH abusers and may mediate impulsive temperament and thereby influence addiction (Volkow et al., 2001a; Lee et al., 2009; Groman et al., 2012; Wang et al., 2012; Okita et al., 2018). Animal experiment also confirmed that mRNA expression of DRD2 was significantly decreased after METH administration (Landa et al., 2012), suggesting poor DRD2 function may be a biomarker that predicts a greater likelihood for relapse. Therefore, we focused on the expression of DRD2 in mesolimbic dopamine system to further verify the results of bioinformatics analysis. Consistent with previous literatures, our results also proved that DRD2 in nucleus accumbens and prefrontal cortex was significantly decreased in METH group, while CCHM treatment could increase the levels of DRD2. Our findings combined with previous reports further verified the vital role of dopamine system in the prevention and treatment of METH addiction.

In addition to the dopamine system, 5-hydroxytryptamine, adrenaline system and their related metabolic enzymes are also the hub targets of CCHM in the prevention and treatment of METH addiction. MAOA and MAOB specifically oxidize and inactivate monoamine transmitters, and MAOA gene polymorphisms were associated with susceptibility to METH-induced mental disorders (Nakamura et al., 2009). ADRA2A, ADRA2C, and ADRA1B are adrenergic receptors. METH could increase the expression of ADRA2A in the hippocampus (Nishio et al., 2002), and downregulation of ADRA2A inhibited METH-induced hyperactivity (Nishio et al., 2003), and knockdown of ADRA1B had a protective effect on METH-induced neurotoxicity (Battaglia et al., 2003). It was reported that karbalatin, an inhibitor of the acetylcholinesterase AChE could also reduce METH self-administration behavior (De La Garza et al., 2008), suggesting that acetylcholine may be involved in METH addiction. HTR3A is one of the 5-hydroxytryptamine receptors. Electrophysiological results showed 0.1 μM METH increased 5-HT-induced inward peak current (I5–HT) in oocytes expressing HTR3A receptor, while high dose METH inhibited I5–HT, and HTR3A receptor antagonist MDL72222 had an inhibitory effect on the acquisition and expression of METH locomoter sensitization (Yoo et al., 2006). HTR3A receptor antagonist ondansetron had a protective effect on the neurotoxicity caused by METH (Lafuente et al., 2018). Among all the hub genes, HTR3A has the highest degree score in the cytoHubba analysis, therefore, the expression of HTR3A in mesolimbic dopamine system was also detected. Our results demonstrated that METH addiction significantly increased HTR3A expression in nucleus accumbens and prefrontal cortex, while CCHM treatment decreased the levels of HTR3A while inhibiting METH addiction, which were consistent with results in previous literatures. These findings further validated that CCHM may inhibit the METH induced abuse mainly through regulating serotonergic system.

In this study, 10 major active compounds were molecularly docked with DRD2 and HTR3A, two receptors with higher degrees in the hub targets. The results showed that most active compounds could effectively bind to DRD2 and HTR3A receptors. Among them, β-Sitosterol, Scoulerine, Isocorypalmine, Medicarpin, and Hyndarin had lower binding energy with DRD2 and HTR3A. These results were consistent with previous studies which showed Scoulerine and Hyndarin had the potential to inhibit METH addiction, and Isocorypalmine could reduce the behavioral sensitization and reward of cocaine in mice by acting on dopamine receptors (Xu et al., 2013). To the best of our knowledge, there are no related literature reports on β-Sitosterol and Medicarpin and drug addiction, and our results suggested they might be novel potential molecules for the treatment of drug addiction. Based on literature verification and results of molecular docking, β-Sitosterol, Scoulerine, Isocorypalmine, Medicarpin, and Hyndarin may be potential active components for the treatment of CCHM on METH addiction, and the underlying mechanism of action may be through DRD2 and HTR3A signaling pathways.



CONCLUSION

To sum up, the pharmacological mechanism by which CCHM inhibited METH addiction was investigated based on the network pharmacology analysis, literature, and experimental validation. The results of the current study have shed light on further research on the pharmacodynamics and molecular mechanism of CCHM in the treatment of METH addiction and related mental disorders. In the future, in vivo and in vitro experiments are still needed to systematically verify the main active components and possible key targets in detail. The potential clinical therapeutic effects of CCHM may benefit from further studies.
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Inflammasome Inhibition Prevents Motor Deficit and Cerebellar Degeneration Induced by Chronic Methamphetamine Administration
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Methamphetamine (METH), a psychostimulant, has the potential to cause neurodegeneration by targeting the cerebrum and cerebellum. It has been suggested that the NLRP3 inflammasome may be responsible for the neurotoxicity caused by METH. However, the role of NLRP3 in METH-induced cerebellar Purkinje cell (PC) degeneration and the underlying mechanism remain elusive. This study aims to determine the consequences of NLRP3 modulation and the underlying mechanism of chronic METH-induced cerebellar PC degeneration. In METH mice models, increased NLRP3 expression, PC degeneration, myelin sheath destruction, axon degeneration, glial cell activation, and motor coordination impairment were observed. Using the NLRP3 inhibitor MCC950, we found that inhibiting NLRP3 alleviated the above-mentioned motor deficits and cerebellar pathologies. Furthermore, decreased mature IL-1β expression mediated by Caspase 1 in the cerebellum may be associated with the neuroprotective effects of NLRP3 inflammasome inhibition. Collectively, these findings suggest that mature IL-1β secretion mediated by NLRP3-ASC-Caspase 1 may be a critical step in METH-induced cerebellar degeneration and highlight the neuroprotective properties of inflammasome inhibition in cerebellar degeneration.
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INTRODUCTION

Methamphetamine (METH), a potent psychostimulant, is widely used throughout the world and has the potential to cause serious injury to the central nervous system, heart and liver (Li et al., 2021). In the central nervous system, METH selectively targets dopaminergic neurons in the substantial nigral area (Ares-Santos et al., 2014; Ding et al., 2020a). METH induces dopaminergic neuron degeneration through oxidative stress, inflammation and endoplasmic reticulum stress, to name a few (Ruan et al., 2020; Kohno et al., 2021). The cerebellum receives substantial signals from different neuronal types including serotoninergic, norepinephrinergic, dopaminergic and acetylcholinergic neurons (Wagner et al., 2021). Evidence suggests that METH could modulate neurotransmitter disorder, which leads to cerebellar dysfunction (Eskandarian Boroujeni et al., 2020). For instance, the serotonin transporter density in METH user cerebellum was lower than that in healthy subject (Sekine et al., 2006).

Methamphetamine may cause cerebellar degeneration, characterized by motor coordination deficits and a decrease in the number of PCs (Boroujeni et al., 2020; Ramshini et al., 2021). However, the precise mechanism by which METH causes cerebellar pathology is unknown.

Inflammasomes, which act as sensors in response to environmental stress insults, are multiprotein complexes (Rathinam and Fitzgerald, 2016; Qiu et al., 2021). Bacterial, viral, and protein aggregates such as neurofibril tangles and β-amyloid, as well as danger-associated molecular patterns such as ATP and oxygen deprivation, all contribute to the formation of the inflammasome (Schroder and Tschopp, 2010; Lamkanfi and Dixit, 2014). Three components comprise the canonical inflammasome complex: the nucleotide-binding domain and leucine-rich repeat-containing protein (NLRP), the apoptosis-associated speck-like protein containing a CARD (ASC), and pro-caspase-1 (Strowig et al., 2012; Nabar and Kehrl, 2019). These three components are referred to as the cytosolic sensor, adaptor protein, and effector, respectively (Song et al., 2017). The NLRP3 inflammasomes may promote the maturation of interleukin-1β (IL-1β) maturation, resulting in inflammation (Martinon et al., 2002). Recent research established that NLRP3 is activated via the P53-dependent apoptosis pathway in the hippocampal regions (Du et al., 2019). However, the role of NLRP3 in mice’s cerebellar regions following METH intoxication remains unknown.

Our previous studies have shown that METH could increase α-synuclein (α-syn) and phosphorylated microtubule-associated protein Tau levels in METH mice models (Ding et al., 2020b). Moreover, α-syn could trigger NLRP3 activation in mice Parkinson’s disease model. In addition, inhibiting NLRP3 alleviated α-syn phosphorylation and accumulation in the Parkinson’s disease mice model (Gordon et al., 2018). Nevertheless, whether NLRP3 inhibition could affect α-syn and phosphorylated Tau (p-Tau) aggregation in mice cerebellums after METH administration has not been investigated to this date.

To gain a thorough understanding of the function of NLRP3 in the cerebellar region, we designed a METH-induced mouse model. Besides, the NLRP3 level, motor ability and cerebellar pathology of METH-induced mice were analyzed. Moreover, an NLRP3 inhibitor, MCC950, was utilized to observe the effect of NLRP3 inhibition on motor impairment and cerebellar neurodegeneration in our animal model.



MATERIALS AND METHODS


Animals

C57BL/6J mice (male 20∼24 g, 4∼8 weeks old) were purchased from the Laboratory Animal Center of Guizhou Medical University (Guizhou, China). Mice were kept under a controlled environment with a 12 h light-dark cycle. All mice were housed (four mice per cage) with ad libitum access to food and water. All animal experiments were preapproved by the Institutional Animal Care and Use Committee of Guizhou Medical University and were performed according to the National Institutes of Health guide.



Chronic Methamphetamine Exposure and Experimental Groups

Methamphetamine administration (purity >99%, National Institutes for Food and Drug Control, Guangzhou, China) followed the dosing schedule of Table 1. The chronic METH mouse models were initiated with low doses and concluded with a large challenge dose. The increasing dose and frequency could simulate the progressive use of METH observed in humans and was reported in previous studies (Danaceau et al., 2007).


TABLE 1. Dosing schedule of Methamphetamine (METH) treatment (mg/kg).

[image: Table 1]
The mice were divided into five groups as follows:


Con: Saline was administered intraperitoneally to WT mice, in place of METH;

Con + MCC950 (20 mg): Mice were intraperitoneally injected with MCC950 (20 mg body weight) once daily from day 1 to day 14 as shown in Figure 1A;

Methamphetamine: METH was administered intraperitoneally as shown in Table 1;

Methamphetamine + MCC950 (10 mg): Both METH (Table 1) and MCC950 (10 mg body weight, once daily) were intraperitoneally injected for a total of 14 days;

Methamphetamine + MCC950 (20 mg): Both METH (Table 1) and MCC950 (20 mg body weight, once daily) were intraperitoneally injected for a total of 14 days.
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FIGURE 1. MCC950 ameliorated motor coordination impairment in METH mice model. (A) Experimental design of METH and MCC 950 treatment regimen. (B) Rotarod test performance in each group mice from day 1 to day 5. (C) Latency to fall on day 5 in rotarod test. (D) Effect of MCC950 on footprint pattern of mice treated with METH. (E) Stride length analysis in footprint test. (F) Stride width analysis in footprint test. n = 6 per group by one-way ANOVA and Bonferroni’s post-hoc analysis, *p < 0.05, compared with the Con group; #p < 0.05, compared with the METH-treated group; §p < 0.05, compared with the METH + MCC950 (10 mg) group.




Rotarod Test

The rotarod tests were carried out to evaluate the body balance and motor coordinative abilities of experimental mice (Nobrega et al., 2013; Zhang C. et al., 2021). The rotarod test was conducted by placing the mice on an accelerating rod. The speed of the rod was set from 4 to 40 rpm. The trial was performed for 5 min. And the test lasted for 5 days (once a day). Animals were trained 3 days before the test. Each animal was tested three times, and an average latency to fall was recorded.



Footprint Analysis

The footprint analysis were carried out to evaluate the motor coordinative abilities of experimental mice (Nobrega et al., 2013). The testing apparatus is a wooden U-shaped runway that is 10 cm in width and 40 cm in length. A piece of white paper was placed on the bottom of the runway. Before the test, the mice had two forepaws, and two hind paws painted red and black, respectively. Mice were trained for 2 days before the tests. Mice were placed on the beginning of the runway and then allowed to move. The footprints were taken using a camera, and the stride length and width were measured for analysis.



Western Blot

Cerebellar tissues were homogenized in extraction buffer before centrifugation. The protein concentration in the supernatant was quantified. Then the samples were mixed with the loading buffer before boiling at 99°C for 10 min. The proteins were separated by SDS-PAGE and transferred onto PVDF membranes (Millipore, MA, United States). Targeted protein expression were assessed by using antibodies to rabbit monoclonal α-synuclein antibody (ab138501, 1:1,000 dilution, Abcam, United States), rabbit monoclonal phosphor-Tau antibody (ab32057, 1:800 dilution, Abcam, United States), rabbit monoclonal Tau antibody (ab254256, 1:1,000 dilution, Abcam, United States), rabbit polyclonal NF-200 antibody (18934-1-AP, 1:1,500 dilution, Proteintech, China), rabbit monoclonal MBP antibody (78896, 1:1,000 dilution, CST technology, United States), rabbit monoclonal CNP antibody (5664, 1:1,000 dilution, CST technology, United States), mouse monoclonal GFAP antibody (3670, 1:800 dilution, CST technology, United States), rabbit monoclonal Iba1 antibody (17198, 1:1,000 dilution, CST technology, United States), rabbit polyclonal IL-6 antibody (21865-1-AP, 1:2,000 dilution, Proteintech, China), mouse monoclonal TNF-α antibody (60291-1-Ig, 1:3,000 dilution, Proteintech, China), rabbit monoclonal NLRP3 antibody (ab263899, 1:1,000 dilution, Abcam, United States), rabbit monoclonal ASC antibody (ab155970, 1:5,000 dilution, Abcam, United States), rabbit monoclonal Cleaved Caspase-1 antibody (89332, 1:1,000 dilution, CST technology, United States), rabbit monoclonal Caspase-1 antibody (24232, 1:1,000 dilution, CST technology, United States), rabbit monoclonal Mature IL-1β antibody (A1112, 1:1,000 dilution, ABclonal, China), rabbit monoclonal IL-1β antibody (12507, 1:1,000 dilution, CST technology, United States), mouse monoclonal β-actin antibody (3700, 1:1,000 dilution, CST technology, United States). Membranes were incubated overnight at 4°C with primary antibodies before be blocked in 5% non-fat milk for 1 h. Then the membranes were incubated with adequate secondary antibodies HRP conjugated goat anti-mouse IgG antibody (91196, 1:10,000 dilution, CST technology, United States) or HRP conjugated goat anti-rabbit IgG antibody (ab6721, 1:10,000 dilution, Abcam, United States). Electrochemiluminescence reagents were used to visualize the blot signals. All protein expression levels were normalized to β-actin. Three animals per group were used for western blot analysis.



Immunohistochemistry and Immunofluorescence Staining

Cerebellar tissues were fixed in 4% PFA for 12 h. For IHC staining, the tissues were embedded in wax. The 3 μm sections were conducted using a microtome (RM2235, Leica, Germany). After antigen recovery and blocking, the sections were incubated with antibodies mouse monoclonal Calbindin antibody (66394-1-Ig, 1:200 dilution, Proteintech, China), rabbit monoclonal α-synuclein antibody (ab138501, 1:200 dilution, Abcam, United States), rabbit monoclonal phosphor-Tau antibody (ab32057, 1:500 dilution, Abcam, United States), rabbit monoclonal CNP antibody (5664, 1:300 dilution, CST technology, United States) and mouse monoclonal GFAP antibody (3670, 1:500 dilution, CST technology, United States) at 4°C overnight. Targeted proteins were visualized using 3, 3 - diaminobenzidine (DAB) kits (CW2069, CWBio, China). Images were acquired using a microscope (CX23, Olympus, Japan). When both the soma and the nuclei appeared, the PC was counted. Three mice per group and three serial sections per mouse were conducted in the experiment.

For immunofluorescence staining, the fixed cerebellar tissues were embedded in optimum cutting temperature compound before sectioning. The 20 μm thickness sections were cut using a microtome (CM 1950, Leica, Germany). Sections were incubated in solution containing 1% Triton X-100 and 5% BSA for 40 min. Then the sections were incubated in primary antibody rabbit monoclonal Iba1 antibody (ab220815, 1:200 dilution, Abcam, MA, United States) at 4°C overnight. Then the Alexa Fluor 488-conjugated secondary antibodies goat anti-rabbit IgG antibody (A-11034, 1:500 dilution, Thermo Fisher Scientific, MA, United States) were incubated for 1 h. Nuclei were stained by mounting Medium (Cat# H-1020, Vector Lab, United States). And when the soma and the nuclei appeared, the glial cell was counted regardless of the projections. Images were captured using a confocal microscope (LSM 780Zeiss, Carl Zeiss, Germany).



Hematoxylin and Eosin Staining, Luxol Fast Blue Staining and Silver Staining

The 3 μm sections were acquired as described above. Then the sections were dewaxed and rinsed in water. For HE staining, the sections were stained with hematoxylin for 3 min before being rinsed in eosin for 2 min. For LFB staining, the sections were stained with LFB overnight before rinsing in PBS. Then the sections were stained with eosin for 2 min. For silver staining, the sections were rinsed in acid formaldehyde for 5 min, and the sections were then rinsed in 0.25% silver nitrate solution at 37°C for 3 min. After rinsing in gallic hydroxide, the sections were washed using water. All stained sections were dehydrated in gradient alcohol and rinsed in dimethylbenzene before being sealed with gum. Images were acquired using a microscope (CX23, Olympus, Japan). Three mice per group and three serial sections per mouse were conducted in each experiment.



Statistical Analysis

All data were expressed as mean ± standard deviation. All analyses were analyzed using SPSS 19.0, and charts were conducted using Graphpad prism 9.2. The one-way ANOVA with Bonferroni’s multiple comparison post-hoc test was conducted for the statistical analysis. Randomization and blind analyses were used in behavioral test and pathological analysis. Statistical significance was set at p < 0.05. The number of different experimental groups is reported in the figure legends.




RESULTS


Restoration of Motor Performance in Chronic Methamphetamine Mice Treated With NLRP3 Inhibitor MCC950

The rotarod test was used to investigate motor deficits in mice following METH intoxication and determine whether the motor deficit was restored when the selective NLRP3 inhibitor MCC950 was used. The rotarod test revealed that the latency to fall was significantly reduced in METH-treated mice compared to control mice (Figure 1B). However, administration of MCC950 (10 and 20 mg/kg) could reverse the decline in fall latency of METH-induced mice (Figure 1B). 20 mg/kg MCC950 normalized the fall latency in mice treated with METH when compared to control mice on day 5 (Figure 1C). METH-treated mice had a shorter stride length and a wider stride width during the gait test compared to the control mice. In contrast, the MCC950 intervention could reverse the effect of METH in vivo (Figures 1D–F).



Administration of MCC950 Protected Against Purkinje Cell Soma Loss in Methamphetamine Mice Model

Next we investigated the mechanism of action of the NLRP3 inhibitor MCC950 in METH-induced PC degeneration. HE staining, nissl staining, Calbindin (A PC marker) and IHC staining were used to assess the number of PC soma in cerebellar regions. The number of PC soma was smaller in the METH mice group than in the control group. However, MCC950 at 10 or 20 mg/kg could alleviate the loss of PC soma number caused by METH. In this regard, no significant difference in the PC soma number was found between the Con + MCC950 (20 mg/kg) group and control mice (Figures 2A–D).
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FIGURE 2. MCC950 alleviated PC soma number loss in chronic METH mice model. (A) HE staining, Nissl staining and Calbindin IHC staining in the cerebellar area. (B) Comparison of PC soma number from HE staining results. (C) Comparison of PC soma number from Nissl staining results. (D) Comparison of PC soma number from Calbindin IHC staining results. n = 6 per group by one-way ANOVA and Bonferroni’s post-hoc analysis, *p < 0.05, compared with the Con group; #p < 0.05, compared with the METH-treated group; §p < 0.05, compared with the METH + MCC950 (10 mg) group.




Treatment With MCC950 Reduced α-Synuclein and Phosphorylated Tau Accumulation in the Cerebellar Purkinje Cell

Next, we assessed whether NLRP3 inhibition altered α-syn and p-Tau levels within the cerebellar regions by α-syn and p-Tau IHC staining. We found that α-syn and p-Tau mainly accumulated in cerebellar PC soma after METH treatment from the high magnification images (Magnified black box in the lower panel). A decline in α-syn and p-Tau accumulation was found in the cerebellum of METH-treated mice after administration of MCC950. Moreover, the α-syn and p-Tau levels in the METH + MCC950 (20 mg/kg) group mice were lower than in METH + MCC950 (10 mg/kg) group mice (Figures 3A,B). Consistently, the protein levels of GFAP and Iba 1 were elevated in the METH group compared to the control group and reversed by MCC950 administration (Figure 3C).
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FIGURE 3. MCC950 reversed α-syn and p-Tau level increasing. (A) Representative images of α-syn and pSer396-Tau IHC staining. (B) Relative intensity of α-syn and pSer396-Tau in cerebellar areas. (C) Western blot and quantification for α-syn and pSer396-Tau in cerebellum. n = 6 per group by one-way ANOVA and Bonferroni’s post-hoc analysis, *p < 0.05, compared with the Con group; #p < 0.05, compared with the METH-treated group; §p < 0.05, compared with the METH + MCC950 (10 mg) group.




Pharmacological Inhibition With MCC950 Prevents Axonal Degeneration and Myelin Sheath Destruction in the Cerebellum

To characterize cerebellar axonal degeneration after METH-induced injury, we conducted silver staining to examine the axons in the cerebellar white matter. Silver staining showed a decline in axon intensities in the white matter tracts of the METH mice, whereas both 10 and 20 mg/kg MCC950 treatment preserved axonal intensity assessed after METH intoxication (Figures 4A,B). Immunofluorescence of NF200 (an axon-specific protein) showed axonal degeneration in METH group mice. Consistent with the silver staining results, MCC950 attenuated the reduction in NF200 levels in the cerebellum of mice treated with METH (Figure 4E).
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FIGURE 4. MCC950 diminished the axon degeneration and myelin loss in cerebellum. (A) Representative images of silver staining, LFB staining, CNP IHC staining in cerebellar areas. (B) Intensity of axons analysis. (C) Myelin sheath intensity analysis. (D) Relative intensity of CNP in cerebellar areas. (E) Western blot and quantification for NF-200, MBP, and CNP in cerebellum. n = 6 per group by one-way ANOVA and Bonferroni’s post-hoc analysis, *p < 0.05, compared with the Con group; #p < 0.05, compared with the METH-treated group; §p < 0.05, compared with the METH + MCC950 (10 mg) group.


To assess the protective effect of MCC950 against METH-induced myelin loss, we conducted LFB staining and CNP immunostaining. Prophylactic treatment with MCC950 protected the myelin sheath loss in the cerebellum of METH-treated mice (Figures 4A,C,D). Consistent with the results of the staining sections, myelin-specific protein CNP and MBP immunoblotting showed that inflammasome modulation with MCC950 reversed the myelin-specific proteins loss induced by METH (Figure 4E).



MCC950 Attenuated Glial Cell Activation in Methamphetamine Mice Model

To investigate the effect of MCC950 on glial activation induced by METH, we employed GFAP and Iba 1 immunostaining to quantify the number of astrocytes and microglia. We found that METH increased the numbers of astrocytes and microglia within the cerebellum. METH-treated mice that received MCC950 exhibited significantly fewer astrocytes and microglia cells in the cerebellum than control mice (Figures 5A,B). Immunoblotting showed a significant increase in GFAP and Iba 1 levels in METH-treated mice compared with control mice. Inhibition of NLRP3 by MCC950 enhanced IL-6 and TNF-α upregulation in the cerebellum of METH-treated mice (Figures 5C,D).
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FIGURE 5. MCC950 alleviated glial activation in cerebellar regions. (A) Representative images of GFAP IHC staining and Iba 1 IF staining in cerebellar regions. (B) Quantification of GFAP and Iba 1 positive cell number in cerebellar subregions. (C,D) Western blot and quantification for GFAP, Iba 1, IL-6, and TNF-α in cerebellum. n = 6 per group by one-way ANOVA and Bonferroni’s post-hoc analysis, *p < 0.05, compared with the Con group; #p < 0.05, compared with the METH-treated group; §p < 0.05, compared with the METH + MCC950 (10 mg) group.




Modulating NLRP3 by MCC950 Decreased Interleukin-1β Secretion Through Caspase-1 Dependent Pathway in Methamphetamine Mice Model

To explore the mechanism underlying the protective effect of MCC950 in METH-induced cerebellar degeneration, we conducted an immunoblotting analysis of NLRP3 pathway proteins including NLRP3, ASC, Caspase-1, Cleaved Caspase-1 (P20), IL-1β and mature IL-1β. We found that NLRP3, ASC, Cleaved Caspase-1 and mature IL-1β protein expression were elevated in the cerebellum of METH-treated mice. Furthermore, MCC950 (at 10 and 20 mg/kg) suppressed METH-induced increases in protein levels of NLRP3, Cleaved Caspase-1 and mature IL-1β. Moreover, the cerebellar NLRP3, Cleaved Caspase-1 and mature IL-1β protein levels were significantly lower in the (METH + 20 mg/kg MCC950) group than in the (METH + 10 mg/kg MCC950) group (Figures 6A–F). Finally, IHC staining revealed that mature IL-1β intensity was significantly decreased in the (METH + MCC950) group mice compared to METH-treated mice (Figures 6G,H).


[image: image]

FIGURE 6. Effect of MCC950 on NLRP3 pathway in METH mice model. (A) Representative western blot bands of NLRP3, ASC, Caspase-1, Cleaved Caspase-1, mature IL-1β, and IL-1β of mice cerebellar tissues in each group. (B–F) Quantification of NLRP3, ASC, Caspase-1, Cleaved Caspase-1, mature IL-1β, and IL-1β protein levels of mice cerebellar tissues from western blot bands. n = 3 per group. (G) Representative images of mature IL-1β IHC staining in cerebellar areas. (H) Relative intensity of mature IL-1β in cerebellar areas. One-way ANOVA and Bonferroni’s post-hoc analysis, *p < 0.05, compared with the Con group; #p < 0.05, compared with the METH-treated group; §p < 0.05, compared with the METH + MCC950 (10 mg) group.





DISCUSSION

It has been established that the nigrostriatal dopaminergic system is vulnerable to METH exposure since METH can be transferred into the cytoplasm by dopamine transporters (Huang et al., 2020). A recent study indicated that METH might lead to electrophysiological and morphological alternations of cerebellar PC (Ramshini et al., 2021). In the present study, we demonstrated that chronic METH could influence behavioral performance and cerebellar neurodegeneration involving a decrease in the number of PC, α-syn and p-Tau accumulation, axon degeneration, myelin sheath destruction and glial activation.

Importantly, the NLRP3-ASC-Caspase 1 pathway is activated during this process. To the best of our knowledge, this is the first study to expound that modulation of NLRP3 by MCC950 exerts a protective effect against motor deficits and cerebellar degeneration in METH-treated mice. These results suggested that NLRP3 might be a therapeutic target, and the NLRP3 pathway is associated with METH-induced cerebellar degeneration.

An increasing body of evidence suggests that NLRP3 participates in the formation of inflammasomes in several neurodegenerative diseases, such as Alzheimer’s disease and Parkinson’s disease (Yang et al., 2020). Moreover, targeting NLRP3 can alleviate learning and memory deficits in an Alzheimer’s disease mice model (Lonnemann et al., 2020). To confirm that NLRP3 inhibition alleviates the behavioral impairment induced by METH, we conducted behavioral tests. Indeed, we found NLRP3 inhibition exerts protective effects on motor balance and coordination impairments induced by METH (Figures 1B–F). Importantly, we found that 20 mg/kg MCC950 was more effective than 10 mg/kg MCC950 in response to METH-induced behavior impairment.

It has been established that the PC is a unique kind of neuron that represents the only efferent neuron in the cerebellar cortex, essential for cerebellar function (Schonewille et al., 2021). It is well documented that the PC number is reduced in response to METH (Ramshini et al., 2021). Consistent with this study, we found a decline in PC number in mice cerebellum after METH intoxication, which could be alleviated by 10 and 20 mg/kg of MCC950. Previous studies showed the PC loss was sufficient to drive behavioral chanes such as the impaired coordination of limb movement (Zhang H. et al., 2021). Since cerebellar PC dysfunction or degeneration is frequently accompanied with cerebellar ataxia (Aoki et al., 2022). In our study, we showed a reduction of PC number in METH group mice, which was sufficient to drive motor coordination deficit in rotarod test and footprint analysis test.

The accumulation of α-syn and p-Tau are the hallmarks of Parkinson’s disease and Alzheimer’s disease, respectively (Vasili et al., 2019; Yin et al., 2021). It is widely acknowledged that α-syn and p-Tau are “teammates” in neurodegenerative disease (Moussaud et al., 2014). Our previous studies revealed that both α-syn and p-Tau are upregulated in several brain regions in response to METH (Ding et al., 2020b). The present study found increased cerebellar levels of α-syn and p-Tau in METH-treated mice, especially in the PCs (Figure 3). Furthermore, we found that MCC950 could restore cerebellar α-syn and p-Tau aggregation levels in chronic METH-treated mice. These findings suggested that therapeutic NLRP3 inhibition could alleviate pathological α-syn and p-Tau accumulations in METH-treated mice, consistent with findings of a recent study that showed that pharmacological inhibition of NLRP3 could protect against α-syn pathology in a Parkinson’s disease mice model (Gordon et al., 2018). Importantly, α-syn can trigger NLRP3 activation in Parkinson’s disease, leading to α-syn accumulation (Codolo et al., 2013; Zhang C. et al., 2021). We hypothesize that α-syn accumulation and NLRP3 activation form a vicious cycle, and disrupting this cycle by NLRP3 inhibition could alleviate α-syn pathologies in METH-treated mice.

The PC axons are the sole efferent neuron fiber in the cerebellum and are crucial to PC function (Falcon-Moya et al., 2018). Besides, the myelin sheaths, formed by oligodendrocytes, are vital for PC signal output (Bechet et al., 2020). In the present study, we observed the cerebellar axon and myelin sheath morphology in METH-treated mice. Silver and LFB stainings showed reduced axon intensity, myelin sheath destruction, respectively, and pharmacological inhibition of NLRP3 alleviated axon and myelin sheath pathologies induced by METH (Figure 4).

In addition to PC degeneration, glial cells activation participates in the neurodegenerative diseases process (Saijo et al., 2009). It has been suggested that activated glial cells act as phagocytic cells, which can clear the abnormal protein aggregates and cell debris and act as inflammatory factors secreting cells (Chen et al., 2021). Our previous study showed that METH triggered glial cell activation in the hippocampal and substantial nigral region (Ding et al., 2020a). Accordingly, we assessed whether METH would affect glial cell activation in the cerebellar region. The immunolabeling of GFAP (an astrocyte marker) and Iba 1 (a microglia marker) in mice cerebellar sections revealed a significant increase in astrocyte and microglia number and inflammatory factors after 2 weeks of METH treatment. However, glial activation was suppressed in METH-treated mice after administration of MCC950, which was supported by reduced inflammatory factors such as TNF-α and IL-6 (Figure 5). Given that inflammatory factors may trigger neuronal dysfunction, we hypothesize that NLRP3 inhibition can alleviate cerebellar degeneration via modulation of inflammation.

To explore the mechanisms involved in the METH-induced cerebellar degeneration, we quantified NLRP3-ASC-Caspase 1-IL-1β pathway protein levels. Treatment with METH triggered the NLRP3 sensor, which led to the upregulation of downstream proteins including ASC, Caspase 1 and mature IL-1β. Furthermore, pharmacological inhibition of NLRP3 suppressed activation of the NLRP3-ASC-Caspase 1-IL-1β pathway. Given that mature IL-1β secretion has been shown to be a key mediator in inflammation-induced neuronal apoptosis in neurodegenerative disease (Rui et al., 2021), our mechanistic finding suggests that pharmacological inhibition of NLRP3 may alleviate inflammation through Caspase 1 dependent mature IL-1β secretion (Figure 6). Moreover, we found mature IL-1β accumulation in the cytoplasm of PC in METH-treated mice, indicating that glial-derived mature IL-1β was transferred into the PCs. In addition, the transfer could be blocked by MCC950 (Figures 6G,H). It has been reported that NLRP3 dependent mature IL-1β secretion can induce neurodegeneration in several mice models (Holbrook et al., 2021), consistent with our findings.

Taking together, our study showed that METH could upregulate the α-syn and p-Tau level in PCs. The increased α-syn and p-Tau might release from PCs and be uptaken by glial cells. The activated glial cells could secrete inflammatory factors IL-1β through NLRP3 activation. The excess IL-1β damage the neurons by inhibiting neuronal autophagy flux, which lead to α-syn and p-Tau level increasing. Thus the neuronal α-syn and p-Tau accumulation and microglial NLRP3 activation form a vicious cycle (Figure 7).
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FIGURE 7. Schematic illustration of mechanism of NLRP3–IL-1β mediating METH induced cerebellar neurodegeneration. Upon METH treatment, the α-syn and p-Tau level was increased in PCs. The increased α-syn and p-Tau might release from neurons and be uptaken by glia cells. The activated glia could secrete inflammatory factors IL-1β through NLRP3 activation. The excess IL-1β damage the neurons, which lead to α-syn and p-Tau level increasing. Thus the neuronal α-syn and p-Tau accumulation and microglial NLRP3 activation form a vicious cycle.


Overall, we demonstrated that METH could cause cerebellar neurodegeneration and motor coordination deficit through NLRP3 dependent mature IL-1β secretion-induced inflammation in METH-treated mice. Moreover, NLRP3 inhibition alleviated cerebellar pathologies and behavior abnormalities. Our study provided compelling evidence of the therapeutic effect of NLRP3 inhibitor in treating METH-induced cerebellar neurodegeneration. Nonetheless, further studies are warranted to better understand other inflammatory pathways involved in METH-induced cerebellar degeneration.
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Increasing evidence has indicated that circular RNAs (circRNAs) act as competing endogenous RNAs (ceRNAs) regulatory network to regulate the expression of target genes by sponging microRNAs (miRNAs), and therefore play an essential role in many neuropsychiatric disorders, including cocaine use disorder. However, the functional roles and regulatory mechanisms of circRNAs as ceRNAs in dorsolateral prefrontal cortex (dlPFC) of patients with cocaine use disorder remain to be determined. In this study, an expression profiling for dlPFC in 19 patients with cocaine use disorder and 17 controls from Gene Expression Omnibus datasets was used for the differentially expressed circRNAs analysis and the differentially expressed mRNAs analysis. Several tools were used to predict the miRNAs targeted by the circRNAs and the miRNAs targeted mRNAs, which then overlapped with the cocaine-associated differentially expressed mRNAs to determine the functional roles of circRNAs. Functional analysis for the obtained mRNAs was performed via Gene Ontology (GO) in Metascape database. Integrated bioinformatics analysis was conducted to further characterize the circRNA–miRNA–mRNA regulatory network and identify the functions of distinct circRNAs. We found a total of 41 differentially expressed circRNAs, and 98 miRNAs were targeted by these circRNAs. The overlapped mRNAs targeted by the miRNAs and the differentially expressed mRNAs constructed a circRNA–miRNA–mRNA regulation network including 24 circRNAs, 43 miRNAs, and 82 mRNAs in the dlPFC of patients with cocaine use disorder. Functional analysis indicated the regulation network mainly participated in cell response-related, receptor signaling-related, protein modification-related and axonogenesis-related pathways, which might be involved with cocaine use disorder. Additionally, we determined four hub genes (HSP90AA1, HSPA1B, YWHAG, and RAB8A) from the protein–protein interaction network and constructed a circRNA–miRNA-hub gene subnetwork based on the four hub genes. In conclusion, our findings provide a deeper understanding of the circRNAs-related ceRNAs regulatory mechanisms in the pathogenesis of cocaine use disorder.

Keywords: cocaine use disorder, circRNAs, ceRNAs regulatory network, protein–protein interaction network, hub genes, integrated bioinformatics analysis


INTRODUCTION

Cocaine addiction inflicts enormous health and economic costs to individuals, families, and society (Reid et al., 2012; United Nations Office on Drugs and Crime, 2020). Recently, significantly increased studies have focused on the field of neuroscience of cocaine use disorder, but its neurobiological mechanism is still unclear, and there is no effective clinical treatment for cocaine use disorder (Gawin and Ellinwood, 1989; Majewska, 1996a,b; Heal et al., 2014).

Epigenetic mechanisms can integrate both genetic and diverse environmental stimuli to exert potent and often long-lasting changes in gene expression (Jaenisch and Bird, 2003). Accumulating research has found epigenetic mechanism plays an important role in the drug addiction (Robison and Nestler, 2011; Nestler, 2014; Nestler and Lüscher, 2019). Non-coding RNAs, specifically long non-coding RNAs, circular RNAs (circRNAs), and small non-coding RNAs, are one type of common epigenetic regulators that play a vital role in many biological processes associated with diseases (Amin et al., 2019; Mehta et al., 2020).

Circular RNAs are vastly conserved non-coding RNAs formed by back-splicing and covalent fusion of RNA free ends into natural circles (Vicens and Westhof, 2014; Szabo and Salzman, 2016; Greene et al., 2017; Li et al., 2018). Because circRNAs lack poly(A) tails and cap structure, they are not affected by RNA exonuclease (Vicens and Westhof, 2014; Szabo and Salzman, 2016; Greene et al., 2017; Li et al., 2018). CircRNAs usually exert their functions as transcriptional and post-transcriptional regulators through various functional mechanisms, such as RNA binding protein (RBP) “sponges” (Du et al., 2016; Holdt et al., 2016), translated proteins (Legnini et al., 2017; Pamudurti et al., 2017), and RNA–RNA interaction (Li et al., 2015). At present, circRNAs function mainly by absorbing microRNAs (miRNAs) as competing endogenous RNAs (ceRNAs) regulatory network to regulate their target genes expression, which construct a functional circRNA–miRNA–mRNA regulation network (Hansen et al., 2013; Vicens and Westhof, 2014; Rybak-Wolf et al., 2015; Du et al., 2017; Greene et al., 2017; Li et al., 2018; Mehta et al., 2020). For example, knockdown of circHIPK2 expression significantly inhibited astrocyte activation induced by methamphetamine through the targeting of miR124 and SIGMAR1 (Huang et al., 2017). Another study reported that circTmeff-1 promotes incubation of context-induced morphine craving by sponging miR-541/miR-6934 in the nucleus accumbens (Yu et al., 2021).

Although several circRNAs have been identified as participating in cocaine addiction, the regulatory networks in patients with cocaine use disorder are still unknown. It is necessary to conduct the circRNA–miRNA–mRNA regulatory networks in patients with cocaine use disorder to help to advance our understanding of the molecular mechanism of cocaine use disorder. Dorsolateral prefrontal cortex (dlPFC), similar role to medial PFC in rodents (Seamans et al., 2008), is a crucial component brain region of inhibitory control (Gass and Chandler, 2013; Moeller et al., 2014), which undergoes significant changes after long-term cocaine use (Matochik et al., 2003; Moreno-Lopez et al., 2012) and is involved in compulsive drug-seeking behaviors, increasing drug intake and addiction severity (Chen B. T. et al., 2013; Conti and Nakamura-Palacios, 2014; Terraneo et al., 2016). In this study, we aimed to investigate the functional circRNA–miRNA–mRNA regulatory networks in the dlPFC of patients with cocaine use disorder. Lastly, we constructed a circRNA–miRNA–mRNA regulation network including 24 circRNAs, 43 miRNAs, and 82 mRNAs, which may reveal a novel molecular mechanism in pathogenesis of patients with cocaine use disorder.



MATERIALS AND METHODS


Data Collection

The circRNAs expression data were obtained from GSE99349 in GEO database.1 The data were generated using RNA sequencing (RNA-seq) of human postmortem dlPFC neuronal nuclei for 19 patients with cocaine use disorder and 17 unaffected controls. All patients who met criteria for cocaine use disorder were identified sudden deaths due to the toxic effects of chronic cocaine abuse (Ribeiro et al., 2017). Unaffected controls, who were selected from homicides, accidental or natural deaths, were drug-free age-matched subjects. Post-mortem interval (PMI), RNA integrity number (RIN), age, and race are provided in the original paper and do not significantly differ between cases and controls (Ribeiro et al., 2017). In the original study, the authors analyzed the differentially expressed genes and non-coding linear RNAs, but did not analyze the circRNAs. We further analyzed the circRNAs using the data of GSE99349 and used the differentially expressed genes in the original study to overlap predicted genes.

In addition, we collected some differentially expressed mRNAs from PFC RNA-seq data of different cocaine addiction animal models (GSE124952 and GSE89572) (Li et al., 2017; Bhattacherjee et al., 2019).



Identification of Differentially Expressed Circular RNAs

Cutadapt (Martin, 2011) was used to remove the reads that contained adaptor contamination, low-quality bases, and undetermined bases. Next, sequence quality was verified using FastQC (Andrews, 2010). Bowtie 2 was used to map reads to the human genome hg37 (Langmead and Salzberg, 2012). CIRI2 was initially used for de novo assembly of the mapped reads into circRNAs (Gao et al., 2018); subsequently, back-splicing reads were identified in unmapped reads using CIRI2. The total reads and the number of mapped reads per sample is shown in Supplementary Table 1. The differentially expressed of circRNAs were calculated using R package edgeR (Robinson et al., 2010). Only the comparisons with P-value < 0.05 and fold change ≥ 1.5 were regarded as differential expressed circRNAs.



Target MicroRNAs and mRNAs Prediction and Regulatory Network Establishment

MicroRNAs targeted by circRNAs were predicted using miRDB (target score >80) (Liu and Wang, 2019; Chen and Wang, 2020). Putative miRNAs were listed based on competitive binding ability, the top five miRNAs for each circRNA were mainly considered as circRNA target (Lv et al., 2018) and selected for further targeted mRNA predictions using TargetScan (score <−0.4) (Agarwal et al., 2015), DIANA-microT (score >0.8) (Paraskevopoulou et al., 2013), Tarbase (Vergoulis et al., 2012), and miRDB (score >80) (Liu and Wang, 2019). TargetScan, DIANA-microT, and TarBase are based on DIANA-miRPath v.3 platform (Fromm et al., 2015; Vlachos and Hatzigeorgiou, 2017). Only the target mRNAs presented in at least 3 out of 4 databases were considered as target genes of the given miRNAs. The targeted mRNAs were then overlapped with the differentially expressed mRNA data of the dlPFC neurons of patients with cocaine use disorder (Ribeiro et al., 2017). Last, a circRNA–miRNA–mRNA regulatory network was constructed. Cytoscape (Shannon et al., 2003) (version 3.6.0) was used to delineate the cocaine-related gene regulatory network.



Gene Set Enrichment Analysis for mRNAs in the Regulatory Network

To assess functional enrichment, Metascape Gene Ontology (GO) terms were used to perform gene set enrichment analysis for the mRNAs in the circRNA–miRNA–mRNA network (Zhou et al., 2019). The thresholds of enrichment analysis were set as GO terms with P < 0.01 and the count of genes involved in the GO terms ≥3.



Establishment of Protein–Protein Interaction Network and Identification of Hub Genes

The protein–protein interaction (PPI) network of the mRNAs in the circRNA–miRNA–mRNA network was established using the STRING database (Szklarczyk et al., 2017; Doncheva et al., 2019), and then visualized using Cytoscape software (Shannon et al., 2003). Subsequently, cytoHubba app (Chin et al., 2014) of Cytoscape was used to determine the hub genes. According to the degree ranks of cytoHubba app, the nodes degree ≥5 were considered as hub genes. The structure pattern of several vital circRNAs associated with hub genes were drawn using the database CSCD (Feng et al., 2021), which can be used for predicting miRNA response element, RBP, and open reading frame to better explore the potentially functional mechanisms of the selected circRNA.




RESULTS


Identification of Differentially Expressed Circular RNAs in Dorsolateral Prefrontal Cortex of Patients With Cocaine Use Disorder

A total 2,046 circRNAs were identified in the GSE99349 dataset, and exon-derived circRNA account for 77.4% (Figure 1A). Among these, 16 up-regulated circRNAs and 25 down-regulated circRNAs with fold changes ≥ 1.5 and P-values ≤ 0.05 were considered as significantly differentially expressed circRNAs (Figure 1B). Among the differentially expressed circRNAs, 65.9% had already existed in the circBase database (Glažar et al., 2014), 14 were de novo significantly differentially expressed circRNAs (Tables 1, 2). Of the differentially expressed circRNAs, 90.24% were covered in the exon of the genome (Figure 1C), others aligned with intron or other sequences. Interestingly, non-coding RNA MALAT1 produced seven circRNAs (named circMALAT1-1 to circMALAT1-7 in Tables 1, 2). Additionally, the chromosome distribution of the circRNAs showed no significant differences (Figure 1D).
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FIGURE 1. Identification of differentially expressed circRNAs in dorsolateral prefrontal cortex neurons of patients with cocaine use disorder. (A) The count of identified circRNAs. (B) Volcano plot showing circRNAs expression in patients with cocaine use disorder and unaffected controls. The red and blue dots represent circRNAs with statistically significant differences in expression. (C) Pie chart showing the percentage of circRNAs derived from different genomic regions. (D) Distributions of identified circRNAs along the chromosomes.



TABLE 1. Basic characteristics of the up-regulated circRNAs.
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TABLE 2. Basic characteristics of the down-regulated circRNAs.

[image: Table 2]


Construction of the circRNA–miRNA–mRNA ceRNAs Network

Given the potential regulatory roles of circRNAs on recruiting miRNAs to regulate the expression of target genes, we predicted the miRNA “sponges” of circRNA using miRDB database, and 98 miRNAs were found to be closely targeted by the differentially expressed circRNAs. These 98 miRNAs further targeted 2,115 mRNA genes, among which, 82 mRNAs were overlapped with the differentially expressed mRNA of dlPFC neurons of patients with cocaine use disorder (Ribeiro et al., 2017), including 22 up-regulated mRNAs and 60 down-regulated mRNAs (Figures 2A,B). Ultimately, the 82 target mRNAs were targeted by 43 miRNAs, and the miRNAs were further targeted by 24 circRNAs, which formed a circRNA–miRNA–mRNA network for further study (Figure 2C).
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FIGURE 2. Construction of the ceRNA network. (A) The shared genes between differentially expressed mRNAs in dlPFC neurons of patients with cocaine use disorder and predicted mRNAs using the miRNAs targeted by circRNAs. (B) Histogram showing the up-regulated mRNAs and down-regulated mRNAs in shared genes. (C) The circRNA–miRNA–mRNA regulatory network. The triangle, ellipse, rectangle, respectively presents circRNAs, mRNAs, and miRNAs. Orange triangle and ellipse represents up-regulated circRNAs and mRNAs, respectively; green triangle and ellipse represents down-regulated circRNAs and mRNAs, respectively. DEmRNAs, differentially expressed mRNAs; CUD, cocaine use disorder.




Functional and Pathway Enrichment Analyses

Gene Ontology pathway enrichment analysis for the 82 genes aberrantly expressed in the patients with cocaine use disorder and indirectly regulated by circRNAs revealed that the 22 up-regulated genes participated in vital biological processes including positive regulation of axonogenesis (GO: 0050772) and cell junction organization (GO: 0034330) (Figure 3A), which is consistent with current reports on the relationship between cocaine addiction and the synaptic transmission (Li et al., 2021; Wang et al., 2021; Zinsmaier et al., 2021). Moreover, the 62 down-regulated genes participated in vital biological processes including cellular response (GO:0032870, GO:0034605, and GO:0048511), protein modification and transport process (GO:0006986, GO:0046854, GO:0051258, GO:0031400, and GO:0017038), intracellular receptor and calcium-ion (GO:0030522, GO:0017156, and GO:0019722), cell and tissue morphogenesis (GO:0030099, GO:0001764, GO:0060538, GO:0048729, and GO:0030010), autophagy (GO:0006914), and positive regulation of cytokine production (GO:0001819) (Figure 3B), which implied that the etiology of cocaine use disorder may involve many biological processes.
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FIGURE 3. Gene Ontology terms enriched by the shared genes between differentially expressed mRNAs in dlPFC neurons of patients with cocaine use disorder and predicted mRNAs using the miRNAs targeted by circRNAs. (A) GO terms enriched by the up-regulated mRNAs. (B) GO terms enriched by the down-regulated mRNAs.




Establishment of Protein–Protein Interaction Network and Identification of Hub Genes

Based on the STRING database, among the 82 genes aberrantly expressed in the patients with cocaine use disorder and indirectly regulated by circRNAs, 38 genes formed a PPI network, containing 38 nodes and 47 edges (Figure 4A). The highest-scoring nodes (degree ≥5) were screened as hub genes: HSP90AA1, HSPA1B, YWHAG, and RAB8A (Figure 4B). It is well known that hub nodes with high degrees of connectivity have vital functions in biological networks (Han et al., 2004; Wang et al., 2018). Hence, we used these genes to construct a circRNA–miRNA-hub gene subnetwork (Figure 4C): circMTHFD2L/hsa-miR-141-5p/HSP90AA1, circMALAT1-4/hsa-miR-335-3p/HSPA1B, circIL1RAPL1/hsa-miR-182-5p/YWHAG, circTJP1/hsa-miR-7110-3p/RAB8A, and circLUC7L2/hsa-miR-7110-3p/RAB8A. Based on the circRNA–miRNA-hub gene subnetwork, five circRNAs (circMTHFD2L, circMALAT1-4, circIL1RAPL1, circTJP1, and circLUC7L2) were likely to play important roles in cocaine use disorder. In order to further recover the function of the five vital circRNAs, the structural patterns of these vital circRNAs were shown in Figure 5.
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FIGURE 4. Identification of hub genes from the PPI network. (A) PPI network containing 38 nodes and 47 edges. (B) PPI network of four hub genes that extracted from the PPI network. (C) The circRNA–miRNA-hub gene network.
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FIGURE 5. Structural patterns of the five important circRNAs from circRNA–miRNA-hub gene network. Structural patterns of circTJP1, circMTHFD2L, circLUC7L2, circMALAT1-4, and circIL1RAPL1. The colored circle represents the circRNAs that consist of exons. The numbers on the circRNAs mean the exon number. The red, blue, and green regions inside the circRNA molecule, respectively represent MRE (microRNA response element), RBP (RNA binding protein), and ORF (open reading frame).




Circular RNA–MicroRNA–mRNA Network Regulation in Different Cocaine Addiction Animal Model

To further verify the “sponge” function of circRNAs in cocaine addiction, we utilized the differentially expressed mRNAs from PFC RNA-seq data of different cocaine addiction models to overlap with the predicted mRNA indirectly regulated by circRNAs and differentially expressed mRNA in dlPFC of patients with cocaine use disorder. Many genes participate in the circRNA–miRNA–mRNA network regulation (Figure 6A) in the chronic cocaine exposure models with different withdrawal time points. However, only one gene, FOS, was overlapped in all different withdrawal time points (Table 3). Similarly, there were many genes in the circRNAs–miRNA–mRNA network involving in cocaine self-administration model (Figure 6B). As shown in Table 4, hub gene YWHAG and HSP90AA1 participated in cocaine maintains and withdrawal 15 days, respectively.
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FIGURE 6. Overlap analysis for the mRNAs from the circRNAs–miRNA–mRNA network with the differentially expressed genes in different cocaine addiction animal model. (A) The shared genes between mRNAs in ceRNA network and differentially expressed mRNAs in different withdrawal time points after repeated cocaine exposure. (B) The shared genes between mRNAs in ceRNA network and differentially expressed mRNAs in different withdrawal time points after cocaine self-administration. miRNA target, predicted mRNAs using miRNAs targeted by circRNAs; human mRNA, differentially expressed mRNAs in dlPFC neuron of human with cocaine use disorder; WD 2h, withdrawal 2 h; WD 24h, withdrawal 24h; WD 48 h, withdrawal 48h; WD 7d, withdrawal 7 days; WD 15d, withdrawal 15 days.



TABLE 3. The shared genes between mRNAs in ceRNA network and differentially expressed mRNAs in different withdrawal time points after repeated cocaine exposure.
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TABLE 4. The shared genes between mRNAs in ceRNA network and differentially expressed mRNAs in different withdrawal time points after cocaine self-administration.

[image: Table 4]



DISCUSSION

Most of previous research on the mechanism of addiction was based on animal models, or the peripheral blood of patients with substance use disorders; however, the studies do not truly portray the changes that occur in the brains of patients with substance use disorders, which may be an important obstruction to the study of drugs for the treatment of substance use disorders. The circRNA–miRNA–mRNA regulatory network we constructed will enhance the understanding of the addiction mechanism in the brain of patients with cocaine use disorder.

Through the functional enrichment analysis of the mRNAs in the network, we found that the up-regulated mRNAs were mainly involved in regulation of axonogenesis and cell junction, which suggests that our up-regulated mRNA may have a close connection with synaptic transmission, and previous studies have confirmed that abnormal synaptic transmission is a very critical factor for cocaine addiction (Khibnik et al., 2016; Martínez-Rivera et al., 2017; Li et al., 2021). Down-regulated mRNAs were found to be involved in many biological processes, including cellular response to hormone stimulus, response to unfolded protein, cellular response to heat, intracellular receptor signaling pathway, myeloid cell differentiation, calcium-ion regulated exocytosis, calcium-mediated signaling, and autophagy. All the biological processes related to down-regulated mRNAs in the circRNA–miRNA–mRNA regulatory network have been involved with cocaine addiction. For example, clinical trials have investigated that cocaine associated cues could significantly increase adrenocorticotropic hormone and cortisol (Berger et al., 1996). A single dose of cocaine can cause the accumulation of different heat shock proteins (Salminen et al., 1997), which leads to blood-brain barrier breakdown and brain edema formation thereby promoting cocaine intoxication (Sharma et al., 2009). Apart from this, Cocaine has the propensity to cause hyperthermia which increases the mortality rates to cocaine (Crandall et al., 2002). These are also evidences reported that various intracellular receptors, especially dopamine receptors and glutamate receptors, are all critical for cocaine addiction (Ellenbroek, 2013; Howell and Cunningham, 2015; Smaga et al., 2019). In addition, brain myeloid cells, particularly microglia, presented in the brain parenchyma, serve as a surveillance function for neuroinflammation and neurodegeneration in the central nervous system (Ransohoff and Cardona, 2010; Ajami et al., 2018; Jordão et al., 2019). Addictive drugs, especially cocaine, have been consistently shown to activate microglia both in vitro and in vivo (Guo et al., 2015; Liao et al., 2016). In rodents, inhibiting glial cell activation was shown to block cocaine-mediated behavioral changes (Chen et al., 2009). In humans, cocaine exposure can reduce microglial cells viability and inhibit the expression of extracellular vesicle-associated proteins disrupting cellular signaling and cell-to-cell communication (Kumar et al., 2020). Therefore, it can be considered that circRNAs were thought to play an important role in the multiple addiction-related networks in dlPFC of patients with cocaine use disorder.

Circular RNAs are endogenous non-coding RNAs with widespread distribution and various cellular function (Hansen et al., 2013; Vicens and Westhof, 2014; Rybak-Wolf et al., 2015; Du et al., 2017; Greene et al., 2017; Li et al., 2018; Mehta et al., 2020). Numerous studies have shown that circRNAs have an important influence on many complicated neuropsychiatric disorders (Cui et al., 2016; Zhang et al., 2018; An et al., 2019; Liu et al., 2019; Mahmoudi et al., 2019; Huang et al., 2020; Zhang Y. et al., 2020; Zimmerman et al., 2020), including drug addiction (Huang et al., 2017; Bu et al., 2019; Li et al., 2019, 2020; Zhang H. et al., 2020). Knockdown of circHomer1 ameliorates methamphetamine-induced neuronal injury through inhibiting Bbc3 expression (Li et al., 2020). The abnormal expression of mmu_circRNA_002381 in striatum was induced by cocaine self-administration and cocaine-induced locomotor activity model (Bu et al., 2019). Interestingly, siRNA-mediated mmu_circRNA_002381 down-regulation increased the expressions of limk1 and bdnf, which are the targets of miR-138 associated with synaptic plasticity. Additionally, some studies predicted that circRNAs are involved in the progress and development of many addictive drug models by sponging miRNA to regulate downstream targets (Li et al., 2017, 2020; Bu et al., 2019; Zhang H. et al., 2020). In our study, 24 circRNAs were identified to be involved in the circRNA–miRNA–mRNA regulatory network. Among these, 15 were identified previously in the mammalian brain as being dysregulated during neuronal differentiation and highly enriched in synapses (Rybak-Wolf et al., 2015). It was suggested that circRNAs in the circRNA–miRNA–mRNA regulatory network may play their regulatory functions in the neurons or synapses of patients with cocaine use disorder.

Several studies have revealed that circRNAs contain multiple miRNA response elements and can bind to miRNAs, often termed as “miRNA sponges,” decreasing cytoplasmic levels of miRNAs and liberating their respective downstream target mRNAs (Memczak et al., 2013; Piwecka et al., 2017; Kleaveland et al., 2018; Zhang Y. et al., 2020). Here, we constructed a circRNA–miRNA–mRNA regulation network involved in cocaine use disorder, including 24 circRNAs, 42 miRNAs, and 82 mRNAs. CircSLC30A6 was down-regulated in the dlPFC of patients with cocaine use disorder. Based on the analysis of circRNA–miRNA–mRNA network, we found that circSLC30A6 interacts with hsa-miR-9-3p. Interestingly, it has been known that hsa-miR-9-3p mediates the dynamic regulation of neural progenitor proliferation during neurogenesis (Pascale et al., 2020). Moreover, hsa-miR-9-3p is significantly increased in serums of patients with methamphetamine use disorder compared with normal controls (Gu et al., 2020). Therefore, we assume that circSLC30A6 up-regulation induced by the cocaine may be involved in cocaine effect through interacting with hsa-miR-9-3p. CircRASA1 and circMNAT1 were down-regulated in the dlPFC of patients with cocaine use disorder. Through the analysis of circRNA–miRNA–mRNA network, we found that circRASA1 interacts with hsa-miR-26b-3p and circMNAT1 interacts with hsa-miR-22-5p. miR-26b was found to be up-regulated in hippocampus following the acquisition and extinction but miR-22 was only up-regulated during extinction of cocaine-induced conditioned place preference in rats (Chen C. L. et al., 2013). Therefore, it is conceivable that circSLC30A6, circRASA1, and circMNAT1 might play an important role in cocaine use disorder through modulating their target miRNA.

To further identify the key circRNAs participating in the regulatory network, we established a PPI network and screened four hub genes, including HSP90AA1, HSPA1B, YWHAG, and RAB8A. Accordingly, we constructed a circRNA–miRNA-hub gene subnetwork. In the cocaine self-administration model, HSP90AA1 had a significant decrease in PFC after withdrawal of 15 days (Bhattacherjee et al., 2019), however, the expression of HSP90AA1 in posterior hippocampus increased significantly after 28 days of withdrawal (García-Fuster et al., 2012). These delayed neurobiological effects of HSP90AA1 likely contribute to sustained vulnerability to cocaine relapse, which may be regulated by circMTHFD2L. HSPA1B gene is one of heat shock protein 70 (HSP70)-encoding transcripts, and it is reported that HSPA1B expression was increased in the postmortem brains of patients with cocaine use disorder exhibiting excited delirium in comparison with other (non-excited delirium) cocaine-related deaths and drug-free controls, concluding that elevated HSPA1B provides a reliable forensic biomarker for the identification of excited delirium (Mash et al., 2009; Johnson et al., 2012). The structure of circRNA makes them more stable and has a longer half-life, so it is considered to be a more ideal marker (Enuka et al., 2016). Previous studies reported that cocaine exposure dysregulated the expression of YWHAG (Bhattacherjee et al., 2019), and reduced YWHAG can lead to neuronal hyperexcitability, and normalization of hyperexcitability can rescue memory deficits (Roy et al., 2021). RAB8A is a member of the RAS superfamily, which are key regulators of intracellular membrane trafficking from the formation of transport vesicles to their fusion with membranes, and involve in polarized vesicular trafficking, and neurotransmitter release (Núñez et al., 2009; Esseltine et al., 2012; Sellier et al., 2016; Nüchel et al., 2018). Although no studies have shown that RAB8A has a direct effect on cocaine addiction, the biological process in which it participates is very important in cocaine addiction (Periyasamy et al., 2016; Harraz et al., 2021). Here, we identified five circRNA–miRNA-hub gene axes, indicating competitive regulatory relationships of five circRNAs with the four genes in cocaine use disorder. Nevertheless, the expression of downstream genes may be regulated by multiple circRNAs and miRNAs, the expression of the five key circRNAs may be not significantly correlated with its potential downstream gene targets in the sequencing data. Cocaine use disorder is a complex brain disease in which many factors, such as cell subtype specificity, synaptic plasticity, and neural circuit, can influence genes expression. The bioinformatics analysis, which integrated several datasets, could only provide a possible research direction, how the circRNAs contributes to the specific mechanism of cocaine use disorder requires more in-depth studies.



CONCLUSION

In conclusion, our research is the first to use dlPFC circRNAs and mRNA of patients with cocaine use disorder via bioinformatic tools to identify a circRNA–miRNA–mRNA regulatory network in the patients with cocaine use disorder. The circRNA–miRNA-hub genes regulatory sub-network uncovered five important circRNAs that might be involved in cocaine use disorder, providing new insight into the pathogenesis of cocaine use disorder and suggesting potential therapeutic targets that warrant further investigation.
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Methamphetamine (Meth) is a predominantly abused neurostimulant, and its abuse is often associated with multiple neurological symptoms. Olfaction, the sense of smell, is a highly neurotransmission-dependent physiological process; however, the effect of Meth on olfactory function and its underlying mechanisms remain largely unknown. This study aimed to explore the impact of Meth abuse on the olfactory system and the potential mechanisms. Chronic Meth abuse was induced by daily administration of Meth in male mice for 4 weeks, and we then systematically examined olfactory performance. Behavioral tests found that Meth-treated animals showed increased olfactory threshold, decreased olfactory sensitivity, reduced olfactory-dependent discrimination, and difficulty in seeking buried food. Notably, the increased deposition of α-synuclein (α-syn) in the olfactory bulb was detected. Adeno-associated virus (AAV)-mediated α-syn intervention therapy in the olfactory bulb significantly alleviated Meth-induced olfactory function impairment, and 8 weeks of aerobic exercise showed similar effects through the same principle of α-syn intervention. Notably, exercise-mediated reduction of α-syn inhibited abnormal firing activity and restored the inhibitory synaptic regulation of mitral cells in the olfactory bulb. These findings suggest the involvement of α-syn in the pathogenic mechanisms of Meth-induced olfactory dysfunction and shed light on the possible therapeutic applications of aerobic exercise in Meth-induced olfactory dysfunction.
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INTRODUCTION

Methamphetamine (Meth) is a commonly abused psychoactive stimulant, and the related symptoms have been widely recognized, with a heavy social burden (Courtney and Ray, 2014). Chronic Meth administration leads to adverse effects on various types of neural cells across different brain regions and induces neuropsychiatric symptoms, such as addiction, emotional disorders, cognitive impairment, and Parkinson’s disease (PD) (Cruickshank and Dyer, 2009; Büttner, 2011). However, the effects of Meth on basic sensory systems, especially olfaction, are still less known and often overlooked.

Among the sensory systems, olfaction is one of the most evolutionarily conserved neural-processing senses and is crucial for survival across species. Olfaction is involved in multiple aspects of social behaviors, such as emotion control, reward activation, territory defense, social recognition, and mate selection (Kaupp, 2010; Pinto, 2011; Kavaliers et al., 2020). Notably, olfactory dysfunction is very common among populations with substance abuse, and more than 52% of substance abusers have reported abnormalities in olfactory performance (Podskarbi-Fayette et al., 2005). In Meth abusers, abnormalities of olfactory function, such as olfactory hallucinations, are common psychiatric complaints (Mahoney et al., 2010; McKetin et al., 2017). In animal studies, chronic Meth exposure has been found to induce alterations in the expression of proteins involved in processes such as neuroinflammation and neurodisability in the olfactory bulb (Zhu et al., 2016). In addition, acute Meth administration results in impaired socially/non-socially dependent olfactory discrimination in rodents (O’Dell et al., 2011; Ramkissoon and Wells, 2015). However, these studies could not distinguish whether the reduced olfactory recognition performance is caused by the impairment of olfactory cognitive function or olfaction alone, nor could they reveal the olfactory function and its underlying mechanism in drug abusers in chronic conditions.

Alpha-synuclein (α-syn, encoded by SNCA) is a soluble cytosolic neuronal protein belonging to the synuclein family (Sulzer and Edwards, 2019). Accumulating studies have revealed that α-syn is involved in maintaining normal synaptic transmission and is implicated in the pathogenesis of synucleinopathies (Burré et al., 2018), and the olfactory bulb is not only the brain region with high expression of α-syn (Hansen et al., 2013) but also the initial site of its propagation to multiple brain regions (Cersosimo, 2018). The accumulation of α-syn in the olfactory bulb is increased during aging and in neurodegenerative diseases (Bobela et al., 2015; Srinivasan et al., 2021), and artificial regulation of systemic/brain α-syn expression or direct overexpression of α-syn in the olfactory bulb has been shown to cause olfactory impairment (Hansen et al., 2013; Zhang et al., 2015; Chen et al., 2021). Notably, a definite association has been found between abnormal metabolism of α-syn and the occurrence of neuropsychiatric symptoms (Wu et al., 2021). However, whether and how Meth affects α-syn in the olfactory bulb remain unknown. According to anatomical and immunohistochemical results, α-syn is mainly distributed in the mitral/granulosa cell layer of the olfactory bulb (Hansen et al., 2013). In the olfactory system of information processing, the smell signal first activates olfactory sensory neurons in the nasal epithelium, and the activated olfactory sensory neurons can stimulate the olfactory bulb mitral cells. After processing and encoding olfactory information, mitral cells project olfactory information through axons to the higher olfactory cortex (Nunez-Parra et al., 2014). The fine regulation of mitral and granule cells in the olfactory bulb and their normal electrophysiological performance play an important role in the correct processing and transmission of olfactory information. However, when α-syn accumulates in the olfactory bulb, local olfactory bulb neural activity is perturbed (Kulkarni et al., 2020). These results imply the effect of Meth on olfactory function and its potential α-syn-involved mechanism.

Aerobic exercise, which has been widely used as rehabilitation therapy, has shown a protective role in brain functional recovery among Meth-dependent abusers (Zhang et al., 2018; Huang et al., 2020; Liu et al., 2021). In rodents, voluntary wheel running mimics long-term regular aerobic exercise with adequate oxygen supply (Manzanares et al., 2018). More intriguingly, aerobic exercise has been found to promote α-syn clearance and improve recovery of olfactory function (Koo and Cho, 2017; Tian et al., 2020). This finding has prompted our interest in exploring the effect of aerobic exercise on the potential impairment of olfactory function caused by chronic Meth administration. Accordingly, in this study, we investigated the effects of chronic Meth abuse on olfactory function and explored the potential mechanisms by which aerobic exercise improves Meth abuse-induced olfactory dysfunction.



MATERIALS AND METHODS


Animals

Male c57BL/6 mice aged 8–10 weeks and weighing 20–25 g were used in this study. The experimental animals were supplied by the Laboratory Animal Center of Southern Medical University (Guangzhou, Guangdong, China). Animals were raised in a standard specific pathogen-free experimental environment with free access to water and food, constant temperature (23 ± 1°C) and humidity (50–60%), and dark and light for 12 h each. All experimental procedures were carried out in accordance with the Principles of Laboratory Animal Care (NIH Publication no. 85–23, revised 1985) and supervised by the Animal Ethics Committee of The Third Affiliated Hospital of Sun Yat-sen University. The chronic administration route and dosage (10 mg/kg i. p. daily, National Institute Control of Pharmaceutical and Biological Products, Beijing, China) of Meth were chosen based on our previous chronic toxicity study (Wang et al., 2021a). Behavioral experiments were performed 1 week after the last Meth administration or 4 weeks after the virus injection. The exercise method utilized in this study was voluntary wheel-running and adapted from published procedures (Jang et al., 2017; El Hayek et al., 2019). Briefly, mice used for exercise training were housed individually and allowed free access to a steel running (rotatable/locked) wheel for 8 weeks. Upon completion of the behavioral experiments, the mice were deeply anesthetized with sodium pentobarbital for sample collection and electrophysiological recordings. Every possible effort was made to minimize animal pain or discomfort and reduce the number of animals used.



Behavioral Test

The assessment of mouse olfactory behavior was performed with a digital video recording device in the zenithal position by an experienced double-blind researcher. Different experimental paradigms depict different perspectives on olfactory performance.

The olfactory threshold examination, which uses rodents’ innate conditioned preference/aversion responses to odors, was performed and adapted as previously described by Breton-Provencher et al. (2009). The olfactory threshold and sensitivity of animals can be measured by observing their responses to different concentrations of odors. In this study, butyraldehyde was used as an aversive odor, and limonene was used as a preferred odor. During a 5 min period, each animal was allowed to explore different odorant solutions at different concentrations in three independent experiments with odorless solvent as a control, and the preference index was calculated (see Figure 1A for schematic diagram).
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FIGURE 1. Schematic diagram of the protocol of the behavioral experiment for the olfactory examination. (A) Experimental configuration for the olfactory threshold and sensitivity tests. Each trial lasted for 5 min, followed by a 15-min rest interval. For the avoidance and preference tests, three solutions of different concentrations were used. (B) Experimental configuration for the olfactory discrimination test. Each trial lasted 5 min, followed by a 15-min rest interval. For the olfactory discrimination test, two different odor solutions were used. (C) Schematic drawing of the experimental steps for the social olfactory discrimination test. Each trial lasted 5 min, followed by a 15-min rest interval. The blocks were placed consistently above the bedding between cages in the corresponding home cages. For social odor discrimination, mice were given a comparison between blocks with their own odor and those with the odor of an unfamiliar conspecific male. (D) Schematic drawing of the experimental steps for the buried food test for olfactory function examination. Each trial lasted 3 min, followed by a 15-min rest interval. The cookies were placed above or buried below the bedding in the corresponding two stages.


The olfactory discrimination habituation/dishabituation test was performed as described previously (Gheusi et al., 2000) to assess whether the animal could differentiate between different odors. Each session consisted of three repetitions of exploration with the same odor (Odor 1) as the familiar condition and a new odor (Odor 2) as a novel condition (see Figure 1B for schematic diagram).

Social odor discrimination was used to identify whether animals can discriminate between different social odors (Petit et al., 2013). The odorless blocks were placed for 24 h in cages with different animals (came from the tested animal or the conspecific stranger of the same sex). The time spent by the mouse sniffing exploration during a 5 min section with an 15 min interval of the block scented of its own and an exploration of novel social scent were matched and measured.

The non-social food buried test was adapted from a previous study (Wu et al., 2016). Mice were fasted for 48 h to ensure sufficient motivation to search for food. The experiment was divided into three 5-min stages, with an interval of 15 min. In the first stage, the animals were placed on the bedding and acclimatized to the environment. In the second stage (visible), a cookie was placed on the bedding of one corner, and the time the mice used to find the food and nibble it within 5 min was recorded. In the third stage (invisible), the food was buried 1.5 cm below the bedding in a randomly selected corner, and the time the animal used to find and nibble it was recorded.



Immunofluorescence

Immunohistochemistry assays were performed as previously described (Wang et al., 2021b), and mice were transcardially perfused with pre-cooled phosphate-buffered saline (PBS) and 4% paraformaldehyde. The brains were further fixed for 12 h at 4°C and dehydrated in 30% sucrose for cryoprotection. They were then cut into 20-mm-thick sections, and the sections were permeabilized with 0.3% Triton X-100 for 10 min and blocked with 5% bovine serum albumin (BSA) in PBS for 2 h. These brain sections were incubated with primary antibodies against α-syn (SC-7011, 1:1500, Santa Cruz Biotechnology, CA, United States) overnight at 4°C in PBS with 2% BSA. Thereafter, the brain sections were incubated with a secondary Alexa Fluor® 488-conjugated antibody (Invitrogen) for 1 h in the dark. After washing with PBS, 4′,6-diamidino-2-phenylindole (Vector Lab) was used to stain the nuclei, and images were then acquired using a Leica fluorescence microscope.



Western Blotting

Western blotting was performed after the behavioral experiment, and behavioral and expression data were analyzed for each animal individually. Total proteins were extracted from the olfactory bulb tissues using RIPA lysis buffer (Solarbio, Beijing, China), and the protein concentrations were measured using a Pierce™ BCA protein kit (23227, Thermo Fisher Scientific, Waltham, MA, United States). Equal amounts of protein lysates (approximately 40 μg) were separated using 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis and subsequently transferred to polyvinylidene difluoride membranes (Millipore, Bedford, MA, United States). The membranes were incubated with 5% BSA to block non-specific binding. Next, the membranes were probed with specific primary monoclonal antibodies at 4°C overnight, including anti-α-syn (SC-7011, 1:3000, Santa Cruz Biotechnology) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH, ab9485, 1:3000, Abcam). Subsequently, the membranes were incubated with HRP-labeled anti-rabbit IgG (ab288151, Abcam) at 37°C for 2 h. Finally, protein expression was visualized using enhanced chemiluminescence reagents (Thermo Fisher Scientific). GAPDH was used as an internal reference for normalization.



Viral Injection

Stereotaxic surgeries were performed as described previously (Wang et al., 2019). Under isoflurane gas anesthesia, mice were placed in a stereotaxic frame, and the skull was exposed and adjusted to ensure that the bregma and the lambda axis were horizontal. For α-syn (Snca) knockdown and overexpression, 1 μL of EGFP-tagged rAAV-α-syn (AAV-α-syn, 3.4E_12 V. g/L), rAAV-control (AAV-Con, 4.2E_12 V.G./ml), rAAV-α-synuclein-shRNA (α-syn-shRNA, 6.3E_12 V. g/mL), or rAAV-control-shRNA (Con-shRNA, 6.2E_12 V.G./ml) was bilaterally injected into the olfactory bulb (coordinates from bregma AP: 4.5 mm; ML: ± 0.75 mm; DV: −3.25 mm), and the needle was withdrawn gently 10 min after injection. Viral vectors were designed and constructed using a commercial packaging service (Brain Case Co., Ltd., Shenzhen, China). Mice with missed injections or EGFP expression outside the olfactory bulb were excluded from the analysis after post-hoc examination.



Electrophysiological Recording

The animals were euthanized by carbon dioxide asphyxiation and decapitated, and their brains were rapidly and gently removed. The olfactory bulb was then sliced into 300-μm-thick sections with a vibrating tissue slicer (World Precision Instruments Vibroslicer, Sarasota, FL, United States), and the sections were placed in a pre-cooled artificial cerebrospinal fluid (ACSF) circulating with 95% O2 and 5% CO2. The ACSF solution contains 124 mmol/L NaCl, 24 mmol/L NaHCO3, 5 mmol/L KCl, 2.4 mmol/L CaCl2, 1.3 mmol/L MgSO4, 1.2 mmol/L KH2PO4, and 10 mmol/L glucose (pH = 7. 4). Recordings began after at least 1 h of recovery. During recording, the olfactory bulb sections were transferred from the incubation tank to the recording tank and fixed with a brain slice fixator under light pressure. The recording tank was continuously filled with 95%O2/5%CO2-ventilated ACSF, which was prepared with ACSF in advance when certain drugs were applied, and the ACSF was replaced through the fluid inlet of the perfusion system. The irrigation rate was 2 mL/min, and the temperature of the recording tank was maintained at 29–30°C with a heating rod. Mitral cells in the olfactory bulb were identified by position, morphology, and electrical characteristics under a 60 × water-immersion objective microscope (Schoppa, 2006). For whole-cell action potential recording, pipettes were filled with a solution containing 130 mmol/L K-Gluconate, 20 mmol/L KCl, 10 mmol/L HEPES, 4 mmol/L MgATP, 10 mmol/L Na-Phosphocreatine, 0.3 mmol/L Na2GTP, and 0.5 mmol/L EGTA, adjusted to pH 7.4 with KOH. The miniature inhibitory postsynaptic currents (mIPSCs) were monitored in the presence of tetrodotoxin to block action potentials. For mIPSC recordings, the intracellular solution contained 125 mmol/L KCl, 3 mmol/L Mg-ATP, 1 mmol/L MgCl2, 10 mmol/L HEPES, 0.02 mmol/L EGTA, and 0.5 mmol/L Na3-GTP. All data acquisition and analysis were performed using a Multiclamp 700 b amplifier (Cellular Devices, Sunnyvale, CA, United States), pClamp 10 (Molecular Devices, Sunnyvale, CA, United States), and Mini Analysis (Synaptosoft, Fort Lee, NJ, United States).



Statistical Analysis

GraphPad Prism 6.00 was used for data processing. All experimental results are expressed as mean ± SEM. Student’s t-test was used to analyze the difference between two groups, one-way analysis of variance (ANOVA) among ≥three groups, and two-way ANOVA between factorial designed groups. A linear relation was analyzed by Spearman’s correlation coefficient. The sample size in each group is indicated in each figure legend. P < 0.05 represented a significant difference.




RESULTS


Chronic Methamphetamine Administration Induces Severe Olfactory Functional Deficits in Mice

To evaluate the effect of Meth on olfactory function, the overall olfactory performance was estimated using a series of statistical indicators, including olfactory threshold, olfactory discrimination, social odor discrimination, and food exploration. The behavioral research strategy is illustrated in Figure 1. Behavioral tests were conducted after 4 weeks of administration of Meth. Generally, animals display an inborn aversion or favorite to the conditioned odor. Thus, animals were tested for their avoidance or preference for a certain solution. Butyraldehyde and limonene were gradient-diluted to test the sensitivity of the animal to avoidance or preference. We found that chronic Meth administration significantly decreased olfactory sensitivity in both the avoidance and preference tests (Figure 2A); higher odor concentration was required to show preference/aversion, and the preference/aversion degree was lessened under the same odor concentration. In another olfactory test, which involved olfactory cognitive function, the animals were exposed to the same odor three times before being exposed to a novel odor in the fourth test (Figure 2B). With familiarity with the same smell, the mice in the control group showed a decrease in the desire to explore the familiar odor, while a significant increase was observed after giving new odors. This process was impaired in animals administered with chronic Meth. We also examined the social-related olfactory function (Figure 2C), and the control animals showed significant interest in exploring blocks that had been contaminated with the scent of a congeneric stranger, while animals with chronic Meth administration showed obvious defects in this test. Finally, we assessed the ability of olfactory-dependent food acquisition (Figure 2D). When cookies were placed on the bedding, the two groups of animals could see food and showed a similar latency to eat. When the food was buried under the bedding, animals with chronic Meth administration took a longer time to find the food. These results indicate that chronic Meth administration induces olfactory dysfunction.
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FIGURE 2. Chronic methamphetamine administration induces impairment of olfactory performance. (A) Chronic Meth administration decreased olfactory sensitivity to both aversive and favorite odors. Left, olfactory avoidance performance for an aversive odor (butyraldehyde). The concentrations of the butyraldehyde solution ranged from 10– 8 to 10– 6 (n = 9). F(2, 32) = 4.246, P = 0.0231 by two-way RM ANOVA with Bonferroni’s multiple comparisons test. Right, olfactory sensitivity to a favorite odor (Limonene). The concentrations of limonene solution ranged from 10– 5 to 10– 3 (n = 9). F(2, 32) = 5.601, P = 0.0082 by two-way RM ANOVA with Bonferroni’s multiple comparisons test. (B) Chronic Meth administration impaired olfactory discrimination. Left, statistical analysis for the experiments that were performed independently four times. Right, the corresponding exploration time of each animal for different odors in the dashed rectangular line (n = 9). F(1, 16) = 23.49, P = 0.0002 by two-way RM ANOVA. (C) Chronic Meth administration impaired social olfactory discrimination. Scatter dots represent animals, and they were paired with the corresponding strangers (n = 9). F(1, 16) = 37.13, P < 0.0001 by two-way RM ANOVA. (D) Chronic Meth administration impaired olfactory function in locating food (n = 9). F(1, 16) = 23.09, P = 0.0002 by two-way RM ANOVA. F, familiar; N, novel; ns, not significant. Data are presented as mean ± SEM. *P < 0.05; ***P < 0.001.




Chronic Methamphetamine Administration Increases the Expression of α-Synuclein in the Olfactory Bulb in Mice

Methamphetamine can promote the accumulation of α-syn, and the olfactory bulb is the core brain region of α-syn metabolism in the central nervous system (Rey et al., 2013, 2016; Zhu et al., 2018). Therefore, α-syn expression in the olfactory bulb was detected. Immunofluorescence staining showed that the presence of α-syn was remarkably increased after chronic Meth administration (Figure 3A), and western blot analysis confirmed the same effect (Figure 3B). Correlation analysis of the behavioral and western blotting results showed that the increase in α-syn was negatively correlated with the non-socially/socially odor discrimination ratio (Figures 3C,D), and positively correlated with the degree of olfactory function impairment (Figure 3E). This finding suggests a causal relationship between the increased expression of α-syn and the appearance of olfactory impairment.
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FIGURE 3. Chronic methamphetamine administration increases the expression of α-syn in the olfactory bulb. (A) Representative confocal immunofluorescence images of the OB mitral cells stained for α-syn (Green) upon chronic methamphetamine administration. Scale bar, 20 μm. (B) The levels of α-syn were examined by western blotting (n = 9). t = 3.895 by unpaired t test. GAPDH served as a normalization control. The correlation between α-syn expression changes and olfactory discrimination (C), social olfactory discrimination (D) and buried food test (E) results was analyzed in chronic methamphetamine-administered mice, and there was a significant association between α-syn changes and behavioral alterations (n = 9). Data are presented as mean ± SEM. **P < 0.01.




Inhibition of α-Synuclein Prevents Methamphetamine-Induced Olfactory Deficits

To investigate the role of α-syn in the regulation of olfactory functional deficits following chronic Meth administration, olfactory bulb neurons were infected with rAAVs expressing shRNA against α-syn (α-syn-shRNA) or non-targeting scrambled sequence shRNA (Con-shRNA) as a control before the administration of Meth (Figure 4A). The injection accuracy and infection efficiency of rAAV were examined by immunofluorescence (Figure 4B), and a significant decrease in α-syn expression levels within olfactory bulb regions was successfully identified in α-syn-knockdown mice (Figure 4C). Knockdown of α-syn within the olfactory bulb significantly ameliorated Meth-induced olfactory deficits, as evidenced by increases in olfactory sensitivity in both the avoidance and preference tests (Figure 4D), novel odor discrimination (Figure 4E), social-related olfactory function (Figure 4F), and olfactory-dependent food acquisition (Figure 4G). These findings demonstrate that reducing the abnormal deposition of α-syn in the olfactory bulb ameliorates chronic Meth administration-induced olfactory dysfunction.
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FIGURE 4. Suppression of α-syn rescues methamphetamine-induced olfactory behavioral abnormalities. (A) Experimental scheme for injection of reconstructed adeno-associated virus (rAAV) containing α-syn-shRNA or control into the olfactory bulb and subsequent behavioral testing. (B) Schematic representation of the rAAV injection strategy and representative HE staining and immunofluorescence images of olfactory bulb sections of rAAV-injected mice (n = 3). Scale bar, 500 μm. (C) The efficiency of α-syn-shRNA was determined by western blot analysis (n = 6). F = 9.371, P = 0.0023 by One-way ANOVA with Bonferroni’s multiple comparisons test. (D) Suppression of α-syn increased olfactory sensitivity to both aversive (butyraldehyde) and favorite (Limonene) odors (n = 9). Butyraldehyde: F(2, 32) = 3.383, P = 0.0465 by two-way RM ANOVA with Bonferroni’s multiple comparisons test. Limonene: F(2, 32) = 2.926, P = 0.0681 by two-way RM ANOVA with Bonferroni’s multiple comparisons test. (E) Suppression of α-syn improved olfactory discrimination (n = 9). F(1, 16) = 8.432, P = 0.0104 by two-way RM ANOVA. (F) Suppression of α-syn improved social olfactory discrimination. Each scatter dot represents an animal, and it was paired with the corresponding stranger (n = 9). F(1, 16) = 7.993, P = 0.0121 by two-way RM ANOVA. (G) Suppression of α-syn improved olfactory function to locate invisible food (n = 9). F(1, 16) = 6.669, P = 0.0200 by two-way RM ANOVA. F, familiar; N, novel; ns, not significant. Data are presented as mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001.




Exercise Alleviates Methamphetamine-Induced Olfactory Dysfunction Through α-Synuclein Intervention

Exercise has been recognized to combat the adverse effects of drug use and is closely associated with improved olfactory function as we have mentioned above. Here, we examined the effects of exercise on the olfactory dysfunction induced by chronic Meth. Furthermore, to test whether recovery of α-syn expression could block the effect of exercise, we generated rAAVs containing α-syn or GFP and injected them correspondingly during the exercise (Figures 5A,B). Eight weeks of aerobic exercise not only reduced the amount of α-syn deposited in the olfactory bulbs but also improved olfactory function (Figures 5C–E). However, overexpression of human α-syn blocked the alleviating effect of exercise on Meth-induced olfactory dysfunction (Figures 5C–E).
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FIGURE 5. Exercise improves methamphetamine-induced olfactory behavioral abnormalities through reduced α-syn expression. (A) Illustration of rAAV packed with human SNCA and experimental paradigm for methamphetamine administration, virus injection, and behavioral testing. (B) Schematic representation of rAAV-α-syn injection and GFP fluorescence in the infected region of the olfactory bulb. Scale bar, 500 μm. (C) Effects of exercise and olfactory bulb rAAV-α-syn injection on α-syn expression were determined by western blot analysis. F = 17.98, P < 0.0001 by One-way ANOVA with Bonferroni’s multiple comparisons test. (D): Effects of exercise and olfactory bulb rAAV-α-syn injection on olfactory discrimination (n = 9). F(3, 32) = 11.47, P < 0.0001 by two-way RM ANOVA with Bonferroni’s multiple comparisons test. (E) Effects of exercise and olfactory bulb rAAV-α-syn injection on locating invisible food (n = 9). F(3, 48) = 9.765, P < 0.0001 by two-way RM ANOVA with Bonferroni’s multiple comparisons test. Data are presented as mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ns, non-significant.




Exercise Improves Impaired Inhibitory Synaptic Transmission in the Olfactory Bulb

Normal neural activity and synaptic plasticity of mitral cells are required for the efficient performance of olfactory function, and the accumulation of α-syn is tightly coupled with abnormal electrical activity of olfactory neurons (Chen et al., 2021). According to the cell-attached recordings, Meth increased the spontaneous firing rate of mitral cells; this effect could be alleviated by exercise but blocked upon α-syn restoration (Figures 6A,B). The spontaneous firing activity of mitral cells is controlled by local inhibitory synaptic drive (Nai et al., 2009). Thus, we measured the level of mIPSCs in mitral neurons. We found that Meth administration caused a significant decrease in the frequency (but not in the amplitude) of mIPSCs (Figures 6C–E). As expected, exercise led to upregulation in the frequency of mIPSCs, and this effect was blocked by rAAV-α-syn injection; no significant changes were observed in the amplitude of mIPSCs (Figures 6C–E). These results suggest that exercise could reverses the impaired inhibitory synaptic transmission in the olfactory bulb through a α-syn-selective manner.
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FIGURE 6. Exercise improves methamphetamine-induced impaired inhibitory synaptic transmission in the olfactory bulb through α-syn intervention. (A) Representative traces of spontaneous action potential of mitral cells. Scale bar, 25 pA, 5 s. (B) Quantitative analysis of spontaneous firing rates of mitral cells in each group (a total of 12 cells from 3 to 4 mice were recorded in each group). F = 13.87, P < 0.0001 by One-way ANOVA with Bonferroni’s multiple comparisons test. (C) Representative traces of whole-cell voltage-clamp recordings showing mIPSC events from mitral cells in olfactory bulb slices. Scale bar, 100 pA, 1 s. (D) Cumulative plots of the mIPSC interevent interval and quantitative analysis of mIPSC frequency in mitral cells (a total of 15 cells from four to five mice were recorded in each group). F = 22.41, P < 0.0001 by One-way ANOVA with Bonferroni’s multiple comparisons test. (E) Cumulative plots of the mIPSC amplitude and quantitative analysis of mIPSC amplitude in mitral cells (a total of 15 cells from four to five mice were recorded in each group). F = 1.078, P = 0.3659 by One-way ANOVA with Bonferroni’s multiple comparisons test. Data are presented as mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001.





DISCUSSION

In this study, we systematically examined the effects of Meth on olfactory performance and demonstrated that Meth could impair olfactory function through upregulated α-syn levels in the olfactory bulb. Aerobic exercise could reverse this process by implementing α-syn intervention and restoring inhibitory synaptic transmission of mitral cells. These results deepen our understanding of Meth-induced neurotoxicity and provide new insights into the pathogenesis and treatment of meth-related encephalopathy.

Olfaction is the physiological basis of many biological behaviors (Mori and Sakano, 2021), and its dysfunction is a common symptom that occurs early in many neuropsychiatric diseases (Waldmann et al., 2020). In fact, many neuropsychiatric symptoms induced by Meth, such as aggressive behavior (Stowers et al., 2013), depressed mood (Athanassi et al., 2021), and olfactory hallucination (Mahoney et al., 2010), are all strongly linked to olfaction. Olfactory function is important but often neglected during physical examination in Meth users, and the damage to the nasal mucous membrane after long-term snorting/intranasal route administration may cause olfactory function damage naturally. However, the effects of Meth on the entire olfactory pathway have not been revealed. Thus, we employed intraperitoneal injection delivery methods, which avoid direct adverse stimulation to the nasal mucosa and make it possible to explore the effects of Meth on the central olfactory system. Meth can cause severe cognitive dysfunction (Mizoguchi and Yamada, 2019); therefore, the influence of olfactory-related cognitive factors on olfactory behavior should be excluded when designing olfactory function examinations. Accordingly, we used the animals’ instinctive aversion to malodorous odors and preference for fresh odors to rule out olfactory cognitive function as an intervening factor. We showed that chronic Meth administration significantly reduced the olfactory threshold and sensitivity of animals to averting and favoring smells, and olfactory cognitive function was also impaired, as manifested by impaired social/non-social odor discrimination and a decline in olfactory-dependent food exploration ability. These results suggest olfactory information processing abnormalities in Meth-abused animals.

Previous studies have demonstrated that Meth can induce significant changes in α-syn metabolism in the brain (Mauceli et al., 2006; Wu et al., 2021), and knockdown of α-syn could alleviate pathological brain injury caused by Meth (Ding et al., 2020). However, the behavioral manifestations remain unclear. We hypothesized that α-syn might also mediate the impairment of olfactory bulb function, and our results confirmed this hypothesis. Our findings indicate that the elevation of α-syn is implicated in Meth-induced olfactory dysfunction, and the dysfunction can be alleviated by knockdown of α-syn. Consistently, heterologous injection of α-syn into the olfactory bulb has also been shown to cause abnormalities in olfactory function (Niu et al., 2018; Chen et al., 2021); however, the artificial intervention could not mimic the natural process of disease progression. In this study, we demonstrated for the first time that Meth could impair olfactory function by increasing the levels of α-syn in the olfactory bulb; this is a potential pathophysiological mechanism by which Meth abuse influences olfactory function. An important question that remains to be explored is the exact source of increased α-syn. Meth abuse may not only promote the expression of α-syn in the olfactory bulb, and the increase in peripheral entry and the increased blood-brain barrier permeability may also contribute to the increased olfactory bulb α-syn levels induced by Meth. These hypotheses need to be further verified by subsequent experiments.

Normal synaptic transmission of olfactory bulb neurons plays an important role in olfactory information processing. Our electrophysiological results revealed that mitral cells with impaired inhibitory synaptic transmission exhibited higher cluster discharge activity. The increased firing activity of mitral cells induced by Meth is consistent with the result of direct injection of α-syn into the olfactory bulb (Chen et al., 2021), and similar damage to the inhibitory regulation of mitral cells has also been found in other neurodegenerative diseases, such as Alzheimer’s disease (AD) (Hu et al., 2021). Parallel to the results, the inhibitory synaptic transmission manifested by inhibitory postsynaptic currents (IPSCs) was impaired, thus impairing local inhibitory circuits. α-syn is soluble and can be transported across brain regions in an axon-dependent manner (Li et al., 2004; Kuznetsov and Kuznetsov, 2016). Previous studies have confirmed the existence of α-syn transmission initiated from the olfactory bulb (Cersosimo, 2018). Mitral cells have axons, whereas granule cells are GABAergic interneurons without long projective axons. The spatiotemporal transfer of α-syn in mitral cells can be realized through axons, whereas in granulosa cells, α-syn cannot be translocated across brain regions, probably resulting in cytotoxicity, which may account for the damage of inhibitory synaptic transmissions. Moreover, increased mitral cell neuronal firing activity leads to more and faster transport of α-syn deposited in the olfactory bulb to other brain regions, increasing the risk of neural damage in downstream brain regions. This speculation is consistent with the clinical data and could explain, at least partially, the observed higher risk of early onset Meth-induced neurodegenerative diseases, such as PD (Lappin et al., 2018; Lappin and Darke, 2021). Whether α-syn intervention in the olfactory bulb can delay the development of subsequent neurodegeneration and alleviate related symptoms deserves further exploration.

Exercise is a natural intervention that has been widely implemented in recent years and has been proven to be effective in improving Meth-related neuropsychiatric symptoms. Based on the pathologically related mechanisms of α-syn revealed above, exercise strategies can refer to PD-related intervention training approaches. Indeed, both epidemiological and basic studies have found that aerobic exercise is an effective intervention for synucleinopathies, such as PD (Liu et al., 2020). Therefore, we chose running wheels, which is a widely accepted type of aerobic training. By locking the running wheel, the results of the experiment could eliminate the interference factors of the enriched environment to create a good contrast. This natural alternative therapy reduces the potential risks associated with prescription drugs. Notably, in this study, we revealed the protective effect of exercise on Meth-induced olfactory function impairment through α-synuclein intervention. The findings deepen the understanding of exercise against Meth-induced neurotoxicity.



CONCLUSION

In conclusion, our results indicate that Meth can impair olfactory function through the accumulation of α-syn in the olfactory bulb, leading to a state of “olfactory dementia.” Moreover, the aggregation of α-syn induced by Meth affects the inhibitory synaptic input of mitral cells in the olfactory bulb, and exercise could improve olfactory function by rescuing these pathophysiological dysfunctions. The findings provide further evidence of olfactory abnormalities in the development of neurodegenerative diseases and confirm that α-syn in the olfactory bulb is an effective biomarker and therapeutic target for Meth-induced olfactory dysfunction. This study confirms the potential applications of aerobic exercise strategies in substance abusers.
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Alcohol dependence is a chronic mental disorder that leads to decreased quality of life for patients and their relatives and presents a considerable burden to society. Incretin hormones, such as glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like peptide 1 (GLP-1) are endogenous gut-brain peptides, which can travel across the blood-brain barrier and access the nervous system. Their respective receptors, GIPR and GLP-1R, are expressed in the reward-related brain areas and are involved in memory formation and neurogenesis, which results in behavioral changes in rodent models. The current study investigated the potential association of genetic variability of incretin receptors with alcohol dependence and alcohol-related psychosymptomatology. Alcohol dependence and comorbid psychosymptomatology were assessed in a cohort of Slovenian male participants, comprised of 89 hospitalized alcohol-dependent patients, 98 abstinent alcohol-dependent patients, and 93 healthy blood donors. All participants were genotyped for GIPR rs1800437 and GLP1R rs10305420 and rs6923761 polymorphisms. For the statistical analysis Kruskal–Wall and Mann–Whitney tests were used in additive and dominant genetic models. Our findings indicated that GIPR rs1800437 genotypes were associated with an increased risk of alcohol dependence. Statistically significant association between GIPR rs1800437 GG genotype and Brief Social Phobia Scale scores were observed in the abstinent alcohol-dependent patients, while GLP1R rs6923761 GG genotype was associated with Zung anxiety scores in healthy controls. Our pilot study indicates that GIPR rs1800437 may play some role in susceptibility to alcohol dependence, as well as in alcohol-related psychosymptomatology symptoms. To our knowledge, this is the first study that indicates the involvement of GIPR in alcohol dependence. However, studies with larger cohorts are needed to confirm these preliminary findings.
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INTRODUCTION

Alcohol dependence is a chronic mental disorder characterized by an intense craving for alcohol and the inability to control or stop alcohol consumption, usually accompanied by a history of excessive drinking (Carvalho et al., 2019; Domi et al., 2021). Regarding its epidemiology, alcohol dependence is one of the most prevalent mental disorders worldwide, and it is five times more frequent in men than in women. In addition, alcohol dependence was found to be more frequent in high-income and upper -middle- income countries for both males and females (Carvalho et al., 2019). Alcohol dependence is also associated with high morbidity and mortality rates. Alcohol dependence is also related to other comorbid mental disorders, such as major depressive disorder, anxiety disorders, schizophrenia, bipolar disorder, and attention deficit hyperactivity disorder (Gandal et al., 2018; Kranzler and Soyka, 2018; Walters et al., 2018; Rudenstine et al., 2020; Zhou et al., 2020).

Alcohol dependence leads to decreased quality of life for patients and their relatives and presents a considerable burden to society (Carvalho et al., 2019; Klausen et al., 2022). Alcohol dependence and alcohol abuse used to be separate disorders in the Diagnostic and Statistical Manual of mental disorders (DSM-IV), whereas, in DSM-V, they are integrated into one broader category of alcohol use disorder (AUD) which includes sub-classifications, depending on the severity of the symptoms (Kathryn Mchugh and Weiss, 2019; Nutt et al., 2021). The stages of dependence can be divided into the acute and chronic state, followed by short-term and long-term abstinence. What sets them apart is the duration of each stage and the underlying molecular and cellular mechanisms involved (Nestler and Aghajanian, 1997; Koob and Volkow, 2016).

The emergence and perpetuation of AUD can be due to several factors, including genetic, environmental risk factors, and gene-environment interactions (Nestler and Aghajanian, 1997; Carvalho et al., 2019). Family, twin, and adoption studies (Cloninger et al., 1981; Heath et al., 1997; Verhulst et al., 2015) and a recent meta-analysis (Verhulst et al., 2015) indicated that heritability estimates are pretty high. Preclinical and clinical studies have shown that genetic variability is associated with susceptibility and development of AUD (Hiroi and Agatsuma, 2005; Jones et al., 2015; Bowen et al., 2022). A genome-wide meta-analysis on AUD and problematic alcohol use, which included 435,563 subjects of European ancestry, identified 29 independent risk variants, 19 of which were novel (Zhou et al., 2020).

Glucagon-like peptide 1 (GLP-1) and glucose-dependent insulinotropic polypeptide, also known as gastric inhibitory polypeptide (GIP), are endogenous gut-brain peptides that function both as a hormone and neuropeptide and are released from intestinal L-cells and K-cells, respectively, in response to food intake in humans and mice (Adner and Nygren, 1992; Dalgaard et al., 2004; Alvarez et al., 2005; Pannacciulli et al., 2007; Seino et al., 2010; Seino and Yabe, 2013; Abraham et al., 2015; Jerlhag, 2020; Marty et al., 2020; Eren-Yazicioglu et al., 2021). They stimulate glucose-induced insulin secretion, inhibit glucagon secretion, and decrease appetite in humans and mice (Adner and Nygren, 1992; Dalgaard et al., 2004; Seino et al., 2010; Underwood et al., 2010; Seino and Yabe, 2013; Abraham et al., 2015; Klausen et al., 2022). They have the ability to travel across the blood-brain barrier and access the nervous system in humans and rats (Isbil-Buyukcoskun et al., 2009; Eren-Yazicioglu et al., 2021). GLP-1 and GIP act by binding with their receptors GLP-1R and GIPR, respectively, which are members of the G-protein coupled receptors and are expressed in the peripheral and central nervous system (Seino et al., 2010; Seino and Yabe, 2013). GLP-1 and GIP and their receptors are involved in memory formation and neurogenesis in rats (Seino et al., 2010). GIPR is expressed in neurons, and GLP-1R can be found in several tissues, including human, rat and mice brain regions related to reward and addiction (Merchenthaler et al., 1999; Alvarez et al., 2005; Pannacciulli et al., 2007; Rinaman, 2010; Seino et al., 2010; Suchankova et al., 2015; Jensen et al., 2018; Eser et al., 2020; Eren-Yazicioglu et al., 2021). It can also modulate dopamine levels and glutamatergic neurotransmission, which results in behavioral changes in rats, and mice (Alhadeff et al., 2012; Reddy et al., 2016; Eren-Yazicioglu et al., 2021). Also, it displayed neuroprotective effects in male rats, mice, non-human primates (Klausen et al., 2022) and humans (Erbil et al., 2019). Furthermore, both preclinical and clinical studies indicated the crucial role of GLP-1R in reward function and addictive disorders, including alcohol-seeking and AUD (Egecioglu et al., 2013; Suchankova et al., 2015; Jayaram-Lindström et al., 2016; Marty et al., 2020; Eren-Yazicioglu et al., 2021). Animal model studies have suggested that peptides like GLP-1 regulate behavioral responses to alcohol consumption (Seino et al., 2010; Jerlhag, 2020), however, the role of GIP and its receptor has not been studied so well and the exact mechanism of action is not yet fully known.

GLP-1R also seems to have a neuroprotective role and, thus, has been investigated as a target in the cerebral infarction treatment (Seino and Yabe, 2013). There is also evidence that GLP-1R stimulation regulates alcohol-seeking and wanting behaviors (Suchankova et al., 2015; Eren-Yazicioglu et al., 2021). Nevertheless, based on the mechanism of action of FDA-approved GLP-1 receptor agonists, reduction in alcohol consumption can be due to the discomfort felt during alcohol use and abstinence and reduction in rewarding effects. GLP-1R agonists reduce the rewarding effects of alcohol, which leads to decreased alcohol intake. Exentin-4 is a well know example of GLP-1R agonist that affects the signal transmission, and according to studies, GLP-1R and GIPR have similar molecular mechanisms (Seino et al., 2010).

Genetic variability of GLP-1R and GIPR has been investigated in human pathologies, such as metabolic and cardiovascular diseases, and bone mineral density. According to the literature, genetic variability influences response to incretin peptides and their antagonists (Jensterle et al., 2015; Klen and Dolžan, 2022). More specifically, GLP1R rs10305420 has been associated with response to exenatide in overweight patients with type 2 diabetes (Yu et al., 2019) and liraglutide in obese women with polycystic ovary syndrome (Jensterle et al., 2015). Regarding GLP1R rs6923761, it has been shown to relate with metabolic and obesity parameters, such as body mass index, weight, fat mass, waist circumference, triglycerides, insulin, HOMA-IR, and HDL cholesterol (de Luis et al., 2013, 2014a,b,c,e, 2015b,d, 2018), weight loss (de Luis et al., 2014a,d), cardiovascular risk in patients with obesity (de Luis et al., 2018), type 2 diabetes (de Luis et al., 2015a). It has also been associated with gliptin therapies, like the DPP-4 inhibitor sitagliptin and vildagliptin (Javorský et al., 2016; Urgeová et al., 2020; Mashayekhi et al., 2021), liraglutide and exenatide (de Luis et al., 2015c; Chedid et al., 2018). GIPR rs1800437 has been associated with glucose homeostasis (Sauber et al., 2010), obesity (Vogel et al., 2009), heart failure prognosis in obese patients (Agra et al., 2019), bone mineral density and fracture risk (Torekov et al., 2014).

Glucagon-like peptide 1 variability has been investigated in two preclinical studies with mice AUD models, one of which also included a cohort of AUD patients and controls (Koole et al., 2011; Suchankova et al., 2015). However, to our knowledge, there are no studies that focus on GIPR polymorphisms and alcohol.

The current study aimed to investigate the potential association of GLP1R rs10305420 and rs6923761 and GIPR rs1800437 with alcohol dependence, as well as alcohol-related comorbid psychosymptomatology.



MATERIALS AND METHODS


Study Population

The study cohort included three groups of participants: hospitalized alcohol-dependent patients, abstinent alcohol-dependent patients, and healthy controls with no alcohol dependence history. All participants were male of Slovenian origin, aged 18 to 66. Experienced psychiatrists recruited patients hospitalized for treatment of alcohol dependence at the University Clinical Center Maribor and the University Psychiatric Clinic Ljubljana. The inclusion criteria for the hospitalized alcohol-dependent patients were a diagnosis of alcohol-dependence, according to the DSM-IV (American Psychiatric Association, 2000), with no significant symptoms of abstinence, after hospitalization for at least 2 weeks. The abstinent alcohol-dependent patients were recruited from support group meetings, and the inclusion criterion was abstinence for at least 2 years. Exclusion criteria for these two groups of patients were: a medical history of mental or neurological disorders or significant medical conditions and a previous diagnosis of dependence (nicotine not included) according to DSM-IV. The healthy controls were blood donors with no DSM-IV axis I mental disorders or alcohol consumption problems. The study was approved by the Slovenian National Medical Ethics committee (approval No. 117/06/10 and 148/02/1011).

Written informed consent was obtained from all the participants after they were informed about the scope of the study. At the baseline, all the demographic and clinical data of each patient were also recorded. Demographic variables included age, residence, marital status, academic years, and smoking status. In addition, questionnaires that evaluate comorbid psychosymptomatology were employed in all groups of participants. More specifically, depression and anxiety symptoms were accessed using the Zung Depression (Zung, 1965) and Anxiety (Zung, 1971) scale, social anxiety symptoms, using the Brief Social Phobia Scale (BSPS) (Davidson et al., 1997), drinking habits, and severity of alcohol use and dependence using the Alcohol Use Disorders Identification Test (AUDIT) (Rush et al., 2008), obsessive-compulsive traits, using the Yale-Brown Obsessive-Compulsive Scale (YBOCS) (Goodman and Price, 1992) and Obsessive-Compulsive Drinking Scale (OCDS) (Anton, 2000), and symptoms of aggression and hostility, were evaluated using the and the Buss-Durkee Hostility Inventory (BDHI) (Buss and Durkee, 1957). More information about the cohorts can be found in our previous articles (Plemenitas et al., 2015; Ilješ et al., 2021).



Molecular Genetic Analysis

DNA was extracted from whole blood for hospitalized alcohol-dependent patients and healthy controls, whereas DNA was extracted from buccal swabs for the abstinent alcohol-dependent group of patients. QIAamp Blood Mini kit was used for the DNA extraction from whole blood, collected using ethylenediaminetetraacetic acid (EDTA) and QIAamp Mini kit for the DNA extraction from buccal swabs, according to the manufacturer’s protocols (Qiagen GmbH, Hilden, Germany).

Genotyping was performed using fluorescence-based competitive allele-specific PCR (KASP) amplification combining KASP Master mix and custom validated KASP Genotyping Assays with a KASP reporting system, according to the manufacturer’s instructions (LGC Genomics, United Kingdom). Thermal cycling conditions are presented in Supplementary Table 1.



Statistical Analysis

The statistical analyses were performed with IBM SPSS Statistics, version 27.0 (IBM Corporation, Armonk, NY, United States). The cut-off for the statistical significance was set at 0.05. Pearson’s chi-square test was used to assess deviation from Hardy–Weinberg equilibrium (HWE) in healthy individuals for all studied polymorphisms. Additive and dominant genetic models were used in the analysis. To compare clinical characteristics between patient groups, we used Fisher’s exact test for categorical variables and the Kruskal–Wallis test with 2 degrees of freedom for continuous variables. Fisher’s exact test was also used to compare the frequencies of the rs10305420, rs6923761, and rs1800437 between the three studied groups. In logistic regression, odds ratios (ORs) and 95% confidence intervals (CIs) were determined. Age, residence place, marital status, academic years, and smoking status were considered as covariates and significant variables were used for adjustment in regression analysis. The association of genotypes with psychosymptomatology scores was evaluated using the Kruskal–Wallis and Mann–Whitney non-parametric tests for additive and dominant genetic models, respectively.




RESULTS

Our cohort comprised of 89 hospitalized alcohol-dependent patients, 98 abstinent alcohol-dependent patients, and 93 healthy controls with no alcohol dependence history (Table 1). Regarding the demographic characteristics, the median age of the hospitalized alcohol-dependent and abstinent alcohol-dependent patients was significantly higher compared to healthy controls (p < 0.001). The distribution of the years of education also differed among groups (p < 0.001), but there were no differences in residence place (p = 0.265). However, the majority of healthy controls and abstinent alcohol-dependent patients were smokers (p < 0.001) and had a partner (p = 0.005) in comparison with hospitalized alcohol-dependent patients (Table 1).


TABLE 1. Cohort’s characteristics.
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Regarding the questionnaires, differences were observed between the three groups in the scores of Zung Depression and Anxiety scale, YBOCS obsession and compulsion scale, AUDIT, OCDS, and BDHI questionnaires (all p < 0.05), but not for BSPS (p = 0.623) (Table 2 and Supplementary Table 2).


TABLE 2. Questionnaire scores.
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The genotype distributions for all the studied polymorphisms were in HWE for the healthy controls (GG: 65.6%, GC: 26.9%, CC: 7.5%; p = 0.068 for rs1800437, CC: 51.1%, CT: 37.8%, TT: 11.1%; p = 0.340 for rs10305420 and GG: 46.2%, GA: 45.2%, AA: 8.6%; p = 0.614 for rs6923761).

When comparing all three groups, no differences in the distribution of genotype frequencies were observed for any of the studied polymorphisms (p = 0.155 for rs1800437; p = 0.645 for rs10305420 and p = 0.632 for rs6923761) (Supplementary Table 3).

Given that both the groups of hospitalized and abstinent patients had the diagnosis of alcohol dependence, we merged these two groups into one and we compared the genotype frequencies with those of the healthy controls, an association was observed for GIPR rs1800437 GC (OR = 1.77, 95% CI = 1.02–3.09, p = 0.043) and GC + CC genotypes (OR = 1.69, 95% CI = 1.01–2.84, p = 0.045), but it did not remain statistically significant after adjustment for age, education, smoking, and partnership. No associations were observed for GLP1R polymorphisms (Table 3).


TABLE 3. Comparison of genotype frequencies between all alcohol-dependent patients and healthy controls.

[image: Table 3]
We also compared each group of alcohol-dependent patients with the controls separately. When comparing genotype frequencies between abstinent alcohol-dependent patients and healthy controls, no statistically significant difference was observed for any of the three studied polymorphisms, neither before nor after adjustments for age, education and smoking (Supplementary Table 4).

However, GIPR rs1800437 GC + CC and GC genotypes were significantly more frequent in hospitalized alcohol-dependent patients than in healthy controls (OR = 2.13, 95% CI = 1.17–3.87, p = 0.013 and OR = 2.21, 95% CI = 1.16–4.19, p = 0.015, respectively). The association remained statistically significant for GC + CC genotypes in the dominant model after adjustment for age, education, smoking, residence, and partnership (OR = 2.42, 95% CI = 1.07–5.48, p = 0.035). No significant differences in GLP1R genotype frequencies’ distribution were observed between these two groups (Table 4).


TABLE 4. Comparison of genotype frequencies between hospitalized alcohol-dependent patients and healthy controls.

[image: Table 4]
Regarding the potential relation between the studied polymorphisms and psychosymptomatology scores, we observed a statistically significant association between GIPR rs1800437 CC genotype and lower BSPS scores in the abstinent alcohol-dependent patients (p = 0.033) (Figure 1A). GIPR genotypes were not associated with any of the other psychosymptomatology scores (Table 5).
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FIGURE 1. (A) Association between GIPR rs1800437 and BSPS score in healthy controls (left), abstinent (middle) and hospitalized alcohol-dependent (right) patients. (B) Association between GLP1R rs6923761 and Zung anxiety score in healthy controls (left), abstinent (middle) and hospitalized alcohol-dependent (right) patients.



TABLE 5. Associations between GIPR rs1800437 and the assessed psychosymptomatology scores.
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No statistically significant associations were observed between GLP1R rs10305420 and the assessed psychosymptomatology scores in any of the study groups (data not shown). However, GLP1R rs6923761 AA genotype was associated with lower Zung anxiety scores among healthy controls (p = 0.021) (Figure 1B and Supplementary Table 5).



DISCUSSION

We conducted a pilot study to investigate the role of GLP1R rs10305420 and rs6923761 and GIPR rs1800437 in alcohol dependence and related psychosymptomatology in a cohort of hospitalized alcohol-dependent patients, abstinent alcohol-dependent patients, and healthy individuals. To our knowledge, this is the first study that focuses on the role of GIPR on alcohol dependence and one of a few that investigated the relation of GLP1R with alcohol dependence in humans (Koole et al., 2011; Suchankova et al., 2015).

According to our results, GIPR rs1800437 genotypes were associated with an increased risk of alcohol dependence. No statistically significant associations were found for GLP1R rs10305420 and rs6923761 with alcohol dependence. We also observed statistically significant association between GIPR rs1800437 GG genotype and BSPS scores in the abstinent alcohol-dependent patients as well as the association between GLP1R rs6923761 GG genotype and Zung anxiety scores in healthy controls.

It is crucial to mention that this is the first study that indicates the involvement of GIPR in alcohol dependence and alcohol-related comorbid psychosymptomatology. The potential participation of GIP and its receptor in the etiology and pathophysiology of alcohol is limited. We know that GIPR is expressed in the adult rat hippocampus, a brain region related to memory (Nyberg et al., 2005). An animal model study has shown that mice with GIPR deficiency have synaptic plasticity deterioration, impaired neurogenesis, and learning disabilities (Faivre et al., 2011). Interestingly, GIP regulates progenitor cell proliferation (Nyberg et al., 2005) and neurotransmitter release and has a protective role on the synapses during synaptic plasticity (Gault and Hölscher, 2008). Alcohol use impacts the activity of the synapses, i.e., the points of contact between neurons, which affects the transmission of the information from one neuron to the next (Nestler and Aghajanian, 1997). Further studies are therefore needed to elucidate the role of GIPR genetic variability in AUD.

Regarding GLP-1, we observed an association between GLP1R rs6923761 GG genotype and Zung anxiety scores in healthy controls, but not between GLP1R rs10305420 and rs6923761 and alcohol dependence. Our results are in contrast with the findings of preclinical and clinical studies. An animal study indicated an interaction between alcohol use and the GLP-1 system, which might further elucidate the role of GLP-1R containing brain areas in reducing alcohol reinforcement through GLP-1R agonists and support the usage of GLP-1R as potential treatment targets for AUD. More specifically, the expression of the GLP-1 receptor in nucleus accumbens, which is the neural interface between motivation and action, was increased in high alcohol-consuming rodents compared to those under low alcohol consumption (Vallöf et al., 2019). In addition, Suchankova et al. (2015) investigated the impact of GLP-1R genetic variability on AUD in humans and a mouse model. Initially, they performed a case-control study that included 670 AUD patients and 238 controls with no current or past alcohol abuse. Then, the emerged significant associations were examined on a genome-wide association cohort of 1,917 patients with alcohol dependence and 1,886 healthy individuals. For functional validation of the findings, they included 84 participants who underwent intravenous self-administration of alcohol. To evaluate brain activity changes, they performed functional magnetic resonance imaging (fMRI) in 22 patients with alcohol dependence. Finally, they investigated the impact of GLP-1R agonism on alcohol dependence in a mouse model. Overall, their results indicated that the rs6923761 A (Ser) allele was nominally associated with increased AUD. Also, rs6923761 heterozygotes had higher alcohol self-administration and higher Blood-oxygen-level-dependent imaging (BOLD) signal in the globus pallidus when participants received rewarding outcomes during the Monetary Incentive Delay task. Lastly, from the preclinical model emerged a significant reduction of alcohol use after pharmacological GLP-1R agonist (Suchankova et al., 2015). An earlier in vitro study has also shown that rs6923761 has a functional role, given that the A (Ser) allele is associated with reduced GLP-1R expression levels in the cell’s surface (Koole et al., 2011). In our study, only potential association with psychosymptomatology was observed for rs6923761, while no differences in genotype frequencies were observed among different groups.

Regarding GLP-1 and its influences on reward processing through globus pallidus, ventral tegmental area and nucleus accumbens could explain detected association of GIPR rs1800437 and social anxiety scores, since neural activation in globus pallidus, among others, is associated with social phobia and anxiety disorders (Hattingh et al., 2013; Suchankova et al., 2015; Ashworth et al., 2021). Decreased connectivity between the nucleus accumbens and putamen was also reported in connection with social anxiety disorder. To the best of our knowledge, no human study explored the association of GLP-1 and GIP on the expression of anxiety symptoms. GLP-1 receptor gene polymorphism rs1042044 was associated with anhedonia, a symptom of major depressive disorder (Eser et al., 2020). Another human study reported about abnormal gene expression of GLP-1R in post-mortem brain of individuals with mood disorder (Mansur et al., 2019). The gut-brain axis with gastrointestinally derived neuropeptides like GLP-1, are emerging as potential key regulators of anxiety behavior. A study performed on rats reported chemogenetic activation of neurons and anxiolytic response. Another animal studies on rats reported anxiogenic and antidepressant effects of GLP-1 receptor stimulation and anti-anxiety effect of liraglutide which is GLP-1 agonist (Sharma et al., 2015; Anderberg et al., 2016). So further studies on this are warranted to elucidate this issue.

Nevertheless, our study has some limitations, such as the small sample size, and the lack of data on metabolic parameters of the participants. Given that age and the proportion of smokers differed between the three studied groups, differences in subjects’ characteristics were considered as an adjustment in logistic regression analysis. Another limitation is the inclusion of a cohort comprised only of male participants. However, it should be noted that all animal model studies focus on male animals, and the innovative research of Suchankova mentioned above also indicated that the association between AUD and GLP-1R was more significant in men (Suchankova et al., 2015). In a mice AUD model, it has been shown that males and females are different in terms of alcohol consumption and response during the potential forced abstinence, which is known to affect interconnected networks of neural circuits that are associated with depression and anxiety symptoms. Female mice consumed more alcohol, but they could transit to an abstinence-induced depressive state more quickly than male mice (Dao et al., 2020). Murano et al. (2017) found a similar pattern of gene activity in the hippocampus and the prefrontal cortex of men with alcoholism and infants’ developing brains, but not with women. These brain regions are associated with memory deficiency and cognitive problems, which are also symptoms of patients with alcoholism. They concluded that it is possible that these two brain region alterations are associated with the predisposition of patients to the alcohol abuse (Murano et al., 2017).

Concluding, our pilot study revealed a potential association between GIPR and alcohol dependence. Confirming this association in studies with bigger sample sizes and deciphering the role of genetic susceptibility may help with the identification of high-risk individuals and may also open the way to conceive novel treatment strategies.
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Nicotine is the primary addictive component in cigarette smoke, and dopamine release induced by nicotine is considered a significant cause of persistent smoking and nicotine dependence. However, the effects of nicotine replacement therapy on smoking cessation were less effective than expected, suggesting that other non-nicotine constituents may potentiate the reinforcing effects of nicotine. Harmane is a potent, selective monoamine oxidase A (MAO-A) inhibitor found in cigarette smoke, but showed no effect on nicotine self-administration in previous studies, possibly due to the surprisingly high doses used. In the present study, we found that harmane potentiated nicotine self-administration on the fixed ration schedule at the dose related to human cigarette smoking by the synergistic effects in up-regulating genes in addiction-related pathways, and the effect was reduced at doses 10 times higher or lower than the smoking-related dose. The smoking-related dose of harmane also enhanced the increase of locomotor activity induced by nicotine, accompanied by increased dopamine basal level and dopamine release in the nucleus accumbens through MAO-A inhibition. Our findings provided new evidence for the important role of non-nicotine ingredients of tobacco products in smoking addiction.
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INTRODUCTION

According to the Federal Trade Commission Cigarette Report, cigarette sales went up for the first time in 20 years (Ma et al., 2022). High cigarette smoking rates are attributed to nicotine, the main component of tobacco products (Benowitz, 1992, 2010). However, nicotine is only one of more than 8,000 chemical constituents in tobacco products (Rodgman and Perfetti, 2008). Nicotine replacement therapy is not enough to relieve withdrawal symptoms in smokers (Rose et al., 2000). Other non-nicotine components in tobacco products contribute to smoking addiction, but underlying mechanisms are unclear (Rose, 2006). Nicotine stimulates dopamine release by activating dopamine neurons, which induces the rewarding effects (Rice and Cragg, 2004; De Biasi and Dani, 2011). Monoamine oxidase is responsible for dopamine metabolism, and brain monoamine oxidase activity in smokers is significantly lower than that of non-smokers (Fowler et al., 1996a,b). Inhibition of monoamine oxidase increases nicotine-induced dopamine release and reinforces the rewarding effects of nicotine (Meyer et al., 2006; Lewis et al., 2007).

MAO has two isoenzymes: MAO-A and MAO-B (Weyler et al., 1990). Although MAO-A and MAO-B have been shown to metabolize dopamine in vitro, MAO-B is absent in dopaminergic neurons and does not affect baseline dopamine levels, whereas MAO-A is primarily responsible for dopamine metabolism in the brain (Butcher et al., 1990; Cho et al., 2021). Previous work focused only on the effects of medicinal or clinical MAO inhibitors (Guillem et al., 2005, 2006; Villégier et al., 2006; Smith et al., 2016). Little evidence is available about the potentiating effect of MAO inhibitors in tobacco products. Among the monoamine oxidase inhibitory components in cigarette smoke components, two potent inhibitors were found in cigarette smoke to affect monoamine oxidase, harmane and norharmane (Poindexter and Carpenter, 1962; Ho et al., 1968; Rommelspacher et al., 2002; Herraiz and Chaparro, 2005). Norharmane was shown to enhance low-dose nicotine self-administration possibly through the MAO-A inhibition (Arnold et al., 2014). The inhibitory ability of harmane to MAO-A is about 20 times that of norharmane (Herraiz and Chaparro, 2005). During short-term smoking cessation in smokers, the plasma levels of harmane instead of norharmane were significantly correlated with the brain MAO-A activity (Bacher et al., 2011). Therefore, it was speculated that harmane might also potentiate the reinforcing effects of nicotine, but harmane did not affect nicotine self-administration in previous studies. However, it is worth noting that harmane was used at doses much higher than those found in tobacco smoke (equivalent to smoking 100–5000 cigarettes a day) and was pre-injected rather than co-administered with nicotine in these studies (Villégier et al., 2006; Hall et al., 2014). On the one hand, the activity of neurons in the nucleus accumbens were inhibited by excessive doses of harmane (Ergene and Schoener, 1993). On the other hand, the monoamine oxidase inhibition of harmane might resulted in the loss of the potentiation of nicotine reinforcing effect (Smith et al., 2016). New findings might have emerged if harmane doses were designed according to human smoking levels.

In addition to the MAO-A inhibition, harmane has various other properties, including psychoactive and pharmacological effects (Adell and Myers, 1994; Aricioglu and Altunbas, 2003; Aricioglu and Utkan, 2003; Aricioglu-Kartal et al., 2003; Khan et al., 2017). Since the potential effects of harmane may enhance or reducenicotine reinforcement, we performed an RNA-seq study to explore the synergistic effects of harmane and nicotine in regulating the expression of addiction related genes.

Therefore, this study focused on the potentiation mechanism of harmane on the reinforcing effects of nicotine. Firstly, the effect of harmane on nicotine reinforcement was investigated. Secondly, the effects of harmane and nicotine on the basal levels and dopamine release were determined. Thirdly, the potentiation mechanisms of harmane on the reinforcing effects of nicotine were investigated. Finally, the potential synergistic effects of harmane and nicotine in regulating the expression of addiction-related genes were explored. Our results demonstrate that at the dose related to human smoking, harmane potentiates the reinforcing effects of nicotine through MAO-A inhibition and the synergistic effects of harmane and nicotine up-regulated genes in addiction-related pathways.



MATERIALS AND METHODS


Animals

Male Sprague Dawley rats (7 weeks, 200–250 g) were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. When arrived in the laboratory, rats were placed in temperature, humidity, and pressure-controlled cages (light on from 8:00 p.m. to 8:00 a.m., test during dark time) and acclimated for a week before experiments. Rats were housed individually in cages with steel lids (for food storage) and filter tops and allowed free access to adequate water and food before the experiment. After starting the experiment, the rats were given ∼10 g (2∼3 pills) of food per day to keep weight. The experimental procedures were conducted according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals. The procedures were approved by the Laboratory Animal Management and Ethics Committee of China National Tobacco Quality Supervision and Test Center (Approval Number: CTQTC-SYXK-2021002).



Drugs

Nicotine bi-L-(+)-tartrate dihydrate was purchased from TCI (N0080). Harmane was purchased from MCE (HY-101392). Drugs were dissolved in 0.9% sterile saline (pH 7.0–7.4). Since harmane cannot be directly dissolved in 0.9% sterile saline, harmane was pre-dissolved with tartaric acid (TCI, T0025) solution consistent with nicotine bi-L-(+)-tartrate dihydrate. The drug solution was prepared freshly and stored at 4°C immediately after use. The doses of harmane in this study were selected according to the ratio of harmane and nicotine in the cigarette smoke based on the human daily smoking levels. Moreover, the harmane in our research was self-administered with nicotine rather than pre-injected in our study to simulate the situation of human smoking.



Self-Administration Procedures

Before the experiment, the surgical instruments were sterilized with 70% ethanol and irradiated under ultraviolet light for 30 min. Rats were anesthetized with isoflurane and injected intramuscularly with Zoletil™ 50 (Virbac). An electric shaver was used to remove hair from the right chest and part of the back of the rat. The pulsating jugular vein was found in the rat’s right chest, and a pre-sterilized silicone tube was inserted. After the silicone tube is fixed, connect the other end of the silicone tube to the self-administration button (Instech, VABR1B/22) on the back. Silicone tubes were ventilated with saline containing heparin sodium and penicillin per day after the surgery. Rats were allowed to recover for at least 7 days before self-administration.

Self-administration program started without food training since food training enhances self-administration in rats (Valentine et al., 1997; Donny et al., 1998; Clemens et al., 2010; Garcia et al., 2014). Fixed ratio (FR) self-administration programs were used in this study (Weiss, 2013), where the number following FR represents the number of responses required to obtain a single drug injection. In FR1, FR2, and FR3 schedule, 1, 2, and 3 responses must be produced in order to obtain injections (Cooper et al., 2007). Rats were placed in the operant chambers for 1 h with FR1, FR2, FR3 self-administration schedule on days 1–4, 5–12, and 13–27, allowing rats to learn longer at higher FR. When an infusion is triggered, the chamber’s light will be turned off for 20 s, accompanied by a beeping sound for 1 s. During the light-off period, the nosepoke is invalid but still recorded.



Open-Field Experiments

A total of 24 rats (6 in each of 4 groups) were used for subcutaneous injection, including 14 day saline (S), 14 day 10 μg/kg harmane (H), 14 day 300 μg/kg nicotine (N), and 14 day 300 μg/kg nicotine + 10 μg/kg harmane (N + H) (equivalent to the harmane smoked by a smoker with 20 cigarettes/day). Rats were given 10 ± 0.5 g of food per day to reduce the effects of the diet and weight. Open field experiments refer to the method in JOVE (Seibenhener and Wooten, 2015). For the locomotor activity test, rats were free to move around in the open field for 10 min. The central area of the open field was defined as 60 cm × 60 cm. The total distance represented the locomotor activity and correlated with nucleus accumbens dopamine release in rats. Before testing, rats were adapted to the testing room for 30 min. Rats were placed in the open field before the first injection and 5 min after the last injection. The background was snapshotted before the experiment as a reference value.



MAO-A Level, MAO-A Activity, and Dopamine Level Determination

Rats were anesthetized with Zoletil 1 h after the last injection (refer to blood harmane return to baseline levels within 1 h after smoking a cigarette) and decapitated. The rat brains were washed and taken out with PBS in an ice-water mixture. Nucleus accumbens was extracted referred to the method of Jacobs et al. (2004). Pre-sterilized 0.5 mm iron bead was added to each ep tube and shook 20 times at 60 Hz for 30 s by Tissuelyser (Shanghai Jingxin, JXFSTPRP).

The homogenized samples were first centrifuged at 2000 rpm for 20 min, and 200 μL of the supernatant was taken to determine MAO-A activity and MAO-A level. The remaining samples were centrifuged at 5,000 rpm for 10 min (according to the recommended centrifugation speed of kits). The supernatants were filtered with a 0.22 μm membrane before determination. MAO-A activity was determined by the MAO-Glo™ Assay Systems kit (Promega, v1402). 10 nM (1.7 ng/mL) rasagiline in DMSO (Shanghai yuanye, S24846) was added to each well to reduce the influence of MAO-B. MAO-A and dopamine levels were detected using the Rat MAO-A ELISA kit (Laibio, JL39022) and Rat Dopamine ELISA kit (Laibio, JL12965). Fluorescence and luminescence were measured using the multimode microplate reader (Spark®, TECAN).



Microdialysis and Dopamine Detection

A total of 17 rats were used for microdialysis after subcutaneous injection, 10 μg/kg harmane (n = 4), 300 μg/kg nicotine (n = 7), and 300 μg/kg nicotine + 10 μg/kg harmane (n = 6) (equivalent to the nicotine and harmane smoked by a smoker with 20 cigarettes/day). Rats were anesthetized with isoflurane and injected intramuscularly with Zoletil™ 50 (Virbac). An electric shaver was used to remove hair on the top of the head. Microdialysis probes and cannulas (CMA/12, cat No. 8010432) were sterilized with UV light before use. Anesthetized rats were head-fixed on the stereotaxic apparatus (RWD, 68025). According to the rat brain stereotaxic reference book (Paxinos and Watson, 2006), the position of the nucleus accumbens shell was set as AP: +2.5 mm, ML: +1.4 mm, and DV: -7.0 mm. The microdialysis experiment was performed 3–5 days after the recovery of the rat after the cannula implantation surgery. The rats were kept for 2 h after connecting to the microdialysis device to keep the baseline stable. The flow rate of microdialysis was set at 2.5 μl per minute, and samples were collected every 10 min. Each rat was measured with 10 time points, the first 4 points were the baseline values, and the drug was injected from the 4th point. The detection of dopamine uses high-performance liquid chromatography combined with an electrochemical detector (HPLC-ECD).



RNA-Seq Study

Rats were anesthetized, decapitated, and brains removed within 2 h of the last self-administration. The nucleus accumbens of the rat was taken out for RNA-seq. After taking out the rat brain, blood and impurities were washed out with pre-chilled PBS. Nucleus accumbens was taken using a brain mold in an ice-water mixture and were immediately put into a liquid nitrogen box for storage. The samples were sent to Beijing Genomics Institute (BGI), where the RNA extraction and library construction were performed. High-throughput sequencing was completed using the BGISEQ-500 sequencing platform (Drmanac et al., 2010).



Statistical Analysis

Data analysis was mainly based on ANOVA of repeated measures, multiple comparisons, and t-tests when appropriate through Graph pad prism 8.0. Data were represented in the figure as the mean ± SEM. The RNA-seq data were analyzed using the online analysis system Dr. Tom provided by BGI,1 and the visualization tool provided by Dr. Tom includes the drawing of bubble diagrams and Venn diagrams. Significance levels were set as *p < 0.05, **p < 0.01, ***p < 0.001 and the screening conditions for differential genes were set as | log2FoldChange| > 0.5 and Q-value < 0.05.




RESULTS


Harmane Potentiated Nicotine Self-Administration at the Dose Related to Human Smoking

A total of 49 rats (7 in each of 7 groups) were used for self-administration. In 3R4F cigarette smoke, the content ratio of harmane and nicotine is about 1:30 (Jaccard et al., 2019; van der Toorn et al., 2019). Therefore, groups in the rat self-administration experiment were set as: Saline (S), Nicotine (30 μg/kg/inj) (N), Harmane (1 μg/kg/inj) (1H), Nicotine (30 μg/kg/inj) + Harmane (1 μg/kg/inj) (N + 1H). The timeline of self-administration in rats is shown in Figure 1A, starting with FR1 for 4 days, followed by conversion to FR2 for 8 days, and finally FR3 for 15 days. The doses administered in each group of rats remained the same from FR1 to FR3, thus requiring more responses in FR2 and FR3 to maintain drug intake. FR1 was to allow rats learn self-administration (Chen et al., 2007), and FR2 to FR3 were used to investigate the maintenance and reinforcement of drugs (Sorge et al., 2009; De La Peña et al., 2015).
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FIGURE 1. Self-administration of smoking-related doses of nicotine and harmane in rats. (A) Timeline of 1 h/day self-administration. (B) Number of infusions in FR1-FR3 self-administration. White circle, saline group (S); gray inverted triangle, 1 μg/kg/inf harmane group (1H); blue triangle, 30 μg/kg/inf nicotine group (N); red square, 30 μg/kg/inf nicotine + 1 μg/kg/inf harmane group (N + 1H). The number of infusions in FR2-FR3 was significantly increased in the N + 1H group compared to the N group (**p < 0.01), while there was no significant difference from FR1 to FR3 in the H and S groups (–p > 0.05). (C) Average infusions in the FR1-FR3 last 4 days in each group. The number of infusions increased significantly from FR1 to FR3 in the N + 1 group (**p < 0.01 from FR1 to FR2 and *p < 0.05 from FR2 to FR3), while other groups did not increase. (D) Histograms of the response data in FR1. Active responses were significantly higher in all groups than inactive responses (*p < 0.05). Data are presented in the figure using mean ± SEM.


Rats in the nicotine group (N) actively self-administered nicotine compared to the S group in the last 4 days of FR2 and FR3 (*p < 0.05) but not in FR1 (–p = 0.0725). Rats in the N group maintained stable self-administration (p > 0.05 between FR1, FR2, and FR3) (Figures 1B,C). Rats in the harmane + nicotine group (N + 1H) showed active self-administration in the last 4 days of each FR (*p < 0.05) compared to the S group and FR2-FR3 to those of N group (–p = 0.1142, **p = 0.0048 and **p = 0.0023 for FR1-FR3) (Figures 1B,C). Comparing the last 4 days of each FR, harmane + nicotine further potentiated the number of infusions from FR1 to FR3 (FR2 vs. FR1 **p = 0.0181 and FR3 vs. FR2 *p = 0.0343) (Figure 1C). No significant difference (–p = 0.7465, 0.6168, and 0.4508) was found between the S and H groups (p > 0.05) in the last 4 days of FR1-FR3 (Figures 1B,C). Rats in all groups learned to self-administer (p < 0.05 between active and inactive nosepokes) through the nature of nosepoke without food training in the FR1 program (Figure 1D). The results indicated that harmane potentiated nicotine self-administration but showed no reinforcing effects alone.

Reduced Potentiating Effect of Harmane on Nicotine Self-administration at Doses Not Related to Human Smoking.

To further examine the effects of harmane at different doses on nicotine reinforcement, nicotine (30 μg/kg/inj) + harmane (10 μg/kg/inj) (N + 10H) and nicotine (30 μg/kg/inj) + harmane (0.1 μg/kg/inj) (N + 0.1H) were also designed. The timeline of self-administration in rats was referred to the timeline in Figure 1A without RNA-seq study. As expected, no significant potentiating effects were shown in harmane at 10 times doses on nicotine self-administration in each FR (–p = 0.4378, 0.7720, and 0.7423) (Figures 2A,B). Nicotine self-administration were not affected by 0.1 μg/kg/inj harmane in the last 4 days of FR1 and FR2 (–p = 0.9946 and 0.9531), but a significant increase was found in the last 4 days of FR3 (*p = 0.0150) compared to those of N group (Figures 2A,B). The reinforcing effect of harmane at 1 μg/kg/inj (N + 1H) was significantly higher than at 10 and 0.1 μg/kg/inj in the last 4 days of FR3 [one-way ANOVA, F(3.000, 7.544) = 66.00, N + 1H vs. N + 10H **p = 0.0018 and N + 1H vs. N + 0.1H **p = 0.0085] (Figure 2B). A main effect of harmane doses was revealed by 3 × 4 two-way ANOVA [F(2.174, 13.04) = 15.42, p = 0.0003] but not FR [F(1.834, 11.00) = 1.636, p = 0.2383], and no significant interaction between harmane dose and FR [F(2.299, 13.79) = 2.493, p = 0.1138] (Figure 2C). Both N + 10H and N + 0.1H groups learned to self-administer in FR1 (p < 0.05 between active and inactive nosepokes) (Figure 2D). The results indicated that harmane potentiated nicotine self-administration within a range of doses and the potentiating effect was reduced at doses beyond this dose range. The results of the number of responses were consistent with the results of the number of infusions (Supplementary Figure 3).
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FIGURE 2. Self-administration of nicotine with different doses of harmane in rats. (A) Number of infusions in FR1-FR3 self-administration. Blue square, 30 μg/kg/inf nicotine group (N); pink square 30 μg/kg/inf nicotine + harmane (0.1 μg/kg/inf, N + 0.1H), red square, nicotine + harmane (1 μg/kg/inf, N + 1H) and brown square, nicotine + harmane (10 μg/kg/inf, N + 10H). The number of infusions in FR2-FR3 was significantly increased in the N + 1H group compared to the N group (**p < 0.01), while the N + 0.1H group was only significantly higher in FR3 (*p < 0.05), and the N + 10H group had no significant difference compared to the N group (–p > 0.05). (B) Infusions in the FR1-FR3 last 4 days in each group. The number of infusions increased significantly from FR1 to FR3 in the N + 1 group (**p < 0.01 from FR1 to FR2 and *p < 0.05 from FR2 to FR3), while other groups did not increase. (C) Histograms of the response data in FR1. Active responses were significantly higher in all groups than inactive responses (*p < 0.05). Data are presented in the figure using mean ± SEM.




Harmane Increased Basal Levels of Dopamine by Inhibiting MAO-A and Synergized With Nicotine to Potentiate Locomotor Activity in Rats

One of the striking differences between nicotine and other addictive drugs concerns its locomotor effects. Unlike other addictive drugs enhance locomotor activity, nicotine showed weak or no effect in animals (Villégier et al., 2006). Unlike other addictive drugs enhance locomotor activity, nicotine showed weak or no effect in animals (Marks et al., 1983; Freeman et al., 1987; Whiteaker et al., 1995), but the synergistic effects of nicotine with MAO inhibitors resulted in increased locomotor activity (Villégier et al., 2003, 2006). Since harmane is a potential monoamine oxidase inhibitor, we used open field tests to examine whether the synergistic effects of harmane and nicotine cause locomotor activity changes in rats. The injection dose of nicotine and harmane was set at 300 μg/kg/day and 10 μg/kg/day (30:1) (Figure 3A), equivalent to the nicotine and harmane intake through 20 cigarettes by a smoker a day (Matta et al., 2007).
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FIGURE 3. (A) Timeline of subcutaneous administration in rats. (B) Effects of nicotine and harmane on the open field total distance of the rats in S, H, N, and N + H groups after drug injection. Rats in the N + H group significantly increased the open field total distance (**p < 0.01), while no significant difference were found in the other groups. (C) Effects of nicotine and harmane on the basal level of dopamine in the nucleus accumbens. Compared to the S group, the dopamine level in the H and N + H groups increased significantly (*p < 0.05), but there was no significant change in the N group. (D) Effects of nicotine and harmane on the activity of MAO-A in the nucleus accumbens (NAc) of rats. Compared to the S group, the MAO-A activity in the H and N + H groups decreased significantly (*p < 0.05), but there was no significant change in the N group. (E) Effects of nicotine and harmane on levels of MAO-A in the nucleus accumbens (NAc) of rats. No significant difference was found in the all four groups. Data are presented in the figure using mean ± SEM.


Rats in each group showed similar locomotor activity before subcutaneous injection of the drug (Supplementary Figure 1). A significantly increased locomotor activity were shown in the harmane and nicotine (N + H) groups than in the saline (S) group (**p = 0.0025) after 14 days of co-administration (Figure 3B). Harmane and nicotine alone did not induce significant change in locomotor activity (p > 0.05 compared to the S group). These findings indicated that the synergistic effects of harmane and nicotine rather than alone caused the increase in locomotor activity.

MAO-A inhibition proved to increase basal levels of dopamine by inhibiting dopamine metabolism, which increases dopamine release upon stimulation of neuronal signaling (Cho et al., 2021). Although harmane is a MAO-A inhibitor in vitro studies (Herraiz and Chaparro, 2005), whether harmane can cause MAO-A inhibition and increase basal dopamine levels have not been investigated. Therefore, immunoassays (ELISA kits for dopamine determination) were used to examine whether harmane potentiates nicotine reinforcement by increasing basal dopamine levels. Since the nucleus accumbens is the main brain area for dopamine release, metabolism and recycling in the drug reward pathway (Di Chiara et al., 2004), the samples used were the nucleus accumbens of rats that completed the open-field experiments. A significant increase in the dopamine basal level of in the nucleus accumbens was found in the H and N + H groups (*p = 0.0240 and 0.0402) (Figure 3C). Nicotine alone or in combination with harmane did not significantly affect dopamine levels (*p = 0.2868 and 0.2771) (Figure 3C). Elevated baseline dopamine levels induced by harmane provided a basis for harmane to increase nicotine-induced dopamine release (Cho et al., 2021).

In addition to examining basal dopamine levels, we asked whether these changes are induced by harmane-induced MAO-A inhibition. The inhibition of MAO-A is not only related to the inhibition of MAO-A activity but also associated with the expression levels of MAO-A also contribute to MAO-A activity. Therefore, the effects of nicotine and harmane on MAO-A in the nucleus accumbens were examined. The samples used to determine MAO-A levels, and MAO-A activity was the nucleus accumbens of rats that completed the open field experiment. Instead of causing changes in MAO-A levels in nucleus accumbens (Figure 3E), harmane inhibited MAO-A activity (**p = 0.0078) (Figure 3D). Nicotine alone did not cause changes in MAO-A activity (–p > 0.05), nor did it synergize with harmane (–p > 0.05 compared H group to the NH group) (Figure 3D).



Harmane Potentiated and Prolonged Nicotine-Induced Dopamine Release

Smoking-related doses of harmane induced MAO-A inhibition in nucleus accumbens and increased dopamine basal levels. To verify whether harmane increased nicotine-induced dopamine release, a microdialysis study was performed (Figure 4A). The injection dose of nicotine and harmane was set at 300 μg/kg and 10 μg/kg (consistent with behavioral experiments). Nicotine-induced dopamine release within 20 min of drug injection (**p = 0.0014), and dopamine returned to basal levels after 30 min (–p > 0.05 compared to basal levels) (Figure 4B). The synergistic effects of harmane with nicotine increased the release of dopamine (*p = 0.0263 compared to N group) in the first 20 min, and maintained high levels of extracellular dopamine in 40 min after injection (*p = 0.0375 comparing the N + H group with the N group) and returned to basal levels after 50 min (Figure 4C). No significant effects were found on baseline extracellular dopamine levels of the H group (–p > 0.05 compared to baseline, not shown in the figure). Results indicated that harmane may potentiate nicotine reinforcement through a mechanism of increasing the dopamine release induced by nicotine.
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FIGURE 4. (A) Timeline of microdialysis study. (B) Effects of nicotine alone on dopamine release in nucleus accumbens. Significant dopamine release was showed in N group within 20 min of drug injection (**p < 0.01). (C) Effects of harmane and nicotine on dopamine release in nucleus accumbens. N + H group showed significantly increased release of dopamine compared to N group (*p < 0.05) in the first 20 min, and maintained high levels of extracellular dopamine in 40 min after injection compared to N group (*p < 0.05). Data are presented in the figure using mean ± SEM.




The Synergistic Effects of Harmane and Nicotine Increased the Number of Genes Affected in Addiction-Related Pathways

In addition to being an MAO-A inhibitor, harmane has other psychoactive and pharmacological effects that may contribute to nicotine reinforcement. To further reveal these potential effects, transcriptomic analysis of the nucleus accumbens of rats in the S, 1H, N, and N + 1H groups were performed by RNA sequencing (RNA-Seq) after self-administration studies. The N + 1H group was chosen because it has a higher potentiating effect than the N + 0.1H and N + 10H groups. Considering that 1H group hardly self-administered harmane, we injected the rats in group H with the dose of harmane equivalent to the N + H group in the last 4 days of FR2 (10 inf × 1 μg/kg/inf = 10 μg/kg) to hold the 30:1 ration. Injecting harmane did not alter harmane infusions (–p = 0.1152) between the last 4 days of FR2 and FR3 of the 1H group. Nucleus accumbens samples from the 4 groups of rats were renamed SAL, HAR, NIC, and NH, such that SAL_NAC_1 refers to the nucleus accumbens of the first rat in the saline group.

The transcriptomes of the HAR, NIC, and NH groups were compared with those of the S group, and the resulting differentially expressed genes (DEGs) (| log2FC| > 0.5 and Q-value < 0.05) were represented by Venn diagrams (Figure 5A. We focused on the DEGs in NH groups, as the synergistic effect of harmane and nicotine showed the strongest self-administration. For the DEGs in the NH group, 290 + 376 DEGs were induced by the administration of nicotine (section named NIC), 380 + 376 DEGs were induced by the administration of harmane (section named HAR), and the other 1271 DEGs were induced by the synergistic effects of harmane and nicotine (section named NH).


[image: image]

FIGURE 5. Analysis of differential genes and pathways in the nucleus accumbens transcriptome of self-administered rats. (A) Venn diagram of differential genes in three-group alignment. SAL, HAR, NAC, and NH refer to the S, 1H, N, and N + 1H groups. NAC refers to the nucleus accumbens. (B) Bubble plot of addiction-related pathways enriched for differential genes in the NH group. HAR, NIC, and NH refer to the intersection of HAR and NH (290 + 376), the intersection of NIC and NH (380 + 376), and the non-intersection of NH (1271). Bubble plot of pathways enriched by up-regulated (C) and down-regulated (D) genes in nucleus accumbens of NH group.


Next, the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis was performed according to the genes of each section (NIC, HAR, and NH sections) and found that addiction-related pathways were significantly enriched (Figure 5B). Not only the nicotine reinforcement and the dopaminergic neuron pathways have a significant response under the combined action of harmane and nicotine, but also the addiction pathways of other drug addiction (cocaine, morphine, amphetamine addiction, and alcoholism) and various other neurotransmitters (serotonin, glutamate, GABA, and choline) pathways all exhibit the responses that harmane and nicotine alone do not. In addition, the synergistic effect of harmane and nicotine also produced responses related to memory in the calcium signaling pathway, long-term potentiation, and long-term depression. It can be seen from the bubble chart responses induced by harmane and nicotine alone contributed only part of the effect, and more response genes were observed only in the co-administration of harmane and nicotine (Figure 5B).

To better understand the synergistic effects of harmane and nicotine on the nucleus accumbens, KEGG pathway enrichment analysis was performed for the DEGs that were up-regulated (Up) and down-regulated (Down) in the NH group (Figures 5C,D). We were surprised to find that the genes of the nicotine addiction and dopaminergic pathways were significantly up-regulated in the top 20 most significant pathways. The activation of the addiction-related pathways facilitated the reinforcement of self-administration and locomotor behaviors in rats. In addition, possibly due to increased dopamine release, the dopamine D2 receptor gene Drd2 was up-regulated, and the tyrosine hydroxylase gene Th was down-regulated (Supplementary Figure 2 and Supplementary Table 1), which might lead to a block in dopamine synthesis (El Mestikawy et al., 1986; Lindgren et al., 2001), and these effects might reflect the loss of potentiation at high doses of harmane. The genes of the top 20 most significant pathways downregulated by the synergistic effects of harmane and nicotine were not directly associated with addiction but were primarily associated with cancer and disease, reflecting the pharmacological functions of harmane and nicotine. Similar to the findings in self-administration and dopamine release, the synergistic effects of harmane and nicotine produced profound responses in the nucleus accumbens, including nicotine reinforcement and the dopaminergic pathways. Taken together, it can be speculated that with the increase of the dopamine release induced by the synergistic effects of harmane and nicotine, the addiction-related pathways are activated, and self-administration is potentiated (Dayan, 2009; Subramaniyan and Dani, 2015).




DISCUSSION

Our study demonstrated that, at the dose related to human cigarette smoking, (1) nicotine self-administration was potentiated by harmane and reduced at 10× or 0.1× doses; (2) locomotor activity was increased by the synergistic effects of nicotine and harmane; (3) dopamine basal levels and nicotine-induced dopamine release were increased by harmane through MAO-A inhibition; (4) the pathways related to nicotine reinforcement were reinforced by the synergistic effects of nicotine and harmane. These findings suggest that harmane, a non-nicotine component in tobacco products, plays a role in smoking addiction through MAO-A inhibition.

It is worth noting that appropriate doses and approaches were performed compared to previous studies of harmane and other MAO inhibitors-using the dose related to human cigarette smoking and co-injection with nicotine. Excessive doses of harmane inhibited the activity of nucleus accumbens neurons in a previous study (Ergene and Schoener, 1993). The level of harmane to activate neurons in the nucleus accumbens is comparable to the level achieved by cigarette smoke (Talhout et al., 2007). Our study suggests that there exists a dose range of harmane to show strengthening effects. Previous studies used harmane beyond this dose range, where harmane exhibited no effects. Similar to an earlier study of acetaldehyde strengthening nicotine self-administration, the three doses used in the study were only twofold different, causing acetaldehyde to lose its reinforcement. Interestingly, harmane is related to acetaldehyde since acetaldehyde reacts with tryptamine and 5-HT to produce harmane (Talhout et al., 2007). The intake of ethanol also increases harmane. The primary metabolite of ethanol is acetaldehyde (Collins, 1988), indicating that the conversion of ethanol and acetaldehyde into harmane may also be important factors to reinforce nicotine reinforcement.

The effect of MAO-A inhibition may not only directly inhibit MAO-A but can also affect the MAO-A through gene and protein alteration. Previous studies on harmane inhibition of MAO-A were conducted in vitro, which were inappropriate since another factor was overlooked - the level of MAO-A. This study demonstrated that subcutaneous injection of smoking-related doses of harmane inhibited rat brain MAO-A activity rather than affected the expressions. Therefore, we not only examined the inhibition of MAO-A by harmane but also examined the effect of harmane on MAO-A levels and proved that harmane only inhibited MAO-A but not the expression of MAO-A. Similar to the inhibition of human brain MAO-A by smoking, the inhibition of harmane on MAO-A at a dose related to smoking is also partial. With the assistance of harmane, nicotine-induced dopamine release increased, and thus nicotine reward was reinforced. Other drugs may become more addictive when combined with harmane as well, since inhibition of MAO-A and drugs involved in the dopaminergic reward pathway may be affected and become an addiction-susceptible state. Future research should provide greater insight into the properties of other substances in cigarette smoke that may significantly affect nicotine reinforcement, even if they are weak or non-addictive.

Interestingly, the combination of harmane and nicotine also affected other pathways. The pathways with neurotransmitters and other addictive substances are enhanced, possibly because harmane inhibiting MAO-A may cause changes in other neurotransmitters, as MAO-A metabolizes dopamine and participates in the metabolism of different neurotransmitters (Shih et al., 1999). Changes in these neurotransmitters may contribute to reinforcing addictive pathways, including nicotine. Glutamatergic (Tzschentke and Schmidt, 2003; Chen et al., 2021), cholinergic (Mansvelder et al., 2003), serotonergic (Dhonnchadha and Cunningham, 2008), and GABAergic (Xi and Stein, 2002) are potentially linked to drug addiction, revealing a reinforcing pathway for co-use of smoking and other addictive drugs. Harmane may inhibit addiction to these substances at high doses, as we found that harmane inhibit the expression of tyrosine hydroxylase (Th). Genes in some disease- and cancer-related pathways are down-regulated, which suggests pharmacological effects of nicotine and harmane.

There are several limitations exist in our studies. Firstly, we do not have a positive control for MAO-A inhibition, as these substances may affect nicotine addiction through other mechanisms and are not present in tobacco products (Lotfipour et al., 2011; Villégier et al., 2011). There are technical barriers to stable regulation of MAO-A activity by gene knockout and knock-in and may affect normal activities in rats (Bortolato et al., 2013; Singh et al., 2013). Secondly, due to the difficulty of in vivo detection of MAO-A and basal dopamine levels, these indicators are all detected in vitro and cannot reflect the changes of each rat before and after drug injection. Thirdly, the doses we used were based on 3R4F cigarette smoke, which might be different in other tobacco products. Fourthly, although subcutaneous nicotine injection is a common and convenient method of administration, the rate of nicotine uptake is relatively rapid compared with smoking. However, when nicotine is administered by injection, peak brain nicotine levels are significantly lower than those achieved by intravenous injection or smoking (Turner, 1975; Benowitz and Iii, 1984), so higher doses of nicotine were used in rats due to differences in metabolic rates between humans and rats (Gorrod and Jenner, 1975; Clarke and Kumar, 1983; Shoaib et al., 1994; Hukkanen et al., 2005; Matta et al., 2007). Finally, our study demonstrates the potentiation of harmane at the smoking dose, but revealing a maximum effect is time consuming. Despite these limitations, our findings underscore the importance of examining potential addiction-potentiating substances in tobacco products.

In conclusion, this study demonstrated that harmane, a monoamine oxidase inhibitor of tobacco smoke components, potentiated nicotine self-administration at human smoking-related doses. The involving mechanism of harmane is MAO-A inhibition which increases dopamine level nicotine-induced dopamine release. The nicotine pathway was strengthened by the synergistic effects of harmane and nicotine, which provided evidence of pathway changes contributing to nicotine reinforcement. Taken together, other non-nicotinic ingredients in tobacco products and their underlying mechanisms remain a need for further research, which helps to reveal the mechanism of smoking addiction and the factors that contribute to smoking.
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Exposure to a heroin-associated conditioned stimulus can reactivate drug reward memory, trigger drug cravings, and induce relapse in heroin addicts. The amygdala, a brain region related to emotions and motivation, is involved in processing rewarding stimulus. Recent evidence demonstrated that disrupting the reconsolidation of the heroin drug memories attenuated heroin seeking which was associated with the basolateral amygdala (BLA). Meanwhile, neural functions associated with learning and memory, like synaptic plasticity, are regulated by glycogen synthase kinase 3 beta (GSK-3β). In addition, GSK-3β regulated memory processes, like retrieval and reconsolidation of cocaine-induced memory. Here, we used a heroin intravenous self-administration (SA) paradigm to illustrate the potential role of GSK-3β in the reconsolidation of drug memory. Therefore, we used SB216763 as a selective inhibitor of GSK-3β. We found that injecting the selective inhibitor SB216763 into the BLA, but not the central amygdala (CeA), immediately after heroin-induced memory retrieval disrupted reconsolidation of heroin drug memory and significantly attenuated heroin-seeking behavior in subsequent drug-primed reinstatement, suggesting that GSK-3β is critical for reconsolidation of heroin drug memories and inhibiting the activity of GSK-3β in BLA disrupted heroin drug memory and reduced relapse. However, no retrieval or 6 h after retrieval, administration of SB216763 into the BLA did not alter heroin-seeking behavior in subsequent heroin-primed reinstatement, suggesting that GSK-3β activity is retrieval-dependent and time-specific. More importantly, a long-term effect of SB216763 treatment was observed in a detectable decrease in heroin-seeking behavior, which lasted at least 28 days. All in all, this present study demonstrates that the activity of GSK-3β in BLA is required for reconsolidation of heroin drug memory, and inhibiting GSK-3β activity of BLA disrupts reconsolidation and attenuates heroin relapse.

Keywords: addiction, heroin, amygdala, reconsolidation, GSK-3β, self-administration


INTRODUCTION

Opioid use disorder is a chronic recurrent brain disease caused by abnormal learning and memory patterns. And the symptom is the loss of substance use control. Drug-associated cues are important factors to promote the relapse to drug use. In addiction animal models, cues related to drug abuse can promote relapse (Davis and Smith, 1976; Dymshitz and Lieblich, 1987; Di Ciano and Everitt, 2004; Anker and Carroll, 2010). Once drug use occurs, it is possible to form the association between cues and reward-related memory that is not easily disrupted.

Same as other types of memories (Nader et al., 2000; Milekic and Alberini, 2002; Morris et al., 2006; Piva et al., 2019), drug reward memory experiences the process of acquisition, consolidation, retrieval, and reconsolidation. Once a consolidated drug memory is reactivated, it becomes unstable, allowing for modification or destruction by different treatments (Miller and Marshall, 2005; Lee et al., 2006; Wang et al., 2008; Lee, 2009; Li et al., 2010). The role of reconsolidation is critical in stabilizing the reactivated memory, involving de novo protein synthesis (Nader et al., 2000). Reconsolidation provides a time window, during which is expected to modify or even eliminate drug memory. Thus, disrupting reconsolidation of addiction memory is considered to be an effective measure of preventing relapse and drug seeking.

A large amount of evidence shows that pharmacological interventions disrupting reconsolidation of drug-reward memory are effective in relapse prevention. Using a conditioned place preference (CPP) or self-administration (SA) animal model, propranolol or rapamycin has been shown to effectively interfere with reconsolidation of drug memory and attenuate drug-seeking behavior (Lin et al., 2014; Xue et al., 2017; Chen et al., 2021; Zhang et al., 2021).

Glycogen synthase kinase-3 (GSK-3), a serine/threonine-protein kinase expressed widely in the mammalian brain, has essential roles in physiological activities like development, cell cycle, or apoptosis (Jope and Johnson, 2004; Medina et al., 2011). GSK-3β is a isoform of GSK-3, extensively involved in memory processing. The regulation of GSK-3β can affect neural functions like synaptic plasticity, which is the foundation of learning and memory (Banach et al., 2022; Li et al., 2022; Marosi et al., 2022). Also, GSK-3β regulates the structural and functional synaptic plasticity. GSK-3β deficient mice marked that memory reconsolidation and their ability to form long-term memories were impaired, suggesting that GSK-3β is important for normal brain function (O’Brien et al., 2004; Kimura et al., 2008; Kaidanovich-Beilin et al., 2009; Maurin et al., 2013). It has been detected that GSK-3β Ser21/9 phosphorylation levels changed during long-term potentiation (LTP) or long-term depression (LTD), which were essential for memory (Hooper et al., 2007; Peineau et al., 2007). For example, GSK-3β affects long-term memory formation as it promotes LTD by inhibitory phosphorylation of Serine-9 in inhibitory avoidance and novel object recognition test (Dewachter et al., 2009). The removal of GSK-3β in excitatory neurons of dentate gyrus reduced the synaptic transmission of hippocampus and decreased the expression of synaptic proteins like N-methyl-D-aspartate receptor (NMDAR) and anti-alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropinoic receptor (AMPAR), impairing the formation of spatial and fear memories (Liu et al., 2017). Cocaine administration for 14 days could obviously reduce the phosphorylation of GSK-3β in the amygdala (Perrine et al., 2008). Hippocampal GSK-3β was activated during memory retrieval progress in the passive avoidance task (Hong et al., 2012). Memory retrieval activates hippocampal GSK-3β, and memory reconsolidation is impaired by a GSK-3 inhibitor systemically administration before memory retrieval (Kimura et al., 2008; Hong et al., 2012). Knockdown GSK-3β of ventral hippocampal displays a developmental reduction in cocaine-CPP, while not in morphine-CPP (Barr et al., 2020). Wu et al. (2011) directionally inhibited GSK-3β in the BLA immediately after the retrieval of drug cue memories to reduce the subsequent cocaine-seeking behavior (Wu et al., 2011). It has been shown that GSK-3β signaling pathway participated in the reconsolidation of cocaine-induced CPP.

However, whether the inhibition of GSK-3β in BLA could disrupt reconsolidation and prevent drug seeking and relapse in heroin SA animal model remains unknown. In our present study, we inhibited the activity of GSK-3β in the BLA to identify the effects of GSK-3β on reconsolidation of heroin cue memory in SA animal model. Amygdala plays a critical role in both cue-associated learning and the expression of cue-induced relapse of drug-seeking behavior (Luo et al., 2013), and also mediates the reconsolidation of aversive or appetitive memories (McGaugh, 2004; Díaz-Mataix et al., 2013; Nader, 2015; Björkstrand et al., 2016; Haubrich et al., 2020; Higginbotham et al., 2021; Yan et al., 2021). So we chose it as a targeted brain region to deliver SB216763. The role of GSK-3β activity in amygdala on reconsolidation of heroin cue memory was assessed by the heroin self-administration paradigm. More importantly, the long-term inhibitory effects of GSK-3β activity inhibition on reconsolidation of heroin cue memory were also tested.



MATERIALS AND METHODS


Subjects

We housed the Sprague Dawley rats (male, 7-8 weeks of age on arrival) five-per-cage in a 26°C and 60% humidity room and the cycle was 12-h- light/dark (8 a.m.–8 p.m.). Food and water were provided ad libitum. For the animal better adapted to operator, we performed a 5-day grasp-stroking adaptation procedure 3 min per day on experimental animals before the surgeries. All animal procedures and operations were carried out with the approval of the Xiangya Hospital Ethics Committee, Xiangya Hospital (Changsha, China). At the dark phase (8 a.m.–8 p.m.), the experiments were performed.



Intravenous Surgery

Surgery was performed when the rats’ weight reaches 300–320 g. We used the sodium pentobarbital (60 mg/kg, i.p.) to anesthetize rats. The right jugular was exposed by surgery, then inserted an aseptic catheter into it (Lu et al., 2005; Ambroggi et al., 2008). The catheter passed under the skin of the neck and through the skin of the head and was fixed to the rat’s skull with dental acrylic. Heparinized saline (30 USP heparin/saline; Hospira) was infused into the intravenous catheters per 2 days to prevent clogging. After surgery, rats undergo a 7-day recovery period and their weight should remain constant.



Cannulae Implantation

Guide cannulae was implanted 1 mm above the BLA or CeA bilaterally after the rats (300–320 g) were anesthetized by using the sodium pentobarbital (60 mg/kg, i.p.). And the coordinate of BLA (Wu et al., 2011) were the following: anterior/posterior: –2.9 mm and medial/lateral: ± 5.0 mm from bregma, dorsal/ventral: –8.5 mm from the surface of the skull. The coordinates for the CeA were the following: anterior/posterior: –2.9 mm and medial/lateral: ± 4.2 mm from bregma, dorsal/ventral: –7.8 mm from the surface of the skull. And the guide cannulae was anchored by the stainless steel screws and dental cement. After surgery, rats undergo a 5–7 days’ recovery period.



Intracranial Injections

The injection of SB216763 was based on a previous report by some minor changes (Xu et al., 2009). The BLA or CeA (0.5 μL/side) was received drug delivery by a microinjection pump with a rat of 0.5 μL/min. The injection time was no more than one minute. To ensure that the drug is fully administered and fully diffused, wait for more than 1 min to withdraw the needle after administration. Nissl staining was used to verify the cannula placements. A schematic diagram of the injection site in the BLA or CeA is shown in Figure 1.
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FIGURE 1. The regions of the basolateral amygdala [basolateral amygdala (BLA): –2.8 mm from bregma] and central amygdala [central amygdala (CeA): –2.8 mm from bregma]. The cannula was placed into them as shown in the rostral faces of each coronal section.




Behavioral Procedures


Intravenous Heroin Self-Administration (SA) Training

Following the study of Ye et al. (2017), we established an intravenous SA training session experimental conditions were slightly modified. The operant chambers (AniLab Scientific Instruments Co., Ltd., China) used in this experiment were equipped with two nosepoke sensors, which were 5 cm high from the installation floor. The nosepoke sensors could record the number of animals’ nosepokes. The number of nosepoke recorded by the sensor in the left side operandum was defined as “active.” Nosepokes in “active” would lead to intravenous heroin administration with a 5 s tone-light cue synchronization. Corresponding to “active,” the sensor operandum recorded the number of “inactive” nosepoke in the right side. “Inactive” nosepokes had no programmed consequences.

We trained rats to adapt the intravenous heroin self-administration (0.05 mg/kg/infusion) for 10 days. In the training sessions, rats have been trained for three 1-h daily training sessions and every training session was separated by 5 min. The training of rats using a fixed ratio 1 (FR1) reinforcement program up to 40 s. In 10-day training program, rats were received three 1-h heroin infusions intravenously (0.05 mg/kg/infusion) per day, each infusion separated 5 min. All heroin infusions were completed by an injection pump loading a 10 ml syringe. Each training companied a house light illuminated until the end. When rats were at the left nosepoke (active), the maneuver results in an intravenous heroin infusion with a 5 s tone-light cue synchronization. However, the inactive nosepokes had no consequences. To prevent animals’ from death due to overdose, the drug infusions degree was restricted to 20 times/h (Xue et al., 2012; Luo et al., 2015). Some rats (n = 11) were excluded from the experiments: five rats died in intravenous surgery and six rats can’t form a stable heroin self-administration.



Nosepoke Extinction

After the drug self-administration session, a 3-h daily nosepoke extinction training was followed. In extinction training (Experiments 1–4), the nosepoke behavior of rats to the sensor resulted in no programmed consequences like heroin intravenous delivery, tone-light cues. When at the last three self-administration sessions, the number of active nosepoke responding decreased at least 80% compared with the self-administration, the nosepoke extinction session was ended.



Heroin Memory Retrieval Trial

In Experiments 1, 2, and 4, the heroin-associated memories were reacted by performing a 15 min retrieval trial. The conditions of the retrieval session were the same as the SA training session, except that when rats got the “active” sensor, no reward heroin was infusion.



Cue Extinction

In Experiments 1, 3, and 4, a cue extinction session, which 3-h per day, was performed on rats. The conditions of the cue extinction session were the same as that SA training session. But after the cue (tone/light) rendering, there was no heroin intravenous delivery.



Cue-Induced Reinstatement of Drug-Seeking (Experiments 1–4)

After the SB216763 or vehicle administration (intracranial injections into BLA or CeA), rats got rest for 24 h and then returned to the SA training context and the reinstatement test was performed. In this session, the number of active and inactive nosepokes was recorded for 1 hr. The test condition was the same as the heroin memory retrieval trial.



Heroin-Induced Reinstatement Test (Experiments 1, 3, and 4)

A low dose of heroin (0.25 mg/kg, s.c.) was delivered to rats 5 min earlier before the session started, then put rats in the SA training context. Through the two sensors, the number of two type nosepokes (“active” and “inactive”) was recorded during the test. The reinstatement test lasted for 1 h. The test condition was the same as the heroin memory retrieval trial.



Spontaneous Recovery Test (Experiment 2)

In this test, after 28 days of the withdrawal phase, two types of nosepokes (“active” and “inactive”) were recorded for 1 h. The test condition was the same as the heroin memory retrieval trial.




Experimental Design


Experiment 1: The Effect of Immediate Post-CS Retrieval SB216763 Treatment on Subsequent Heroin-Seeking Behavior

Through 10 days of heroin SA training, nosepoke extinction training was followed in the same apparatus for 10 consecutive days. After nosepoke extinction training, rats were allowed a rest for 24 h, then rats were received a 15-min conditioned stimulus (CS) retrieval session. After CS exposure, the rats were divided into four groups: (1) Intracranial injection of vehicle into BLA (0.5 μL/side) immediate after the retrieval trial (BLA+vehicle); (2) Intracranial injection of SB216763 into BLA (0.5 μL/side) immediate after a 15 min retrieval test (BLA+SB216763); (3) Intracranial injection of vehicle into CeA (0.5 μL/side) immediate after a 15 min retrieval test (CeA+vehicle); (4) Intracranial injection of SB216763 into CeA (0.5 μL/side) immediate after a 15 min retrieval test (CeA+SB216763). On Day 23, the rats were performed a cue-induced reinstatement test to explore the effect of SB216763 on heroin drug memory. Subsequently, the two-day cue extinction session was carried out. On Day 26, heroin priming-induced reinstatement was tested in rats (Figure 2A).
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FIGURE 2. Immediate post-CS SB216763 treatment in BLA rather than CeA can reduce subsequent cue-induced and heroin-primed reinstatement of heroin seeking. (A) Timeline of heroin self-administration, nosepoke extinction, cue-induced reinstatement test and drug-induced reinstatement test. (B) Total number of heroin infusions during acquisition of heroin self-administration. (C) Total number of active nosepoke responses during extinction training sessions. (D,F) Active (left) and inactive (right) nosepoke responses during the last extinction training session and the cue-induced reinstatement test. (D) Nosepoke responses of rats with BLA drug injection. (F) Nosepoke responses of rats with CeA drug injection. (E,G) Active (left) and inactive (right) nosepoke responses across the saline- or heroin- primed reinstatement test. (E) Nosepoke responses of rats with BLA drug injection. (G) Nosepoke responses of rats with CeA drug injection. n = 10–11 mice per group. Data are means ± SEM, ****p < 0.0001, compared with the vehicle group. CS, conditioned stimulus; Ext, extinction; Reinst, reinstatement.




Experiment 2: The Lasting and Long-Term Effect of Immediate Post-CS Retrieval SB216763 Treatment on Cue-Induced Reinstatement Test and Spontaneous Recovery 28 Days Later

After CS exposure, the rats were divided into four groups: (1) Intracranial administration of vehicle into BLA (0.5 μL/side) immediate after a 15 min retrieval trial (BLA+vehicle); (2) Intracranial injection of SB216763 into BLA (0.5 μL/side) immediate after a 15 min retrieval trial (BLA+SB216763); (3) Intracranial injection of the vehicle into CeA (0.5 μL/side) immediate after a 15 min retrieval trial (CeA+vehicle); (4) Intracranial injection of SB216763 into CeA(0.5 μL/side) immediate after a 15 min retrieval (CeA+SB216763). Rats were received a cue-induced reinstatement test after a 24 h rest. After 28 days of abstinence, to access the long-term effect of SB216763 on heroin-seeking behavior, a spontaneous recovery test was carried out (Figure 3A).
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FIGURE 3. Immediate post-CS SB216763 treatment in BLA rather than CeA can reduce subsequent cue-induced heroin seeking and the spontaneous recovery of heroin seeking. (A) Timeline of heroin self-administration, nosepoke extinction, cue-induced reinstatement test and spontaneous recovery test. (B) Total number of heroin infusions during acquisition of heroin self-administration. (C) Total number of active nosepoke responses during extinction training sessions. (D,F) Active (left) and inactive (right) nosepoke responses during the last extinction training session and the cue-induced reinstatement test. (D) Nosepoke responses of rats with BLA drug injection. (F) Nosepoke responses of rats with CeA drug injection. (E,G) Active (left) and inactive (right) nosepoke responses across the last extinction training session and spontaneous recovery test. (E) Nosepoke responses of rats with BLA drug injection. (G) Nosepoke responses of rats with CeA drug injection. n = 10 mice per group. Data are means ± SEM, ****p < 0.0001, compared with the vehicle group. CS, conditioned stimulus; Ext, extinction; Reinst, reinstatement; SR, spontaneous recovery.




Experiments 3 A and B: The Effect of SB216763 Treatment on Subsequent Heroin-Seeking Behavior Without CS Exposure

The experimental procedure was the same as Experiment 1, except that no CS exposure session to reactivate heroin cue memories (Figure 4A).
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FIGURE 4. SB216763 treatment without CS retrieval does not affect subsequent cue-induced and heroin-primed reinstatement of heroin seeking. (A) Timeline of heroin self-administration, nosepoke extinction, cue-induced reinstatement test and drug-induced reinstatement test. (B) Total number of heroin infusions during acquisition of heroin self-administration. (C) Total number of active nosepoke responses during extinction training sessions. (D,F) Active (left) and inactive (right) nosepoke responses during the last extinction training session and the cue-induced reinstatement test. (D) Nosepoke responses of rats with BLA drug injection. (F) Nosepoke responses of rats with CeA drug injection. (E,G) Active (left) and inactive (right) nosepoke responses across the saline- or heroin- primed reinstatement test. (E) Nosepoke responses of rats with BLA drug injection. (G) Nosepoke responses of rats with CeA drug injection. n = 10 mice per group. Data are means ± SEM. CS, conditioned stimulus; Ext, extinction; Reinst, reinstatement.




Experiment 4: The Effect of Delayed Post-CS Retrieval SB216763 Treatment

The rats were received treatment of SB216763 delayed for 6 h after the retrieval session, and other parts of the experiment were the same as Experiment 1 (Figure 5A).
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FIGURE 5. SB216763 treatment 6 h after retrieval does not affect the heroin seeking in the following cue-induced and heroin-primed reinstatement. (A) Timeline of heroin self-administration, nosepoke extinction, cue-induced reinstatement test and drug-induced reinstatement test. (B) Total number of heroin infusions during acquisition of heroin self-administration. (C) Total number of active nosepoke responses during extinction training sessions. (D,F) Active (left) and inactive (right) nosepoke responses during the last extinction training session and the cue-induced reinstatement test. (D) Nosepoke responses of rats with BLA drug injection. (F) Nosepoke responses of rats with CeA drug injection. (E,G) Active (left) and inactive (right) nosepoke responses across the saline- or heroin- primed reinstatement test. (E) Nosepoke responses of rats with BLA drug injection. (G) Nosepoke responses of rats with CeA drug injection. n = 9–10 mice per group. Data are means ± SEM. CS, conditioned stimulus; Ext, extinction; Reinst, reinstatement.





Statistical Analysis

We used the repeated-measures ANOVAs to analyze the data with the between-subjects factor of treatment condition and within-subjects factor of test condition, followed by Tukey’s post-hoc test in each experiment (see Results). All values of experiments were presented as mean ± SEM and data analysis was done on GraphPad, v.9.0. p values < 0.05 were considered statistically significant.




RESULTS


Experiment 1: Immediate Post-CS SB216763 Treatment in BLA Rather Than CeA Can Reduce Subsequent Cue-Induced and Heroin-Primed Reinstatement of Heroin Seeking

We tested the influences of post-retrieval BLA and CeA SB216763 injection on reinstatement of heroin seeking which was cue-induced or heroin-induced by using four groups of rats (Figure 2A). In the acquisition session, there were no significant differences between groups of BLA injected with vehicle (N = 10) or SB216763 (N = 11) and groups of CeA treated with vehicle (N = 10) or SB216763 (N = 11) which were shown by the heroin infusion numbers [main effect of acquisition time: F(9,342) = 81.35, p < 0.0001; administration condition: F(3, 38) = 0.2803, p = 0.8393; acquisition time × administration condition interaction: F(27, 342) = 1.443, p = 0.0744; Figure 2B]. As the numbers of nosepokes showed, groups did not significantly differ from each other in the extinction session [main effect of extinction time: F(9, 342) = 95.68, p < 0.0001; administration condition: F(3, 38) = 0.092, p = 0.9640; extinction time × administration condition interaction: F(27, 342) = 0.8897, p = 0.6274; Figure 2C].

In active nosepokes, BLA+vehicle and BLA+SB216763 groups were significantly different in cue-induced reinstatement test [main effect of trial condition: F(1, 37) = 65.71, p < 0.0001; administration condition: F(1, 37) = 15.47, p = 0.0004; trial condition × administration condition interaction: F(1, 37) = 16.05, p = 0.0003]. In cue-induced reinstatement test, the post-hoc test revealed a reduction significantly in active side nosepokes of BLA+SB216763 group compared to that BLA+vehicle (p < 0.001) (Figure 2D left), while there was no obvious difference in the inactive side [main effect of trial condition: F(1, 19) = 1.187, p = 0.2895; administration condition: F(1, 19) = 0.2169, p = 0.6467; trial condition × administration condition interaction: F(1, 19) = 0.0156, p = 0.9020; Figure 2D right]. While in the cue-induced reinstatement test of the CeA+vehicle and CeA+SB216763 groups, no significant differences were found in active side [main effect of trial condition: F(1, 38) = 101.4, p < 0.0001; administration condition: F(1, 38) = 0.0052, p = 0.9432; trial condition × administration condition interaction: F(1, 38) = 0.0140, p = 0.9063; Figure 2F left] and the inactive side [main effect of trial condition: F(1, 19) = 0.7022, p = 0.4125; administration condition: F(1, 19) = 0.1727, p = 0.6824; trial condition × administration condition interaction: F(1, 19) = 0.0065, p = 0.9368; Figure 2F right]. In addition, in drug-induced reinstatement test, active nosepokes significantly differed in BLA+vehicle and BLA+SB216763 groups [main effect of trial condition: F(1, 19) = 51.16, p < 0.0001; administration condition: F(1, 19) = 9.702, p = 0.0057; trial condition × administration condition interaction: F(1, 19) = 12.55, p = 0.0022]; the post-hoc test showed a significant reduction of BLA+SB216763 group in drug-seeking compared with BLA+vehicle group in heroin priming-induced reinstatement test (p < 0.0001) (Figure 2E left), but did not differ in the inactive side [main effect of trial condition: F(1, 19) = 0.0450, p = 0.8342; administration condition: F(1, 19) = 0.0123, p = 0.9130; trial condition × administration condition interaction: F(1, 19) = 0.0736, p = 0.7891; Figure 2E right]. Moreover, no significant differences were found in active side of CeA+vehicle and CeA+SB216763 groups in drug-induced reinstatement test [main effect of trial condition: F(1, 19) = 67.29, p < 0.0001; administration condition: F(1, 19) = 0.0369, p = 0.8498; trial condition × administration condition interaction: F(1, 19) = 0.2259, p = 0.6400; Figure 2G left column] or the inactive side [main effect of trial condition: F(1, 19) = 0.0218, p = 0.8841; administration condition: F(1, 19) = 0.1738, p = 0.6814; trial condition × administration condition interaction: F(1, 19) = 0.0218, p = 0.8841; Figure 2G right].

The results suggest that injecting SB216763 in BLA but not the CeA reduced cue-induced and heroin-primed heroin seeking reinstatement immediately after heroin cue retrieval.



Experiment 2: Immediate Post-CS SB216763 Treatment in BLA Rather Than CeA Can Reduce Subsequent Cue-Induced Heroin Seeking and the Spontaneous Recovery of Heroin Seeking

We tested the influences of immediate post-retrieval SB216763 injection in BLA and CeA on heroin seeking reinstatement which was cue-induced or heroin-induced besides the influences of long-term by using four rats groups (Figure 3A). In the heroin self-administration acquisition session, groups of BLA administrated vehicle (N = 10) or SB216763 (N = 10) and of CeA administrated vehicle (N = 10) or SB216763 (N = 10) had no significant differences that were shown by the similar heroin infusion numbers [main effect of acquisition time: F(9, 324) = 48.79, p < 0.0001; administration condition: F(3, 36) = 0.1662, p = 0.9185; acquisition time × administration condition interaction: F(27, 324) = 0.5552, p = 0.9663; Figure 3B]. Analogously, no significant differences of group were found in 10-day extinction training [main effect of extinction time: F(9, 324) = 207.2, p < 0.0001; administration condition: F(3, 36) = 0.5019, p = 0.6833; extinction time × administration condition interaction: F(27, 324) = 0.9528, p = 0.5354; Figure 3C].

Consistent with the results of Experiment 1, in the cue-induced reinstatement test, we found that nosepokes of groups differed from each other significantly in active side of BLA+vehicle and BLA+SB216763 groups [main effect of trial condition: F(1, 18) = 67.92, p < 0.0001; administration condition: F(1, 18) = 21.07, p = 0.0002; trial condition × administration condition interaction: F(1, 18) = 22.67, p = 0.0002]. In the cue-induced reinstatement test, the post-hoc test shown a significant reduction in active side nosepokes of BLA+SB216763 group compared to that BLA+vehicle (p < 0.001) (Figure 3D left), but not in the inactive side [main effect of trial condition: F(1, 18) = 1.212, p = 0.2854; administration condition: F(1, 18) = 0.0327, p = 0.8585; trial condition × administration condition interaction: F(1, 18) = 0.2860, p = 0.5993; Figure 3D right]. And in the cue-induced reinstatement test, there were no significant differences between CeA+vehicle and CeA+SB216763 groups of the active side [main effect of trial condition: F(1, 18) = 53.73, p < 0.0001; administration condition: F(1, 18) = 0.1503, p = 0.7028; trial condition × administration condition interaction: F(1, 18) = 0.0223, p = 0.8830; Figure 3F left column; Figure 3F left] and the inactive side [main effect of trial condition: F(1, 18) = 1.683, p = 0.2110; administration condition: F(1, 18) = 0.0485, p = 0.8281; trial condition × administration condition interaction: F(1, 18) = 0.3407, p = 0.5666; Figure 3F right]. Furthermore, during the spontaneous recovery test, active nosepokes significantly differed in BLA+vehicle and BLA+SB216763 groups [main effect of trial condition: F(1, 18) = 29.44, p < 0.0001; administration condition: F(1, 18) = 13.79, p = 0.0016; trial condition × administration condition interaction: F(1, 18) = 15.39, p = 0.0010]. During the spontaneous recovery test, a post-hoc test showed a significant reduction of BLA+SB216763 group in drug-seeking compared with BLA+vehicle group (p < 0.0001) (Figure 3E left) but not in the inactive side [main effect of trial condition: F(1, 18) = 1.688, p = 0.2103; administration condition: F(1, 18) = 2.840, p = 0.1092; trial condition × administration condition interaction: F(1, 18) = 0.0604, p = 0.8086; Figure 3E right]. While, in spontaneous recovery test, no significant differences of CeA+vehicle and CeA+SB216763 groups were found in active side [main effect of trial condition: F(1, 18) = 74.83, p < 0.0001; administration condition: F(1, 18) = 0.1074, p = 0.7469; trial condition × administration condition interaction: F(1, 18) = 0.027,p = 0.8714; Figure 3G left] and the inactive side [main effect of trial condition: F(1, 18) = 0.0110, p = 0.9176; administration condition: F(1, 18) = 0.1554, p = 0.6981; trial condition × administration condition interaction: F(1, 18) = 0.6468, p = 0.4318; Figure 3G right].

Thus, the results suggest that immediate post-CS BLA SB216763 treatment rather than CeA can reduce subsequent cue-induced heroin seeking and last at least 28 days.



Experiment 3: SB216763 Treatment Without CS Retrieval Does Not Affect Subsequent Cue-Induced and Heroin-Primed Reinstatement of Heroin Seeking

We tested whether SB216763 affecting subsequent heroin seeking depends on CS retrieval by using four rats groups. When heroin acquisition and extinction training were finished, rats were received BLA or CeA SB216763 treatment with no CS exposure (Figure 4A). During the training sessions of heroin self-administration, groups of BLA administrated vehicle (N = 10) or SB216763 (N = 10) and of CeA administrated vehicle (N = 10) or SB216763 (N = 10) had no differences in acquisition session [main effect of acquisition time: F(9, 324) = 37.72, p < 0.0001; administration condition: F(3, 36) = 0.0764, p = 0.9724; acquisition time × administration condition interaction: F(27, 324) = 0.1869, p > 0.9999; Figure 4B] and in 10-day extinction training [main effect of extinction time: F(9, 324) = 127.0, p < 0.0001; administration condition: F(3, 36) = 0.1659, p = 0.9187; extinction time × administration condition interaction: F(27, 324) = 0.4249, p = 0.9953; Figure 4C] as suggested by the similar heroin infusions.

Cue-induced reinstatement test was shown that no significant differences were found in nosepokes of active side [main effect of trial condition: F(1, 18) = 67.15, p < 0.0001; administration condition: F(1, 18) = 0.0008, p = 0.9778; trial condition × administration condition interaction: F(1, 18) = 0.0415, p = 0.8409; Figure 4D, left] and inactive side [main effect of trial condition: F(1, 18) = 0.0816, p = 0.7784; administration condition: F(1, 18) = 0.0184, p = 0.8937; trial condition × administration condition interaction: F(1, 18) = 0.0816, p = 0.7784; Figure 4D, right] between the BLA+vehicle and BLA+SB216763 groups. Similarly, no significant differences of nosepokes were found in active side [main effect of trial condition: F(1, 18) = 78.74, p < 0.0001; administration condition: F(1, 18) = 0.0068, p = 0.9353; trial condition × administration condition interaction: F(1, 18) = 0.1212, p = 0.7317; Figure 4F, left] or in inactive side [main effect of trial condition: F(1, 18) = 1.561, p = 0.2275; administration condition: F(1, 18) = 0.0312, p = 0.8618; trial condition × administration condition interaction: F(1, 18) = 0.0285, p = 0.8678; Figure 4F, right] of CeA+vehicle and CeA+SB216763 groups. In drug-induced reinstatement test, no significant differences of nosepokes were found in active side [main effect of trial condition: F(1, 18) = 61.05, p < 0.0001; administration condition: F(1, 18) = 0.0232, p = 0.8806; trial condition × administration condition interaction: F(1, 18) = 0.1465, p = 0.7064; Figure 4E, left] and in inactive side [main effect of trial condition: F(1, 18) = 0.3709, p = 0.5501; administration condition: F(1, 18) = 0.0075, p = 0.9318; trial condition × administration condition interaction: F(1, 18) = 0.2887, p = 0.5976; Figure 4E, right] in BLA+vehicle and BLA+SB216763 groups. Besides, it was not significantly different in nosepokes of active side [main effect of trial condition: F(1, 18) = 58.06, p < 0.0001; administration condition: F(1, 18) = 0.0397, p = 0.8444; trial condition × administration condition interaction: F(1, 18) = 0.0209, p = 0.8866; Figure 4G, left] or inactive side [main effect of trial condition: F(1, 18) = 0.1848, p = 0.6724; administration condition: F(1, 18) = 2.064, p = 0.1679; trial condition × administration condition interaction: F(1, 18) = 0.1118, p = 0.7420; Figure 4G, right] between the CeA+vehicle and CeA+SB216763 groups.

Thus, the results indicate that the CS retrieval of drug-associated memory determines the effect of SB216763 on subsequent heroin seeking and when SB216763 is used alone, there will be no influence on the heroin seeking of the subsequent cue-induced and heroin-primed reinstatement test.



Experiment 4: SB216763 Treatment 6 h After Retrieval Does Not Affect the Heroin Seeking in the Following Cue-Induced and Heroin-Primed Reinstatement

Finally, we employed whether SB216763 treated out of the reconsolidation time window would suppress the following heroin seeking (Figure 5A). During the training sessions, groups of BLA administrated vehicle (N = 10) or SB216763 (N = 10) and of CeA administrated vehicle (N = 10) or SB216763 (N = 10) had no differences in heroin self-administration acquisition [main effect of acquisition time: F(9, 315) = 32.37, p < 0.0001; administration condition: F(3, 35) = 0.0423, p = 0.9882; acquisition time × administration condition interaction: F(27, 315) = 0.1182, p > 0.9999; Figure 5B] and in 10-day extinction sessions [main effect of extinction time: F(9, 315) = 155.5, p < 0.0001; administration condition: F(3, 35) = 0.0613, p = 0.9798; extinction time × administration condition interaction: F(27, 315) = 1.120, p = 0.3139; Figure 5C] which were shown by the similar heroin injections numbers.

In cue-induced reinstatement test, the nosepokes did not significantly differ in the active side [main effect of trial condition: F(1, 18) = 73.20, p < 0.0001; administration condition: F(1, 18) = 0.0001, p = 0.9922; trial condition × administration condition interaction: F(1, 18) = 0.0675, p = 0.7979; Figure 5D, left] or in the inactive side [main effect of trial condition: F(1, 18) = 0.3240, p = 0.5763; administration condition: F(1, 18) = 0.0135, p = 0.9088; trial condition × administration condition interaction: F(1, 18) = 0.2073, p = 0.6543; Figure 5D, right] of BLA+vehicle and BLA+SB216763 groups. Similarly, no significant differences in nosepokes were found in active side [main effect of trial condition: F(1, 17) = 67.32, p < 0.0001; administration condition: F(1, 18) = 0.1421, p = 0.7106; trial condition × administration condition interaction: F(1, 17) = 0.0610, p = 0.8079; Figure 5F, left] or in the inactive side [main effect of trial condition: F(1, 17) = 0.0001, p = 0.9944; administration condition: F(1, 17) = 0.3902, p = 0.5405; trial condition × administration condition interaction: F(1, 17) = 0.0182, p = 0.8943; Figure 5F, right] of CeA+vehicle and CeA+SB216763 groups. As for the drug-induced reinstatement test, the nosepokes did not significantly differ in the active side [main effect of trial condition: F(1, 18) = 77.38, p < 0.0001; administration condition: F(1, 18) = 0.1286, p = 0.7241; trial condition × administration condition interaction: F(1, 18) = 0.0481, p = 0.8289; Figure 5E, left] or in the inactive side [main effect of trial condition: F(1, 18) = 0.0473, p = 0.8304; administration condition: F(1, 18) = 0.2022, p = 0.6583; trial condition × administration condition interaction: F(1, 18) = 0.0241, p = 0.8783; Figure 5E, right] between the BLA+vehicle and BLA+SB216763 groups. Besides, the nosepokes did not significantly differ in the active side [main effect of trial condition: F(1, 17) = 94.30, p < 0.0001; administration condition: F(1, 18) = 0.1377, p = 0.7149; trial condition × administration condition interaction: F(1, 17) = 0.0955, p = 0.7611; Figure 5G, left] or in the inactive side [main effect of trial condition: F(1, 17) = 0.3672, p = 0.5525; administration condition: F(1, 17) = 0.0108, p = 0.9184; trial condition × treatment condition interaction: F(1, 17) = 0.2189, p = 0.6458; Figure 5G, right] in the CeA+vehicle and CeA+SB216763 groups.

The results suggest that the effect of SB216763 on the heroin seeking of the following cue-induced and heroin-primed reinstatement test is time-specific.




DISCUSSION

In our present study, we examined the effects of SB216763, a GSK-3β inhibitor, on heroin-seeking behavior and relapse via an intravenous heroin SA procedure. The main findings are following: (1) Immediate post-CS SB216763 treatment in BLA rather than CeA can reduce subsequent cue-induced and heroin-primed reinstatement of heroin seeking. (2) The effect of SB216763 (intracranial injection into BLA) immediately after retrieval session, which reactivated the heroin cue memory, on cocaine-seeking behavior continued for at least twenty-eight days; (3) SB216763 administration into BLA delayed 6 h or without the retrieval have no effect on the cue-induced and heroin priming-induced reinstatement test, suggesting that the effects of SB216763 on drug-seeking behavior are retrieval-dependent and time-specific. The results demonstrated that the activity of GSK-3β in BLA is required for reconsolidation and intra-BLA injection of SB216763 disrupts memory reconsolidation, suggested that inhibiting GSK-3β activity of BLA disrupts reconsolidation and attenuates heroin relapse.

Existing evidence has shown that consolidated drug-induced memory could be unstable after retrieval by conditioned stimulus (drug-associated cues) or unconditioned stimulus (the drugs). Disrupting the reconsolidation after drug memory retrieval effectively blocks the association between drug-related cues and drugs, thus producing a forgetting effect and reducing drug-seeking behavior. Memory retrieval activates GSK-3β in the BLA, and reconsolidation was impaired by systemical administration of a GSK-3 inhibitor before memory retrieval in rats (Wu et al., 2011). We have demonstrated that SB216763, as a GSK-3β inhibitor, reduced heroin seeking and relapse by disrupting reconsolidation of heroin drug memory. Nevertheless, without CS exposure or with a 6h delay administration of SB216763 has no effect on heroin seeking behavior, which is consistent with the “reconsolidation theory” that allowing for modifications during reconsolidation in a putative time window. Indeed, GSK-3β expressed in multiple brain regions (e.g., NAc, PFC, amygdala) (Winder et al., 2002; Morgane et al., 2005; Robbins et al., 2008), regulates the dopamine-associated behaviors (Beaulieu et al., 2007a). The role of GSK-3β in drug addiction has also been confirmed by several studies. For example, in a cocaine-induced CPP model, the reconsolidation of cocaine-cue memories was impaired by systemic injection of lithium chloride (a GSK-3β inhibitor) after memory retrieval, and SB216763 administration into BLA can result in a long-term effect on cocaine cue memories via disrupting reconsolidation (Wu et al., 2011).

Our present study complements the role of GSK-3β in heroin self-administration model. We show that inhibiting GSK-3β activity by injection of SB216763 into the BLA, but not the CeA, immediately after the retrieval reduced the drug-seeking behavior. In addition, some studies have shown that the GSK-3β in the hippocampus regulates learning and memory ability. Targeted downregulation of GSK-3β in the ventral hippocampus disrupting the formation of cocaine CPP and the spatial memory (Barr et al., 2020). Overexpression of GSK-3β in the hippocampus impaired the spatial memory (Liu et al., 2020). And both the amygdala, hippocampus, are the important brain regions in drug addiction (Alizamini et al., 2022). Previous study found that inhibited the activity of GSK-3β in the BLA immediately after the retrieval could disrupte cocaine context memory (Wu et al., 2011). Our findings are consistent with these results and showed that inhibiting GSK-3β in the BLA in the reconsolidation time window decreased drug seeking and relapse in heroin SA rats.

The amygdala, associated with emotion and motivation, plays roles in processing rewarding environmental stimulus (Janak and Tye, 2015). Recent evidence demonstrates that disrupting the reconsolidation of the cocaine drug memories attenuates cocaine seeking which was associated with the BLA (Wu et al., 2011). In our present study, we discussed the role of GSK-3β in a heroin self-administration rat model. Inhibiting activity of GSK-3β in the BLA, but not the CeA, effectively disrupted reconsolidation of heroin cue memory and blocked subsequent drug-seeking behaviors. Many studies have demonstrated that BLA is involved in memory reconsolidation (Wells et al., 2013; Yuan et al., 2020). However, the spcefic mechanism of GSK-3β in drug memory reconsolidation remains to be elucidated.

GSK-3β is widely expressed in the brain and involved in fundamental brain functions like neurogenesis, neurotransmitter signaling (Beaulieu et al., 2004, 2007b; Li et al., 2004), circadian rhythms (Yin et al., 2006), and memory process (Hooper et al., 2007; Kimura et al., 2008; Hong et al., 2012). GSK-3β has been shown to regulate many transcription factors (e.g., β-catenin, NF-κB, activator protein-1), and memory-associated proteins which have been implicated in fundamental brain functions (Frame and Cohen, 2001). Specifically, in Liu et al.’s study, the role of GSK-3β/β-catenin signaling pathway on memory consolidation in rats trained in a Morris water maze task was proved (Liu et al., 2014) and the consolidation of fear memory need the β-catenin in the amygdala (Maguschak and Ressler, 2008). As a study revealed, the Akt/GSK-3/mTORC1 signaling pathway, which has been found in the hippocampus and nucleus accumbens, participates in the reconsolidation progress of cocaine memory (Shi et al., 2014). Psychostimulant activates GSK-3β by inactivating protein kinase B (Akt) and reducing its inhibition of serine-phosphorylation (Miller et al., 2014). These findings indicate that during the reconsolidation process, GSK-3β may be required to be activated, but the role of GSK-3β on reconsolidation of heroin-SA and the possible molecular mechanisms involved in this process have not yet known. Our present study showed that intra-BLA infusion of the GSK-3β inhibitor SB216763 disrupted the reconsolidation of heroin reward memory and the reduction of heroin seeking behaviors lasted for a long time (28 days). And these effects were BLA- specific and time-specific. Studies have reported that the activity of GSK-3β was involved in the LTP and LTD which both depended on the NMDA receptor and also regulated the interreaction between them (Peineau et al., 2007, 2008, 2009). But there is less study that reported the relationship between GSK-3β and NMDA in addiction. Furthermore, reconsolidation is associated with de novo protein synthesis and synaptic plasticity alteration (Nader et al., 2000). Thus, our future study will focus on the relationship between GSK-3β and NMDA in reconsolidation of heroin reward memory and investigate the synaptic plasticity alteration during this process by electrophysiological methods. Compared with Wu et al. (2011) study, our present study is the extension of previous studies, and we used a drug self-administration paradigm, which can simulate craving and relapse in addicts and is more suitable for studying craving and relapse (Spealman and Goldberg, 1978; Schindler et al., 2002).

In summary, the present study demonstrated the effects of GSK-3β on the reconsolidation of drug reward memory via a rats heroin SA paradigm. After heroin cue memory retrieval, injection of SB216763 into BLA impairs reconsolidation of the heroin cue memory, effectively reduces the heroin seeking behavior in rats, and these effects lasted at least 28 days. Moreover, the reconsolidation window may be an important determinant to reduce heroin seeking and relapse. Our present study identifies that GSK-3β inhibitors may have the potential therapeutic value in the treatment of heroin addiction.
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Substance abuse has become a global problem due to drug-induced addiction and neurotoxicity, which causes a huge physical, social, and financial burden. Various kinds of drugs can hijack the users’/abusers’ behavior and associated neurocircuitry. To summarize recent scientific advances on drug abuse, we reviewed relevant publications to analyze research progress and such trends through bibliometric ways. Based on retrieval strategies, a total of 681 scientific records published from 1997 to 2021 were screened and included in the Web of Science (WoS) database. Further scientometric analysis revealed that annual publication output increased across this period, with the United States of America (USA) contributing a significant number of reasons. Research has focused on neurotransmitter, oxidative stress, mitochondrial system injury, and other neurotoxic mechanisms. Neuroimmune, neurotoxic targets, and new psychoactive substances have been hot topics in recent years, which deserve continued research in the future. Specific research on molecular mechanisms has progressed across this period, with an emphasis on the root cause of toxicity and molecular targets for therapy. Moreover, collaborations of international multi-disciplinary research teams have been efficient and need to be encouraged for addiction research and the development of appropriate therapeutic processes.
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INTRODUCTION

Substance abuse, including relapse, refers to excessive consumption of stimulants, cannabis, amphetamines, cocaine, and hallucinogens, according to ICD-11 (WHO, 2021) and DSM-5 (Quinn et al., 1997; Büttner and Weis, 2004; Cassel and Bernstein, 2008; American Psychiatric Association [APA], 2013), which induces physical and/or psychological harm, deteriorating cognition and motivation, as well as impulsive and aggressive behavior (Majewska, 1996; Pau et al., 2002). Addicts suffer from complex neurological impairments that are often associated with neurodegenerative diseases, such as Parkinson’s disease (Cadet and Krasnova, 2009; Graves et al., 2021). According to the report of the European Monitoring Centre for Drugs and Drug Addiction (EMCDDA) in 2020, both the number of drug-related deaths and the number of addicts, across the European Union (EU), are increasing, which aggravates the global burden on public health systems, resulting in huge worldwide economic costs, including law enforcement resources (Rehm et al., 2009; EMCDDA, 2020).

Studies have shown that abused drugs activate the mesolimbic dopaminergic system, orbitofrontal cortex, and extended amygdala (Cunha-Oliveira et al., 2008; Koob and Volkow, 2010; Chen et al., 2021a,b). Specifically, substance abuse alters intracellular signaling pathways, transcription factors, and levels of gene expression in these reward circuits (Nestler, 2004; Hyman et al., 2006; Cunha-Oliveira et al., 2008; Koob and Volkow, 2010; Liao et al., 2021). In addition, recent advances have highlighted psychoactive substance-induced neuroinflammation, blood–brain barrier (BBB) dysfunction, and neurogenesis deficits (Gonçalves et al., 2014; Crews et al., 2021).

To provide an international description of scientific activities examining substance abuse, a bibliometric analysis is needed to quantify the influences of scientific literature sets, academic characteristics (e.g., journals), institutions, highly cited literature, high-frequency identifiers, and the relevant clustering of the above. The visible technology that provides an overview of programmatic research and its developmental trends will provide researchers with a clearer understanding of relative research breakthroughs and their expected future dynamics (Kamdem et al., 2019). With this in mind, we review the research on the neurotoxicity of substance abuse and relapse with the goal of deepening our understanding of this progress as well as trends for future research, and molecular targets for therapeutic development.



MATERIALS AND METHODS

The Medical Subject Headings (MeSH) listed in PubMed were applied to obtain synonyms and the following search strategy: [Topic#3 = (Topic#1) OR (Topic#2)], {Topic#1 = [(“Substance Abuse”) OR (“Substance Dependence”) OR (“Substance Addiction”) OR (“Substance Habituation”) OR (“Drug Abuse”) OR (“Drug Dependence”) OR (“Drug Addiction”) OR (“Drug Habituation”)] AND [(“Neurotoxicity”) OR (“Neurotoxic Effect”)]}, {Topic#2 = [(“Relapse of Substance Abuse”) OR (“Relapse of Substance Dependence”) OR (“Relapse of Substance Addiction”) OR (“Relapse of Substance Habituation”) OR (“Relapse of Drug Abuse”) OR (“Relapse of Drug Dependence”) OR (“Relapse of Drug Addiction”) OR (“Relapse of Drug Habituation”)] AND [(“Neurotoxicity”) OR (“Neurotoxic Effect”)]}. The Web of Science (WoS) Core Collection database is a global academic database indexing more than 20,000 authoritative and high-impact academic journals, covering natural science, engineering technology, biomedicine, social science, and arts and humanities. We retrieved 1,321 records published between January 1997 and December 2021, and excluded 25 non-English records, narrowing the list to 1,296 English manuscripts for further analysis. A total of 1,045 original articles were identified, and studies, including review, meeting abstract, letter, proceedings paper, editorial materials, early access, notes, book chapters, news items, and corrections, were excluded. Two investigators screened all of the original data, eliminated noise, respectively, and reached a consensus via discussion and re-evaluation by a third investigator when discrepancies were observed. Finally, 681 articles were assembled for scientometric mining (Figure 1). We used CiteSpace 5.8.R3 for statistical analysis and developed visual charts, including publication output flows, cooperation agreements between countries, co-occurrent observations, and keyword/identifier bursts for mapping research trends and frontiers (Chen, 2004, 2006; Chen et al., 2010, 2014).
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FIGURE 1. The flowchart of methodology.




RESULTS


Publication Trends

Overall, annual publication outputs had a generally positive growth rate, except for a few fluctuations, since 1997; for this period, the peak annual publication count was 45 in 2016 (Figure 2). In line with an increasing number of annual publications, substance abuse and its neurotoxicity remained an important research topic across this time period. Using the Mann–Kendall (MK) test, the statistical results (Z = 4.2099 > 2.32 > 0) indicated a significant increasing trend of annual publication outputs related to neurotoxicity of substance abuse with a 0.001 level of significance. Remarkably, according to the categorization of the topics, 487 publications were focused on molecular mechanisms, while the rest were almost all on behavior or neuropsychology. Accordingly, the proportion of articles on molecular mechanisms also increased year by year, with its highest level in 2013 at 87.88% (29/33, Figure 2).
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FIGURE 2. Annual number and accumulated number of articles on neurotoxicity of substance abuse, and number of publications on molecular mechanisms from 1997 to 2021.




Contributing Countries and Institutions

Overall, 44 countries/regions contributed scientific outputs with intensive bilateral cooperation during this period. The United States (50.81%, 346/681) was the most productive country, exhibiting a marked excess in volume of research output, followed closely by the People’s Republic of China (9.25%, 63/681), Spain (7.93%, 54/681), and Japan (4.85%, 33/681) (Table 1 and Figure 3). Besides this, other Asian (20.26%, 138/681) and European (23.49%, 160/681) countries have also published more in recent years. Among these top 10 productive countries, United States had the greatest number of publications devoted to studies on molecular mechanisms of neurotoxicity and substance abuse (67.05%, 232/346), followed by Portugal (83.33%, 25/30).


TABLE 1. The top 10 productive countries and institutions.
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FIGURE 3. Cooperation between contributed countries.


Figure 3 also depicts bilateral cooperation between contributing countries; the United States cooperated with 22 countries, making it the most collaborative country, followed by Germany and Canada, each, respectively, cooperating with 6 other countries. This indicates that the countries/regions shared and facilitated greater increase in the research field of substance abuse by exponential collaborations.



Highly Cited Publications

The 681 articles received a total of 22,625 citations according to the WoS, giving an average citation of 33.22 per article (22,625/681). Without a defined conservative cutoff of time limit for citation, Germany (45.17, 1355/30), the United States (43.42, 15023/346), and England (38.78, 698/18) were the top 3 leaders in citations per article. Other than this, the average H-index of the retrieved papers queried on the WoS was 71; and the top 3 countries were the United States with the highest H-index of 61, followed by Spain (24) and Germany (20). Furthermore, the core institutions in the countries, such as Portugal (90.00%), South Korea (38.89%), and Iran (33.33%), had other national achievements (Table 1).

Table 2 lists the top 10 most-cited articles, which were regarded as high-quality scientific research published in authoritative journals categorized in psychiatry (No. 1, 9), neuroscience (No. 2, 3, 7, 10), nature medicine (No. 4), neurology (No. 5, 6), and preventive medicine (No. 8). These most cited papers examined the mechanisms of psychomotor impairment and neurotoxicity, and eight of the top 10 papers examined neurotoxic molecular mechanisms, like a role of the dopamine transporter (Volkow et al., 2001; Munro et al., 2006). Impressively, nine of the top 10 articles were contributed by the United States, and another one was contributed by England; correspondingly, IF5 and SJR of these top two countries were the United States (IF5: 17.825, SJR: 5.477) and England (IF5: 49.248, SJR: 19.536), respectively.


TABLE 2. The characteristics of highly cited articles.
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Active Journals

More than 200 authoritative journals published articles on the neurotoxicity of substance abuse. Among these, the top 10 of these active journals contained 28.93% of the manuscripts, such as Neurotoxicity Research (3.82%, 26/681), Neuroscience (3.67%, 25/681), and Psychopharmacology (3.52%, 24/681) (refer to Table 3); fields of research included neuroscience, biochemistry, pharmacology, as well as toxicology and pharmaceutics.


TABLE 3. The 10 most active journals that published articles on substance abuse and its neurotoxicity research.
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Hotspots of Research

After excluding irrelevant and repeated keywords, we analyzed, merged, and visualized the network maps of keyword co-occurrence by CiteSpace (Figure 4), which illustrated the relevance and frequency of keywords using circle link and size. High-frequency keywords, including “neurotoxicity” (frequency: 188, centrality: 0.23), “brain” (frequency: 117, centrality: 0.13), “oxidative stress” (frequency: 79, centrality: 0.09), “rat” (frequency: 77, centrality: 0.11), and “mdma” (frequency: 75, centrality: 0.11), represented by larger circles. Other keywords, such as “amphetamine” (frequency: 71, centrality: 0.10), “dopamine” (frequency: 62, centrality: 0.09), “nucleus accumbens (NAc)” (frequency: 57, centrality: 0.13), “activation” (frequency: 53, centrality: 0.08), and “apoptosis” (frequency: 42, centrality: 0.05) showed moderate frequencies.
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FIGURE 4. Network of keywords co-occurrence. The circle size and the link illustrated the frequency and relevance of keywords, respectively.




Scientific Landscapes and Trends

After clustering and mapping co-cited literatures (Figure 5), we analyzed the timeline of developing trends of specific research fields, the observed shift of research focus, and the formal professional structures of these research systems (Niazi and Hussain, 2011). According to an in-depth analysis of the top ten clusters, we identified that most were distributed in the period from 1997 to 2010. The earlier studies have focused on methamphetamine (#3), drug abuse (#1), and dopamine (#5); then, the research hotspots shifted to heat shock protein (#7), synaptic plasticity (#8), NMDA receptor (#6), oxidative stress (#0), and neurotoxicity (#2), which are all involved in neurotoxic molecular mechanisms of substance abuse. As for alcohol therapy (#4), a therapeutic implication of drug abuse has maintained researchers’ attention for several years.


[image: image]

FIGURE 5. Co-cited references timeline map of neurotoxicity of substance abuse. Nodes represent referenced documents. The size of nodes represents the frequencies of cited references, and the location reflects the present time. Years are arranged horizontally at the top. The clusters are performed based on the themes of co-cited references and the label of each cluster is shown at the end of the timeline.


We found that keywords could reveal research topics and contents, which play an apparent and updated role in tracking the transition of research hotspots. We obtained a keyword burst map to visualize shifts in focus and emergence across time on the basis of the strongest burst of keywords in scientific research articles (Figure 6). In addition, burst keywords could summarize outstanding research topics over any period of time by indicating the duration and intensity of these hot issues (Kleinberg, 2003; Chen, 2004, 2006; Chen et al., 2010, 2014). According to the top 24 keywords with the strongest citation bursts, the earlier research hotspots were neurotoxic target-organs and animal models (dismutase transgenic mice, rat brain, and central serotonergic neuron), examination (positron emission tomography), and commonly abused drugs (cocaine). Then, the burst keywords shifted to molecular mechanism-related items (e.g., messenger RNA, serotonin, microglial activation, oxidative stress, autophagy) and new psychoactive substances (e.g., bath salt and psychoactive substance). Besides these, the relationship between substance abuse and Alzheimer’s disease and some comorbid models were examined.
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FIGURE 6. Top 24 keywords with the strongest citation bursts. Each blue or red short line represents a year, and a red line stands for a burst detected year.





DISCUSSION

Our study performed a visualized bibliometric analysis of substance abuse and its neurotoxicity from 1997 to 2021 using CiteSpace. Substance abuse has caused increasing global harm by impairing the nervous system and the development of psychiatric symptoms (Şenel and Demir, 2018; EMCDDA, 2020; da Silva et al., 2021). More and more research has focused on the neurotoxic progression of substance abuse, especially the complexities of molecular mechanisms. These fields of research have needed a review to map the publications providing new ideas for the treatment and prevention of drug abuse and relapse (i.e., hot topics).

Drug abuse has brought a tremendous socioeconomic burden to the whole world, especially in recent decades (Hagemeier, 2018); this dreadful situation needs more research to expose the severity of drug addiction and drug-induced neurological disorders. Encouragingly, from 1997 to 2021, the total amount of related publications reached a total of 681, with an average of 27 per year; and an annual number of publications had a generally rising trend with a peak in 2016.

Over the past 25 years, the United States, contributing more than half of the total publications, has played a leading significant role in productivity in this field, and Asian and European countries came followed with far less production. Regarding the reason for this status, in the United States, various types of smuggled drugs have flooded its streets; meanwhile, classic opiates, cocaine, and amphetamines were pursued by a large number of substance abusers. Except for such a severe social landscape, the United States government offered abundant research funds to support high-level research activity, which resulted in a high academic reputation and characteristic H-index value in scientific research (e.g., Substance Abuse and Mental Health Services Administration, 2002). Among the European countries, Germany published a medium amount of research and had the highest number of citations per article, which indicated significant researchers’ close attention.

Considering its global harm, there has been a significant increased hot topic research and collaborative projects in countries, such as the United States, Germany, and Canada (Fujáková-Lipski et al., 2017; Costa et al., 2021; Sogos et al., 2021). Based on legalized marijuana policies in the United States and Canada, similar domestic and international situations and potential cooperative opportunities increased exponentially; additionally, the United States provides attractive financial grants to facilitate efficient cooperation and productivity (Goundar et al., 2021; Isfandyari-Moghaddam et al., 2021). Under a shared global concern of drug abuse, worldwide scientific cooperation should be further strengthened to highlight research quality, and the outcomes should be noted to more deeply illustrate the harm of substance abuse and drug-induced toxicity (Rahim et al., 2012).

The 10 most active journals, as shown in Table 3, were of high quality and rational JCR quartile on neuroscience and neuropsychiatry, published nearly one-third of the total publications. Of the molecular mechanisms of neurotoxicity of substance abuse, the understanding has reached unprecedented depth, and significant advances are laudable over the past few decades. The neurotoxic effects of drug abuse are associated with oxidative stress, mitochondrial dysfunction, apoptosis, and neurogenesis inhibition, directly or indirectly affecting neurotransmitter systems, including but not limited to dopaminergic and glutamatergic neurons, and causing irreversible neuronal damage (Cunha-Oliveira et al., 2008; da Silva et al., 2021).

The bibliometric indicators, including publication numbers, citations per article, journal impact factors, crown indicators, H-index, and its variants, can manifest high-quality scientific results (Joshi, 2014). Our results indicated that the average citation per article on the neurotoxicity of substance abuse was 33.22, higher than on other subjects, implying that the topic has kept a strong research interest. In general, highly cited articles are published in journals with high SJR or IF (Falagas and Alexiou, 2008). Notably, four of the top 10 most-cited articles have garnered more than 400 citations, and nine articles were published in journals with IF >5 or higher. From the angle of contributing countries, nine literatures were ascribed to the United States, which constituted a major force in this field; and the other one, published in Nature Medicine, the only journal with IF >50, was authored by researchers from England.

Furthermore, six of these articles focused on studies related to methamphetamine, while the remaining four articles analyzed the neurotoxicity mechanisms of 3,4-methylenedioxymethamphetamine (MDMA), nitrous oxide (laughing gas), and neuronal apoptosis associated with morphine tolerance. This could be interpreted that methamphetamine, as one of the most widely abused drugs, has attracted more researchers’ interests than others; and the mainstream views show that significant alterations in dopamine and serotonin by dopamine transporter dysfunction in the striatum led to long-term neuronal damage and ultimately motor and cognitive impairment (Volkow et al., 2001). Among the methamphetamine abusers, the aforementioned neurotoxicity is significantly more severe in men than in women; nevertheless, no significant molecular differences were observed between the sexes (Munro et al., 2006). Moreover, the 10 most-cited articles were all published from 1998 through 2008, which suggest that these results have primarily progressed and verified the mechanisms of neurotoxicity of substance abuse in this decade and enlightened more research afterward.

According to the presented keyword co-occurrence network, the core direction of the specific research topics was examined. In Figure 4, the clustered topics, such as neurotoxicity, brain, oxidative stress, dopamine, MDMA (ecstasy), amphetamine, Parkinson’s disease, and Alzheimer’s disease, can be categorized as “neuroscience,” “molecular biology,” “epidemiology,” or “psychoneuropathology”; and these interdisciplinary aspects represent the evolutionary process of more concerning issues in this field.

The neurotoxic effects of abused substances could be described as inhibiting (e.g., opioids, cannabinoids, nicotine) or stimulating (e.g., cocaine and amphetamines) neurotransmitters, decreasing dopamine and serotonin reserves by inactivating their transporters, reducing vesicular monoamine transporters, and activating alpha-(2)-adrenergic receptors (Volkow et al., 2001; Cozzi and Foley, 2003; Garrido et al., 2005; Jîtcã et al., 2021). Besides, studies also proved that tachykinins, especially substance P (SP), are linked to the terminal degeneration of dopamine through NK-1 receptor activity in substantia nigra for chronic methamphetamine abusers (Yu et al., 2002). The neurotoxicity and senescence induced by methamphetamine resulted from the upregulation and aggregation of presynaptic protein α-synuclein (Fornai et al., 2005; Wu et al., 2021). Of note, drug participatory induced the release of monoamines from neuronal storage vesicles, metabolism by monoamine oxidase or catechol-O-methyltransferase (COMT), and reactive oxygen species (ROS) generation (da Silva et al., 2021); meanwhile, hydrogen peroxide, as a by-product of these activities interacting with transition metal ions, generates toxic hydroxyl radicals, which indicate that drug-induced excessive neurotransmitter release has a strong correlation with oxidative stress (Barbosa et al., 2012; Graves et al., 2021). It is worth noting that drug-induced mitochondrial metabolism dysfunction promotes oxidative stress by inhibiting oxidative phosphorylation and ATP production, triggering apoptotic signaling pathways, and then causing neuronal damage (Burrows et al., 2000; Huang et al., 2019). It has been shown that methamphetamine and cocaine, interfering with all electron transport chain (ETC) complexes, producing excess ROS, further aggravate mitochondrial disintegration, while mephedrone affects the activity of mitochondrial complex II and IV (Yang et al., 2018; Naserzadeh et al., 2019; Thornton et al., 2021).

Besides the above, the highly cited articles demonstrated that abused drugs could increase microglial reactivity and lead to neuroinflammation, which has shown a strong link to neurotoxicity (Lacagnina et al., 2017). Amphetamine compounds, acting on dopamine D1-like receptors, microglia, and relevant signaling proteins, exacerbated neuroinflammation responses and promoted macrophage polarization from M0 to M1, which provides a potential basis of long-term neurotoxicity (Li et al., 2018; Wang et al., 2019). Cocaine activated microglia in NAc, increasing the production and release of tumor necrosis factor-alpha (TNF-α) (Lewitus et al., 2016). Cannabis could impair the activation of Toll-like receptors 4 (TLR4) by inhibiting cytokine production and interfering with TLR-induced immune responses (Sexton, 2020). Moreover, synthetic cathinone and ketamine have been confirmed to induce the release of pro-inflammatory cytokines and microglial activation (Li et al., 2017; Oliver et al., 2018; Erickson et al., 2019). Regarding methamphetamine abuse, melatonin could reduce the expression of pro-inflammatory cytokines, inhibit the expression of inflammation-mediated enzymes, such as TNF-α and iNOS, and suppress neuroinflammation (Deng et al., 2006; Olcese et al., 2009; Veneroso et al., 2009). These referenced molecular mechanisms may provide valid and reliable therapy potential for substance abuse and relapse in the future.

As a prominent feature of bibliometrics, the research topic clustering technology categorizes all retrieved records with similar topics and generates a timeline map (Waltman et al., 2010). According to the clustering of the co-cited literatures, NMDA receptor (#6, N-methyl-D-aspartic acid receptor) has been a significant focus for a long time. Based on glutamatergic neurotransmission involved in several substances of abuse, activated NMDA receptors would increase intracellular calcium concentration, which increases extracellular glutamate with positive feedback (Rego and Oliveira, 2003; Tzschentke and Schmidt, 2003). Methamphetamine increased glutamate by exocytosis of astrocytes through TNF production and calcium mobilization, which thereby promoted microglial reactivity to neuroinflammation, and neuronal death (Canedo et al., 2021). In addition, other psychoactive substances (e.g., morphine, cocaine, and heroin) could increase extracellular glutamate concentrations in the ventral tegmental area (VTA), NAc, prefrontal cortex, and striatum (Siggins et al., 2003; Williams and Steketee, 2004; Domingues et al., 2006; You et al., 2007). Otherwise, NMDA receptor antagonists, memantine and MK-801, may inhibit physical dependence and tolerance (Tzschentke and Schmidt, 1995; Trujillo, 2000; Ribeiro Do Couto et al., 2004). Therefore, further research on NMDA receptor activities may provide new strategies to treat substance abuse.

By CiteSpace algorithm-dependent keyword citation burst detection (Chen, 2006), compared with traditional drugs, new designer substances, such as “bath salt” from 2014, containing one or more synthetic cathinone derivatives, such as the most popular components of 4-methylcathinone (mephedrone), 3,4-methylenedioxymethcathinone (methylone), and 3,4-methylenedioxypyrovalerone (MDPV) (Baumann et al., 2013), have become popular particularly among adolescents since the mid-2000s (Altun and Çok, 2020). Similar to traditional drugs, synthetic cathinones also act on monoaminergic terminal functional markers, increasing ROS, activating apoptotic signaling pathways, and causing cytotoxicity (Leyrer-Jackson et al., 2019).

According to the bibliometrics analysis, we found that research on poly drug abuse often co-occurred recently. As quite a few drug abusers may prefer multi-substances of abuse (Gerostamoulos et al., 2001; Preti et al., 2002; Coffin et al., 2003; Darke, 2003; Steentoft et al., 2006), more studies focused on synergistic effects of alcohol and psychoactive substances; e.g., recreational co-abuse of alcohol and ketamine could aggravate characteristic apoptosis in morphologically sub-G1 phase and lead to intra-neuronal Ca2+ overload, down-regulation of p-Akt, p-CREB, PKA, CaMK-IV, Bcl-2, and BDNF, and up-regulation of cleaved caspase-3 and Bax (Moore et al., 1997; Wu et al., 2006; Quek et al., 2013; Zuo et al., 2017).

Other proportionately interesting findings on the neurotoxicity of substance abuse were also retrieved. Curcumin, a natural polyphenol extracted from the rhizome of Curcuma longa L, and Melissa officinalis, an antioxidant plant, both scavenge oxygen free radicals and inhibit monoamine oxidase to antagonize drug-induced neuronal apoptosis (Hassanzadeh et al., 2011; Ryskalin et al., 2021). This suggests a potential neuroprotective role of natural plant extracts for the treatment of substance abuse. A number of pharmacological interventions for drug-related memory deficits have shown significant benefits in preventing relapse at the preclinical level, such as propranolol interfering with heroin memory consolidation and reducing subsequent drug-seeking, making it an attractive treatment candidate for opioid addiction and relapse prevention (Chen et al., 2021a,b). Moreover, mTOR (mammalian target of rapamycin) interferes with cocaine-related memory consolidation, reduces cocaine-seeking behavior, and prevents relapse, and these effects are extract-dependent and time-specific (Zhang et al., 2021). Besides, 5-hydroxytryptamine receptor 1F (5-HT1F) receptor agonist, LY 344864, and cannabidiol showed a therapeutic prevention of relapse to drug addiction (Shahidi et al., 2018; Metz et al., 2021).



CONCLUSION

While there has been an exponential increase in substance abuse harm and corresponding research, there is still a paucity of studies examining systematic bibliometric progress. With the included visualized illustration, we constructed this assessment to elucidate interdisciplinary information of research on psychoactive substances. Based on the studies of neurotoxicity, pharmacological effects, and epidemiology, this update on research evidence suggests greater scientific therapeutic predictability to combat addiction to psychoactive substances. The overall findings of this study suggest that research hotspots have focused on molecular mechanisms, and more scientific priority should be given to allocate research resources for these studies with the greatest potential to investigate therapeutic applications.



LIMITATIONS

There were inevitable limitations to our study. First, since the scientific literature database (WoS) keeps dynamic publishing, the interval lag between the publication and the retrieval would affect the time sensitivity of studies. Second, to comply with the software condition of CiteSpace, only English studies were analyzed for the function of co-occurrence and co-citation analysis methods (incompatibility of multiple languages).
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Chloral Hydrate Alters Brain Activation Induced by Methamphetamine-Associated Cue and Prevents Relapse
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Methamphetamine is a highly addictive drug and its abuse leads to serious health and social problems. Until now, no effective medications are yet available for the treatment of methamphetamine addiction. Our study reveals that chloral hydrate, a clinical sedative drug, suppresses the seeking desire for methamphetamine. After 5 days of continuous administration (subanesthetic dose 50 mg/kg and 100 mg/kg), methamphetamine-seeking behavior of rats was inhibited in the condition place preference and intravenous self-administration tests. Furthermore, chloral hydrate treatment robustly suppressed cue-induced methamphetamine relapse. The whole brain c-fos immunostaining revealed that chloral hydrate treatment suppressed neuronal activity in the rhomboid thalamic nucleus (Rh), dorsal endopiriform nucleus (dEn), and claustrum (Cl) while enhanced zona incerta (ZI) activity during cue-induced methamphetamine relapse. Therefore, chloral hydrate could remodel neural network activity and serve as a potential medicine to treat methamphetamine addiction.

Keywords: chloral hydrate (CH), methamphetamine, brain activation, cue-induced relapse, addiction


INTRODUCTION

Drug addiction is a chronic brain disease that is characterized by compulsive drug-seeking and unavoidable relapse. Relapse would be triggered by drugs, stress, and cues even after long-term abstinence. The changes in neuroplasticity are the biological basis of drug relapse. Multiple neurocircuits involve in the development of drug relapse. Thus, it is important to identify the activation of the neural network in drug relapse and develop therapeutic targets.

Methamphetamine (Meth) abuse is gradually increasing worldwide (Ballester et al., 2017). Chronic methamphetamine abuse can lead to malnutrition, psychosis, mania, aggression, and other medical and psychiatric symptoms such as cardiovascular complications, especially during withdrawal (Scott et al., 2007). The addictive properties of Meth are believed to be mediated by elevating the synaptic cleft dopamine concentration in the mesolimbic area (Sulzer et al., 2005). Although several behavioral therapies have been used to treat Meth use disorders, the effects are limited in clinics (Ballester et al., 2017). There are no FDA-approved drug treatments for Meth addiction to date, and clinical trials have not identified compounds with clear efficacy. Thus, it is urgent to develop effective drugs to treat Meth addiction.

Chloral hydrate (CH) is one of the most commonly used sedatives for non-invasive procedure in clinic. It slows the activity of the whole central nervous system without a clear mechanism. Although CH has been used as a sedative for decades, it is almost unknown about its other applications. CH is able to enhance GABAa receptor function, thus it is potential to modulate the progression of drug addiction (Lu et al., 2008). In one retrospective study (Esmaeili et al., 2010), chloral hydrate was co-administered with clonidine to ameliorate opiate withdrawal symptoms and neonatal narcotic abstinence syndrome in neonates delivered by addicted mothers. In morphine-dependent rats, preceding treatment with a single injection of chloral hydrate decreased the withdrawal symptoms induced by naloxone (Streel et al., 2000). At the anesthetic dose, CH was potential to inhibit dopamine transporter function in the dorsal striatum as measured by high-speed chronoamperometry (Sabeti et al., 2003). In another study, CH did not affect the basal and cocaine-induced increases of dopamine levels, but decreased glutamatergic transmission in the striatum (Kreuter et al., 2004). In addition, the active metabolite of chloral hydrate-trichloroethanol (TCE) was able to increase the firing frequency of dopamine neurons in the ventral tegmental area (VTA) (Appel et al., 2006).

Considering the effects on dopamine system, we try to explore that the role of CH plays in Meth addiction. We comprehensively employed the conditioned place preference paradigm and self-administration paradigm to evaluate its role in drug addiction. We further observed the alteration in neural network activity by CH during cue-induced Meth reinstatement.



MATERIALS AND METHODS


Animals

Male Sprague–Dawley (SD) rats were purchased from Charles River (Beijing, China) at 6 weeks of age. Rats were pair-housed in a constant temperature (22 ± 1) and humidity-controlled (45 ± 5%) environment ad libitum. Lighting was maintained under a 12-h light–dark cycle (lights on from 8:00 am to 8:00 pm). The rats were habituated at least 14 days prior to conditioned place preference (CPP) and Meth self-administration (SA) experiments. The experimental procedures were performed in accordance with the guidelines for the National Care and Use of Animals, and the experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of Shenzhen Institute of Advanced Technology. All efforts were made to minimize animal suffering.



Drugs

Chloral hydrate (Sigma, Shanghai, China) was dissolved in sterile saline as 100 and 200 mg/ml. Methamphetamine hydrochloride supplied by the National Institutes for Food and Drug Control/NIFDC (171212-201605) was dissolved in sterile saline as 0.25 mg/ml solution. The volume of intraperitoneal injection at 2.0 ml/kg.



Apparatus (CPP)

For place conditioning (a total of 24 male SD rats were used), we employed four identical polypropylene (PE) boxes with two equal-sized compartments (30 cm × 25 cm × 30 cm) separated by a black central area (10 cm × 25 cm × 30 cm). The compartments had different pattern walls (black and white column vs. black and white square) and distinct floor textures (fine grid in the column compartment and sandpaper in the square one). An industrial wide-angle camera was used to record the experiment video (LRCP, trade ID:3206). Anymaze software was adopted to analyze videos, and Deeplabcut software (from Harvard University) was used to trace the animal exercise trajectory.



Apparatus (Meth SA)

Operant chambers (AES-DSA6, Anilab) situated in sound-attenuating boxes (Anilab) were used for operant tasks. Self-administration chambers were equipped with two illuminated nose pokes (“active” and “inactive”), a house light, and infusion pump. The two nose poke operands were set on the front wall of the chamber. The stimulus light and sound cue were positioned directly above the active nose poke hole. The house light was set on the rear wall of the chamber and, except for 20 s timeout periods, the house light remained on when rats were inside the operant chamber. The apparatus was controlled and data were captured by Anilab Ver 6.40 software (Anilab).



Apparatus (OFT)

The open field test (a total of 15 male SD rats were used) was comprised of two identical PE equal-sized boxes (50 cm × 50 cm × 50 cm). The central area was defined as a 30 cm × 30 cm square. An industrial wide-angle camera (LRCP, trade ID:3206) was used for recording. The Anymaze software was used to analyze the video data, and Deeplabcut software (from Harvard University) was used to trace the trajectory.



Intravenous Catheterization

Rats were anesthetized with isoflurane (RWD; cat. no. R510-22-10). A silicon catheter (Dow, cat. no. 508-003) with rounded tip and double suture beads (one secured internally and other externally) was implanted into the right external jugular vein. The distal end of the catheter was subcutaneously placed around the shoulder and exited below the scapula via polycarbonate back-mount access port (PlasticsOne; C313G-5UP). Immediately after the surgery, catheters were flushed with 0.2 ml of (2 mg/ml; Sigma) diluted in sterile heparinized saline (10 U/ml; Tocris; cat. no. 2812/100). Atipamezole hydrochloride (0.5 mg/kg; IM; Sigma), diluted in saline was used to terminate anesthesia. Rats were given 5 days to recover from surgery before starting the experiment. During recovery, rats had ad libitum access to food for the first 4 days and then gradually food restricted to 90%. Catheters were daily flushed with heparinized saline (10 U/ml). Catheter patency was assessed with a 0.05 ml IV infusion of xylazine (20 mg/ml) at the end of methamphetamine self-administration phase or when patency loss was suspected. Only rats with patent catheters were adopted in the following experiments.



Conditioned Place Preference

Place conditioning consisted of three phases. In the first phase (or preconditioning, briefly named Pre-C), rats were allowed access to both compartments of the apparatus for 900 s per day on the first day. On day 2, the time spent in each compartment was recorded (test 0). The chamber in which mice spent less time will be selected as drug-paired compartment.

In the second phase (conditioning), which lasted 8 days, saline was paired with the preferred compartment and Meth was paired with the other compartment. Rats received 0.5 mg/kg Meth (i.p.) and saline injection alternately during this phase. Immediately after the injection, rats were restricted to the appropriate compartment with closed guillotine door for 45 min.

In the third phase (or postconditioning, briefly named Post-C, day 11, test 1), the CPP was measured. The CPP score was calculated as the time spent in the drug-paired compartment during the Post-C session minus the time spent in this compartment during the Pre-C session.

After the acquisition of CPP, rats received chloral hydrate (50 and 100 mg/kg) or saline (similar volume to chloral hydrate solution) injection (i.p.) during the maintenance stage. At this stage, rats stayed at home cage and received CH injection for 5 consecutive days. Then 24 h after the last injection, CPP was measured (test 2) to observe the effects of CH on the maintenance of CPP.



Self-Administration

The rats were subjected to the protocol after recovery from the surgery.



Acquisition

Experiments were conducted as previously described with slight modifications (Wakabayashi et al., 2010). The rats were trained for 12 daily fixed ratio 1 sessions (2 h/day). During the acquisition sessions, active nose pokes (termed fixed-ratio one, or FR1) triggered the infusion pump (0.2 mg/kg/infusion), 5-s continuous voice from the buzzer and the illuminated the nose poke. A 20-s time-out was signaled by the dimming of the house light. We set 50 infusions as the maximum per session to avoid drug overdoses. The rats with stable infusion (less than 20% variance over the final 3 days of self-administration training) were selected for subsequent experiments.



Maintenance

In the maintenance phase, the rats were randomly divided into two groups: saline group and CH group. The rats continued daily self-administration training, and received chloral hydrate (100 mg/kg, 2 ml/kg) or saline (2 ml/kg) injection (i.p.) immediately after they finished daily training session of 5 consecutive days (day 16–20). Then, we tested the effects of CH on the Meth self-administration on days 21, 22, 23, 27, 34, and 42.



Extinction and Cue-Induced Reinstatement

The experiment is designed according to the previous literatures with slightly modifications (Allain et al., 2021; Everett et al., 2021). During extinction, rats underwent 60 min training sessions, in which nose poke resulted in no scheduled consequences, but poke data were recorded. After the first extinction session, rats were subjected to the maintenance injection protocol. The extinction phase comprised 10 consecutive sessions. After the extinction phase, rats with active poke no more than 10 for 3 consecutive sessions were chosen for the reinstatement test.

During the reinstatement phase, a conditional cue (same as the acquisition phase) was given at the test beginning with 10 s. The active poke (termed fixed-ratio one, or FR1) resulted in the delivery of the same cue as the acquisition phase except no drug infusion. Reinstatement sessions lasted 1 h.



Treatment of Chloral Hydrate

Chloral hydrate was dissolved in sterile saline. In the rat’s Meth CPP experiments, after CPP was established, chloral hydrate was given daily at doses of 50 or 100 mg/kg for continuous 5 days. In the rat’s Meth self-administration experiments, chloral hydrate was given (i.p.) daily at doses of 100 mg/kg immediately after the training sessions for continuous 5 days. In the SA extinction experiments, chloral hydrate was given (i.p.) daily at doses of 100 mg/kg immediately after the extinction training sessions for continuous 5 days.



Sucrose Self-Administration

The rats were trained for 12 daily fixed ratio 1 sessions (2 h/day). During the acquisition sessions, active nose pokes (termed fixed-ratio one, or FR1) triggered the infusion pump (0.04 mg/infusion, 200 μl/infusion), 5-s continuous voice from the buzzer and the illuminated the nose poke. A 20-s time-out was signaled by the dimming of the house light. We set 100 infusions as the maximum per session. The rats with stable infusion (less than 20% variance over the final 3 days of self-administration training) were selected for subsequent CH or saline treatments.



Open Field Test

After the sucrose self-administration test, rats received 100 mg/kg chloral hydrate treatment for continuous 5 days. The open-field test was conducted 24 h after the last chloral hydrate injection. The rats were put in the OFT chamber central area and explored freely for 15 min. The traveling distance and staying in central time will be recorded and analyzed by Anymaze software.



c-fos Immunostaining

Then, 1 h after the cue-induced reinstatement test, rats were deeply anesthetized by pentobarbital sodium (80 mg/kg, i.p.) and perfused with phosphate buffered saline followed by 4% paraformaldehyde (PFA). Brains were postfixed overnight in 4% PFA and were sliced on a microtome at 45 μm. The slices were washed with 3 times TBST for 10 min and blocked with 5% goat serum dissolved in 0.3% TritonX-100 for 2 h at room temperature. Slices were incubated with primary antibodies dissolved in blocking buffer overnight at 4°C, followed by 3 times 10 min wash with TBST at room temperature. After that, slices were incubated with fluorescent-conjugated secondary antibodies dissolved in blocking buffer for 2 h at room temperature and washed 3 times with TBST. Then, slices were incubated with DAPI in PBS for 10 min at room temperature followed by 3 times 10-min wash with PBS. Finally, slices were mounted using mounting medium containing DAPI (Fluoroshiel, sigma). Primary and secondary antibodies are listed below:

Rabbit anti c-fos (1:2,000, Synaptic Systems Cat# 226 008, RRID:AB_2891278); goat anti-Rabbit IgG 647 (1:1,000, Thermo Fisher Scientific Cat# A-21245, RRID:AB_2535813). Data analysis used the OLYMPUS cellSens Dimension (Ver 3.2, Build 23706). The c-fos immunostaining of each brain region was averaged by the c-fos of two adjacent brain slices and the Student’s t-test was used for statistical analysis.



Clustering Analysis

Clustering analysis was performed with MATLAB (Mathworks). Prior to the clustering, the variables during the maintenance phase (baseline to day 42) of each rat were normalized to the average time during the baseline sessions (days 13–15). The variables used from the Meth self-administration were the number of active pokes, useless pokes, inactive pokes, and infusions. Useless pokes were defined as the poke to active pokes during the 20-s time-out period after Meth infusions. A dimension reduction (MATLAB toolbox UAMP with option n_neighbors = 10, min_dist = 0.5, metric = euclidean, n_components = 3) was applied to the variables followed by a hierarchical clustering method (MATLAB functions “pdist,” “linkage,” and “cluster” with a metric = s-euclidean and linkage = ward). Since the UMAP is a stochastic method, the dimension reduction and clustering were run 500 times and choose the best result to hierarchical clustering. Finally, other relevant variables were sorted according to the obtained clustering (treatment).



Statistics

One-way ANOVA was applied to evaluate the effects of chloral hydrate dose (0, 50, and 100 mg/kg) using SPSS (version 25, General Linear Model Procedure). Student’s t-test was used to determine the effects on maintenance and relapse across CH treatment and after treatment in self-administration, and condition preference across CPP test using GraphPad Prism 8.4.7. Clustering analysis was conducted by MATLAB 2020b (MathWorks) for Windows. The minimum level of significance was set at p < 0.05. Data are presented as the mean ± SEM.




RESULTS


Chloral Hydrate Treatment Attenuates the Maintenance of Methamphetamine-Induced Conditioned Place Preference

The conditioned place preference paradigm is a standard preclinical behavioral model used to evaluate the rewarding effects of the drugs. We first employed CPP paradigm to assess the impact of CH treatment on the rewarding property of Meth (Figure 1A). Rats were habituated to 3-chambers CPP apparatus on day 1, and the baseline was assessed on day 2 (test 0). After 8 days of alternating saline and Meth pairing, a CPP expression test (test 1) was performed on day 11 to evaluate the Meth-associated memory. Then, rats were subjected to successive 5 days of saline or chloral hydrate treatment (50 and 100 mg/kg, i.p.). A second CPP test was performed to examine the impact of CH treatment on the CPP maintenance (test 2).
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FIGURE 1. Chloral hydrate reduces Meth-induced CPP maintenance. (A) Representation of rat CPP schedule. Three-chamber system was adopted. (B) The effect of 50 mg/kg CH treatment (N = 6) on the maintenance of Meth-associated CPP memory. (C) The effect of 100 mg/kg CH treatment (N = 6) on the maintenance of Meth-associated CPP memory. *p < 0.05, ns: no significant difference. T0: test 0, T1: test 1, T2: test 2.


After 8 days CPP training, rats increased their time spent on Meth-paired side on test 1, suggesting the formation of Meth-associated CPP [F(1, 10) = 26.58, p < 0.001, Figures 1B,C]. After 5 days of CH injection, the 50 mg/kg CH treatment group showed slight decrease in the time spent on Meth-paired side compared to saline-treated group, but did not reach significant level (p = 0.14, Figure 1B). However, 100 mg/kg CH treatment significantly decreased the time spent on Meth-paired side (p < 0.05, Figure 1C). These results indicated that 100 mg/kg of CH treatment for 5 days is sufficient to attenuate Meth-associated CPP memories. Based on these results, we chose to use a dose of 100 mg/kg for subsequent studies.



Chloral Hydrate Treatment Reduces Methamphetamine-Seeking Behavior in Drug Self-Administration Model

We next examined the effect of chloral hydrate treatment on the Meth-seeking behavior with classical intravenous drug self-administration (SA) paradigm (Figure 2A). Then 7 days after jugular vein cannulation surgery, rats were subjected to 12 days of SA acquisition training. Rats that met the requirements of the successful self-administration were selected and randomly assigned to saline and CH groups. After 12 days of training, the saline group and CH group showed similar level of nose poking and Meth infusion (Figures 2B,C, left). During the maintenance phase, rats were treated with saline or CH (100 mg/kg) immediately after SA session and 22 h before the next SA session for successive 5 days. CH treatment reduced the nose pokes and the drug infusions [Infusion count: F(1, 8) = 11.09, p < 0.05, active poke count: F(1, 8) = 10.03, p < 0.05, Figures 2B,C, middle].
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FIGURE 2. Chloral hydrate reduces drug-seeking behavior in Meth self-administration. (A) Representation of rat self-administration schedule. (B,C) Chloral hydrate reduced drug-seeking behaviors (N = 5 in the CH100 group, N = 5 in the saline group). (D) Hierarchical cluster based on uniform manifold approximation and projection (UMAP) of different parameters of maintenance session of Meth SA. Purple means CH100 treatment rats. The dark and light blue colors represent the normalized number of the infusion count. (E) The representation of three-dimensional UMAP clusters of decreaser (cluster blue) and preserver (cluster red) after treatment in Meth SA. *p < 0.05, **p < 0.01, ***p < 0.001; two-way ANOVA.


To examine how long the effect could last after the cessation of CH treatment, the rats were returned to apparatus to perform SA task 1 day, 2 days, 3 days, 1 week, 2 weeks, and 3 weeks after the last CH treatment. The Meth infusion and nose pokes in CH treatment group remained low [infusion count: F(1, 8) = 26.35, p < 0.001, active poke count: F(1, 8) = 15.02, p < 0.01, Figures 2B,C right], and the effect was still significant 3 weeks after the last CH treatment.

Parallel to the statistical analysis of a priori labeling of animal groups, a dimensionality reduction hierarchical clustering analysis based on the UMAP algorithm was performed. An unbiased clustering analysis integrating four self-administration behavioral parameters over the chloral hydrate delivery sessions yielded two clusters: decreasers (means drug-seeking behavior reduces) and perseveres (means drug-seeking behavior remains unchanged or increases, refer to Figures 2D,E). Out of 6 decreaser rats, 5 (83.3%) were classified into the CH100 treatment group. Correspondingly, 4 of the 5 rats in the control group were the perseveres. These results indicated that chloral hydrate had a positive effect on the control of methamphetamine drug-seeking behavior during the maintenance phase and the effect was kept for a long time after the cessation of chloral hydrate.



Chloral Hydrate Treatment Prevents Cue-Induced Relapse Without Affecting the Extinction of Methamphetamine-Seeking Behavior

We further explored the effect of CH on the relapse of Meth-seeking behavior. We subjected animals to extinction training after they acquired stable Meth self-administration (Figure 3A). Rats were given either saline or CH treatment (100 mg/kg, i.p.) immediately after extinction training sessions for successive 5 days. After 10 days of extinction training (at this stage, nose poke does not trigger drug injection), the rats met that the extinction criteria would accept the cue-induced relapse test. Rats gradually decreased their nose pokes and reach successful extinction criteria (< 10 active pokes/hour) after 10 days of extinction training in the saline-treated group. At this stage, rats in the CH-treated group were indistinguishable in nose pokes from that of saline group [F(1, 24) = 0.0085,p = 0.93, Figure 3B], indicating that CH is ineffective in facilitating drug extinction.
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FIGURE 3. Chloral hydrate reduced cue-induced relapse without affecting extinction in Meth self-administration model (A) Representation of extinction and relapse schedule. (B) Chloral hydrate treatment (N = 12) has no effect on drug extinction, compared with saline control (N = 12). (C) Chloral hydrate treatment (N = 8) prevents cue-induced Meth relapse (N = 8 for CH group and N = 8 for saline group). *p < 0.05, **p < 0.01, ns: no significant difference, Student’s t-test.


Then, the rats underwent cue-induced relapse test. The presentation of Meth-associated sensory cues induced robust active nose pokes in the saline control group, indicating successful reinstatement of Meth-seeking behavior (p < 0.01, Figure 3C). The CH-treated rats exhibited a significant lower number of nose pokes, suggesting CH treatment during extinction phase prevented cue-induced methamphetamine relapse [F(1, 14) = 9.391, p < 0.01, Figure 3C].



Chloral Hydrate Treatment Altered Whole Brain Neural Activation Induced by Methamphetamine-Associated Cue

The robust effect of CH on preventing cue-induced Meth relapse leads us to hypothesize that brain activation following cue presentation might be different between CH-treated and saline-treated group. We thus performed immunostaining of c-fos, a proxy of neural activity, to assess whole-brain activation induced by Meth-associated cues during relapse test. In the saline control group, cue-induced Meth relapse resulted in robust c-fos activation in many brain regions, including some brain regions that have previously been reported to be important for drug addiction, such as the medial prefrontal cortex (PFC), nucleus accumbens (NAc), and VTA (Figure 4A). Meth-treated animals showed some overlapping but distinct brain activation patterns (Figure 4A). By carefully comparing brain activation between the two groups of animals, we identified 4 brain regions with significant difference (Figure 4B). Among them, claustrum (Cl), dorsal endopiriform nucleus (dEn), and rhomboid thalamic nucleus (Rh) showed significant reduction in c-fos numbers in CH-treated animals, whereas zona incerta (ZI) showed significant increase in c-fos activation. In addition, PFC showed enhanced c-fos activation and NAc showed reduced activation in the CH group, but both did not reach significant level. These changes in brain activation might contribute to the suppression effect of CH on cue-induced Meth relapse.
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FIGURE 4. C-fos brain activation after cue-induced Meth relapse in saline- and CH-treated groups. (A) Example images showing c-fos expression of multiple brain regions after relapse test (N = 3 for both groups). (B) Quantification of brain regions with significant differences in c-fos expression between saline (red) and CH (blue) rats. p-values are presented in Supplementary Table 1. Abbreviations: rhomboid thalamic nucleus (Rh), dorsal endopiriform nucleus (dEn), zona incerta (ZI), claustrum (Cl), medial prefrontal cortex (mPFC), nucleus accumbens (NAc), lateral septal nucleus, ventral part (LSv), dorsal raphe (DR), medial septal nucleus (MS), paraventricular thalamic nucleus (PV), and ventral tegmental area (VTA). Student’s t-tests. *p < 0.05, **p < 0.01.




The Impact of Chloral Hydrate Treatment on Sucrose-Seeking, Locomotion, and Anxiety

We next examined the potential side effects of CH on the behavior and locomotor ability of rats. Sucrose self-administration test was adopted to evaluate the effect of chloral hydrate on the seeking of natural reward (Figure 5A). The open field experiment was used to evaluate the effect of chloral hydrate on the locomotor activity and anxiety level. The results showed that CH has no effect sucrose seeking and taking [treatment effect, F1, 13 = 1.483, p = 0.25, Figure 5B], indicating that it does not affect seeking of natural reward. There was no difference in the body weights between the two groups [treatment effect, F(1, 13) = 0.7355, p = 0.41, Figure 5C]. The open field test showed that CH did not change the locomotor activity and anxiety level of rats (Figure 5D, central time, p = 0.40, moving distance, p = 0.80).
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FIGURE 5. Chloral hydrate had no obvious side effects (N = 7 in Saline group and N = 8 in CH100 groups). (A) Timeline for sucrose self-administration. (B) Chloral hydrate did not affect sucrose self-administration behavior. (C) Chloral hydrate had no significant effect on the weight in rats. (D) Chloral hydrate did not change locomotor activity and anxiety mood.





DISCUSSION

In this study, we discovered that CH dose-dependently ameliorated Meth-induced conditioned place preference, as well as Meth self-administration behavior. Single dose (100 mg/kg) treatment of chloral hydrate was able to reduce rat self-administration behavior. Furthermore, CH also effectively prevented cue-induced Meth reinstatement in rats. With 5 consecutive days of CH administrations during the withdrawal period, the rats exhibited reduced drug-seeking and drug-taking behavior in self-administration paradigm. This indicates that chloral hydrate may play an anti-addictive role at the whole stages of Meth self-administration in rats.

Chloral hydrate is a clinically used sedative drug. To discriminate its anti-addiction effect from its sedative effect, we administrated rats with CH 22 h before behavior test. In addition, we examined the effects of chloral hydrate treatment on the natural reward, locomotor activity, and the level of anxiety in rats. The results showed that chloral hydrate treatment only slightly affected the driving force of the rats toward natural reward acquisition, whereas it had less effect on the locomotor activity. In addition, CH didn’t affect the body weights and anxiety levels of the rats, indicating that chloral hydrate treatment is safe in general.

The whole-brain c-fos immunostaining revealed that CH treatment reduced the activities of the claustrum, the dorsal endopiriform nucleus and the rhomboid thalamic nucleus, while enhanced the activity of the zona incerta. The changes in claustrum were the most obvious. Claustrum projects to the PFC and inhibiting the activity of this projection could control the Meth-induced rat’s impulsive behavior (Liu et al., 2019). A significant decrease in the availability of D2/3 receptors in the claustrum of methamphetamine-dependent patients has also been reported in human studies, and genetic studies have shown that genes involved in cocaine and nicotine addiction are specifically expressed in the claustrum (Lee et al., 2009; Liu et al., 2019).

Besides claustrum, the other brain regions with obvious c-fos alterations, such as dorsal endopiriform nucleus and rhomboid thalamic nucleus, also have close relation to drug addiction and dorsal endopiriform nucleus, which has large associations with the function of claustrum, in the brain paralleling information related to the regulation of the limbic system and motor function, both with some functional homogeneity (Watson et al., 2017; Smith et al., 2019). The rhomboid thalamic nucleus undertakes the function of information transmission between mPFC and hippocampus, and spatial memories, working memory, and advanced cognitive ability are related to this brain area (Vertes et al., 2007; Hembrook and Mair, 2011).

Because the activity of the rhomboid thalamic nucleus decreased in the CH treatment group, it is speculated that the rhomboid thalamic nucleus may affect the stability and recurrence of addictive memory. Zona incerta is widely connected to other regions. Its activation and inhibition may be related to the control of stereotyped behavior caused by amphetamines (Supko and Wallace, 1992) and also have the potential to participate in the process of drug addiction. In addition, the traditional addiction-related brain regions, such as the nucleus accumbens and the medial prefrontal cortex, showed a trend of changes without statistical significance. These results suggest that CH exerts its anti-addiction effect might be not through these classical addiction-related brain regions.

In conclusion, 100 mg/kg chloral hydrate significantly reduced methamphetamine self-administration and cue-induced relapse in rats. These effects do not appear to be the result of sedation or dyskinesia. Although the pharmacological mechanism of chloral hydrate is complex and not fully understood, the current results support further testing the potential of these compounds for the treatment of Meth use disorders. Chloral hydrate is a classic drug with a long history of use in the clinic, especially in pediatric testing, The dose we used in the study is the range of clinically permissible dose (Wilson et al., 2014; Mataftsi et al., 2017; Fong et al., 2021), so its safety can be certified and it is possible to conduct clinical testing, to develop the value of new use of its old drugs. In addition, this study further suggests that some sedative drugs previously used in the clinic may be anti-amphetamines with development potential for controlling the harm of synthetic drugs, especially Meth and other psychostimulants. It is of great significance to guide the development of drugs to treat addiction in the future.
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3-Methylmethcathinone (3-MMC), a drug belonging to synthetic cathinones family, raised public attention due to its harmful health effects and abuse potential. Although it has similar properties to other cathinone derivatives, the behavioral effects of 3-MMC remain largely unknown. In the present research, we evaluated the rewarding effect of 3-MMC using conditioned place preference (CPP) paradigm and its effect on anxiety-like behavior using elevated plus maze (EPM) and compared with methamphetamine (METH). Then, we performed a whole-brain c-Fos mapping to identify the specific brain regions in response to 3-MMC exposure and explored the changes of synaptic transmission in nucleus accumbens (NAc) using patch-clamp recording after chronic 3-MMC and METH exposure. 3-MMC induced CPP at higher doses of 3 or 10 mg/kg in rats and acute exposure of 3 mg/kg 3-MMC to rats produced anxiolytic-like effect, while anxiety-like behavior was increased after 7 days of injection with 3-MMC. Whole-brain immunostaining revealed increased c-Fos expression in anterior cingulate cortex (ACC), NAc and ventral tegmental area (VTA) after chronic 3-MMC injection compared with saline, which was similar to METH. Especially, 3-MMC induced more neural activation of VTA compared with METH. Finally, we found that amplitude of spontaneous inhibitory postsynaptic currents (sIPSCs) in NAc was decreased after chronic 3-MMC injection, while frequency of sIPSCs and spontaneous excitatory postsynaptic currents (sEPSCs) were not affected. Taken together, our results revealed the addictive potential of 3-MMC and its effect on anxiety-like behavior, which warn the risks of 3-MMC abuse and justify the control of synthetic cathinones. And 3-MMC selectively inhibit inhibitory but not excitatory transmission onto neurons in NAc, which may contribute to its effects.

KEYWORDS
3-methylmethcathinone, conditioned place preference, elevated plus maze, nucleus accumbens, synaptic transmission


Introduction

As a type of novel psychoactive substance (NPS), synthetic cathinones first appeared in early 21st century and have become increasingly popular in smuggling and illicit drug markets (Assi et al., 2017; Pieprzyca et al., 2020). At the end of 2020, synthetic cathinones were the second largest group among over 830 NPSs detected by the European Monitoring Centre for Drugs and Drug Addiction including 3-Methylmethcathinone (EMCDDA, 2021). 3-methylmethcathinone, also known as 3-MMC or metaphedrone, was a designer drug from the synthetic cathinones family (Ferreira et al., 2019) which first appeared in Sweden in 2012 (Bäckberg et al., 2015) and is currently illegal in majority of nations including France, Poland and China (CFDA, 2015; Pieprzyca et al., 2020; EMCDDA, 2021). There is no known or medical use of 3-MMC, and such drug has attracted public attention around the world because of its harmful health effects and risks of abuse (Adamowicz et al., 2016; Jamey et al., 2016; Dias da Silva et al., 2019; Ferreira et al., 2019; Margasinska-Olejak et al., 2019). To date, there is relatively little literature concerning 3-MMC and it is important to explore its effects to provide sufficient scientific evidence to justify NPSs control.

As one of the NPSs, 3-MMC shares some biological effects with 4-methylmethcathinone (4-MMC), 3,4-methylenedioxy-methamphetamine (MDMA), and methamphetamine (METH) including euphoria, excitement, happiness, increased physical energy, alertness and enhanced awareness (Ferreira et al., 2019). Recently, some researches mentioned that 3-MMC had been related with addiction, several intoxications and even fatalities (Marusich et al., 2012; Ferreira et al., 2019; Margasinska-Olejak et al., 2019; Drevin et al., 2021). Pharmacological study showed that 3-MMC was a monoamine transporter substrate and displayed pronounced dopaminergic and serotonergic activity by inhibition of dopamine (DA) and norepinephrine (NE) uptake (Luethi et al., 2018). The brain dopaminergic system, which plays essential roles in reward, learning and memory, and decision making, is one of the most fundamental theoretical frameworks for drug addiction (Volkow et al., 2011). However, the alternations of neurotransmission remained elusive following 3-MMC administration, particularly in nucleus accumbens (NAc), a crucial downstream target of dopaminergic system and also played a key role in drug addiction (Volkow et al., 2011).

The aim of our research was to investigate the behavioral changes after acute and chronic 3-MMC exposure and its related neural mechanisms. Concretely, we assessed the effects of 3-MMC exposure on conditioned place preference (CPP), locomotor activity and the elevated plus maze (EPM), and compared these with METH. We also evaluated the expression of c-Fos, a marker of stimulus-induced neural activation, in various brain regions linked to addiction, as well as the electrophysiological alternations of NAc neurons after repeated 3-MMC injection.



Materials and methods


Animals

Adult male Sprague-Dawley (SD) rats (280–300 g) were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. The rats were housed in groups of 4 per cage after arrival with appropriate temperature (22 ± 2°C) and humidity (50 ± 5%), as well as freely accessible water and food. The lighting time was controlled, under a 12-h light/dark cycle. All behavioral experiments were performed during the animal’s dark period. Animal care and experimentation were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Biomedical Ethics Committee for Animal Use and Protection of Peking University (No: LA2019067).



Drugs

The METH and 3-MMC were provided by Drug Intelligence and Forensic Center of Ministry of Public Security, China. Both drugs were dissolved in 0.9% saline and ready for intraperitoneal injection.



Conditioned place preference

The conditioned place preference (CPP) procedure was performed using an unbiased, counterbalanced protocol that has been described previously (Liang et al., 2017). The apparatus for CPP conditioning consisted of 10 identical three-chamber polyvinyl chloride (PVC) boxes. The boxes had two larger chambers (27.9 cm length × 21.0 cm width × 20.9 cm height) that differed in their floor texture (bar or grid, respectively) and the houselights on the walls. The two larger chambers were separated by a smaller chamber (12.1 cm length × 21.0 cm width × 20.9 cm height, with a smooth PVC floor). Baseline preference was assessed by placing the rats in the center chamber of the CPP apparatus and allowing them to explore all three chambers freely for 15 min. Rats that showed a strong unconditioned preference for either side chamber (i.e., >500 s) were excluded from the experiments. On the following 1, 3, 5, and 7 days, the rats received saline, 3-MMC (1, 3, or 10 mg/kg, i.p.), or METH (1 mg/kg, i.p.). Based on the dose of 3-MMC at 0.3 mg/kg for pigs (as 2 mg/kg for rats) in a pharmacological study (Shimshoni et al., 2015; Nair and Jacob, 2016) and intraperitoneal injection of 4-methylethcathinone at 1, 3, or 10 mg/kg in another study (Xu et al., 2016), we chose the dose above for CPP training. All rats received saline injection on the 2, 4, 6, and 8 days. After each injection, rats were immediately confined to the drug-paired or saline-paired conditioning chamber for 45 min before being returned to their home cages. On days 9, rats were placed in the central compartment without receiving any injection and were allowed to explore the entire apparatus freely for 15 min. The CPP score was calculated by the time (in seconds) spent in the drug-paired chamber minus the time spent in the saline-paired chamber during the CPP tests.



Locomotor activity

Locomotor Activity Test was conducted based on previous study (Deng et al., 2017). All rats were habituated to the locomotor chambers (40 cm × 40 cm × 65 cm) for 3 days (120 min/day) before locomotor activity test. In test day, we first recorded locomotor activity for 30 min, then rats were injected with a single of saline, 3-MMC (1, 3, or 10 mg/kg) or METH (1 mg/kg) and continued to record for 120 min. All locomotor activities were recorded and analyzed with an automated video tracking system (DigBehv-LM4; Shanghai Jiliang Software Technology, Shanghai, China). Locomotor activity is expressed as the total distance traveled in centimeters during a predetermined period of time.



Elevated plus maze

The elevated plus maze (EPM) was utilized to evaluate anxiety-like behavior based on the rats’ natural fear of open, unprotected, and elevated spaces (Pellow et al., 1985). The EPM consisted of four crossed narrow arms elevated 70 cm from the floor, with two open arms and two closed arms (50 cm long and 10 cm wide). 10 min after acute injection (saline, 3-MMC [1, 3 or 10 mg/kg], or METH [1 mg/kg]) or the last injection of chronic drug administration, each rat was placed in the central zone of the EPM with its head facing an open arm and was allowed to freely explore the maze for 5 min. The time spent in each arm and the traces of rats were analyzed with the EthoVision XT (Noldus IT, Netherlands).



Immunostaining

Brains were fixed with 4% paraformaldehyde (PFA) for at least 24 h and transferred into phosphate-buffered saline (PBS, pH 7.2) containing 10, 20, and 30% sucrose until they sank. Coronal sections of the brain were cut into 20 μm slice at −20°C in the cryostat (Leica, CM3050 S). Slices were washed with three times of PBS for 5 min, blocked with 5% bovine serum albumin (BSA) dissolved in 0.2% Triton X-100 for 1 h at room temperature and incubated with Rabbit anti-c-Fos (1:500, Abcam, ab190289) primary antibodies dissolved in blocking buffer overnight at 4°C, followed by four times of 15-min wash with PBS at room temperature. After that, slices were incubated with Goat anti-Rabbit Secondary Antibody (Alexa Fluor 488, 1:500, Invitrogen, A-11008) dissolved in blocking buffer for 2 h at room temperature followed by four times of 15-min wash with PBS. Lastly, the slices were mounted by DAPI (Abcam, ab285390) and stored at 4°C for analysis.

Fluorescent images were acquired using a fluorescence microscope (Olympus, Tokyo, Japan) with a 20× objective lens and analyzed according to our previous study (Liang et al., 2017), in which at least three sections were selected from each brain region for each rat. The size of sampled areas for cell quantifications of each brain region from each section was 0.39 mm × 0.39 mm. Brightness and contrast adjustments were applied to the whole image. The number of c-Fos-positive cells were identified and counted in IMARIS software (Oxford Instruments, United Kingdom). An investigator blinded to the experimental conditions performed the image analyses.



Slice electrophysiology

The experiments were performed as previously described (Yu et al., 2022). Whole-cell patch-clamp recordings of NAc neurons were performed 24 h after the last injection of chronic administration with saline, 1 mg/kg METH or 3 mg/kg 3-MMC. The brains were rapidly removed after anesthetization and 250 μm coronal slices were prepared with a vibratome (Leica VT1200S) in ice-cold solution containing (in mM): 80 NaCl, 26 NaHCO3, 3.0 KCl, 1.0 NaH2PO4, 1.3 MgCl2, 1.0 CaCl2, 20 D-glucose, and 75 sucrose, saturated with 95% O2 and 5% CO2. The slices were moved to an incubation chamber containing artificial cerebrospinal fluid (ACSF) consisted of the following (in mM): 124 NaCl, 26 NaHCO3, 3.0 KCl, 1.0 NaH2PO4, 1.3 MgCl2, 1.5 CaCl2, 20 D-glucose, saturated with 95% O2 and 5% CO2 at 34°C for 30 min and then at room temperature until used for recording.

For sIPSC recording, the pipette solution contained the following (in mm): 120 CsCl, 20 TEA-Cl, 4 ATP-Mg, 0.3 GTP, 0.5 EGTA, 10 HEPES, and 4.0 QX-314 (pH 7.2, 270–280 mOsm with sucrose). For sEPSC recording, the pipette solution contained the following (in mm): 110 Cs methylsulfate, 15 CsCl, 20 TEA-Cl, 4 ATP-Mg, 0.3 GTP, 0.5 EGTA, 10 HEPES, and 4.0 QX-314 (pH 7.2, 270–280 mOsm with sucrose).

All signals were amplified (Multiclamp 700B, Axon Instruments), filtered at 5 kHz and digitized at 20 kHz (National Instruments Board PCI-MIO-16E4, Igor, Wave Metrics). Data were recorded within Axon pClamp 10 (Molecular Devices, CA, United States). Data analysis referred to our previous research (Yu et al., 2022).



Statistical analysis

Statistical analyses were performed with GraphPad Prism 9. One-way analysis of variance (ANOVA), two-way ANOVA, or paired t-test was used to analyze data when applicable. Bonferroni test was used for post hoc analysis after ANOVA. Data were presented as mean ± standard errors of the mean (SEM). Significance was defined as *P < 0.05, **P < 0.01, and ***P < 0.001.




Results


3-Methylmethcathinone induced conditioned place preference dose-dependently and increased locomotor activity

Conditioned place preference and locomotor activity are paradigms commonly employed to determine the rewarding and psychomotor properties of psychoactive drugs, respectively (Tzschentke, 2007). To study the rewarding effect of 3-MMC, the rats underwent CPP training (1, 3, 10 mg/kg of 3-MMC; or 1 mg/kg of METH) for 8 days and received CPP test on day 9. Rats with 3 mg/kg 3-MMC, 10 mg/kg 3-MMC and 1 mg/kg METH displayed increased CPP score (paired t-test: t9 = 3.46, **P = 0.0072 for 1 mg/kg METH; t9 = 2.99, *P = 0.0152 for 3 mg/kg 3-MMC; t9 = 2.76, *P = 0.0222 for 10 mg/kg 3-MMC), implying that 3-MMC induced CPP dose-dependently (Figure 1A).
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FIGURE 1
The effects of 3-MMC on CPP and locomotor activity. (A) Experimental timeline showing the CPP training. The rats trained with saline, METH (1 mg/kg) or 3-MMC (1, 3, or 10 mg/kg) for 8 days and tested in day 9, paired t-test, *P < 0.05, **P < 0.01 significant differences for each drug in CPP test, n = 10 for each group. (B) A single injection of 3-MMC (3 mg/kg) or METH (1 mg/kg) increased locomotor activity. Each point represents the average distance traveled in 5-min bins. Saline, Meth and 3-MMC group, post hoc test, *P < 0.05 significant differences in distance for 3-MMC vs saline, #P < 0.05 significant differences for METH vs saline, n = 8, 9, and 8, respectively. Data are presented as mean values ± SEM.


Because 3 mg/kg 3-MMC could effectively induce CPP, we next assessed its effect on locomotor activity of rats after acute exposure. A two-way ANOVA of moving distance revealed a main effect of drugs [F(2,22) = 97.94, P < 0.0001], implying the psychomotor properties of 3-MMC. As shown in Figure 1B, rats treated with 3-MMC exhibited an enhanced locomotor activity from 5 to 30 min and 95–100 min (post hoc test: *P < 0.05 for 3-MMC versus saline), while rats with METH injection showed increased activity from 5 to 120 min (post hoc test: #P < 0.05 for METH versus saline).



Acute 3-methylmethcathinone injection reduced anxiety-like behavior, while chronic use of 3-methylmethcathinone increased this behavior

To investigate the effect of acute 3-MMC exposure on anxiety-like behavior, we tested the performance of rats in EMP after acute 3-MMC (1, 3, and 10 mg/kg) injection. EMP test showed that rats with 3 mg/kg 3-MMC spent more time in the open arms (paired t-test: t6 = 2.45, *P = 0.0497), implying the rapid anxiolytic-like effect of 3-MMC (Figure 2A). However, the anxiolytic-like effect of 3-MMC instead decreased when the concentration was increased to 10 mg/kg (paired t-test: t6 = 2.00, P = 0.092). In addition, there was no change of performance in EMP before and after acute METH exposure (paired t-test: t6 = 1.20, P = 0.2763).
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FIGURE 2
The effects of acute and chronic injection of 3-MMC on EPM. (A) A single injection of 3-MMC (3 mg/kg) increased the time in open arms, paired t-test, *P < 0.05 significant differences for each drug in EPM test, n = 7 for each group. (B) Representative diagrams of travel trace in EPM after acute 3-MMC exposure. (C) 7 consecutive days of 3-MMC (3 mg/kg) injection decreased the time in open arms, paired t-test, *P < 0.05 significant differences for each drug in EPM test, n = 9 for each group. (D) Representative diagrams of travel trace in EPM after chronic 3-MMC exposure. Data are presented as mean values ± SEM.


We next tested the effect of repeated 3-MMC (3 mg/kg for seven consecutive days) and METH (1 mg/kg for seven consecutive days) exposure on anxiety-like behavior in rats. Result showed that rats administered with chronic 3-MMC spent less time in the open arms (paired t-test: t8 = 3.223, *P = 0.0122), implying that prolonged use of 3-MMC could increase anxiety-like behavior (Figure 2C). And there was no change of performance in EMP before and after chronic METH exposure (paired t-test: t8 = 0.95, P = 0.3698). All travel traces of rats in EMP test were presented in Figures 2B,D.



Region-specific expression of c-Fos after repeated 3-methylmethcathinone injection

Because results above showed that the behavioral changes caused by 3 mg/kg 3-MMC were more significant, we investigated the alternations of neuronal activity after chronic exposure to 3-MMC under this dose. Rats received injection of drugs for 7 days and were sacrificed 90 min after the last injection without any behavioral test. Next, we examined c-Fos expression in brain regions which had been reported to be involved in drug addiction (Piazza and Deroche-Gamonet, 2013; Apaydin et al., 2018) to identify the specific regions in response to chronic 3-MMC exposure.

As shown in Figures 3A,B, rats with repeated 3-MMC injection presented increased number of c-Fos labeled neurons in anterior cingulate cortex (ACC), NAc, and ventral tegmental area (VTA) compared with saline group [two-way ANOVA revealed a significant interaction effect: F(18,81) = 8.35, P < 0.0001, post hoc test: *P < 0.05 or **P < 0.01 for 3-MMC versus saline group in brain regions above]. Noteworthy, 3-MMC exposure induced more significant activation of VTA than METH (post hoc test: #P < 0.05 for 3-MMC versus METH), which presented increased expression of c-Fos in ACC, anterior insular cortex (aIC), NAc, central amygdala (CeA) and VTA (post hoc test: *P < 0.05 or **P < 0.01 for METH versus saline group in brain regions above). The data of statistics results were shown in Table 1.


[image: image]

FIGURE 3
Specific brain regions response to chronic 3-MMC exposure. (A) The c-Fos expression of rats 90 min after last injection of drugs, post hoc test, *P < 0.05, **P < 0.01 significant differences for 3-MMC vs saline or METH vs saline, #P < 0.05 significant differences for 3-MMC vs METH, n = 4 for each group. (B) Representative immunofluorescent images of c-Fos expression in ACC, NAc, and VTA. Scale bar, 100 μm. ACC, anterior cingulate cortex; PrL, prelimbic cortex; IL, infralimbic cortex; OFC, orbitofrontal cortex; aIC, anterior insular cortex; NAc, nucleus accumbens; DS, dorsal striatum; BLA, basolateral amygdala; CeA, central amygdala; VTA, ventral tegmental area. Data are presented as mean values ± SEM.



TABLE 1    The c-Fos expression patterns in each brain region after chronic injection of saline, methamphetamine (METH) and 3-MMC.
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Effects of repeated 3-methylmethcathinone injection on synaptic transmission of nucleus accumbens neurons

As psychoactive substance, both 3-MMC and METH induced activation of NAc neurons after chronic exposure. However, there is no research about the effect of 3-MMC on NAc yet, a key structure in rewarding, motivation, and incentivized learning (Volkow et al., 2011). To determine the effects of 3-MMC on synaptic activity, we recorded spontaneous excitatory and inhibitory postsynaptic currents (sEPSCs and sIPSCs) in NAc. As shown in Figures 4E,F, the amplitude of sIPSCs was decreased after repeated 3-MMC exposure [one-way ANOVA, F(2,81) = 7.97, P = 0.0007, post hoc test: *P < 0.05 for saline versus 3-MMC, ***P < 0.001 for saline versus METH, P = 0.7895 for 3-MMC vs METH], while frequency of sIPSCs remained unchanged [one-way ANOVA, F(2,81) = 3.02; P = 0.0541]. Neither the frequency [one-way ANOVA, F(2,81) = 2.17; P = 0.1207] nor the amplitude of sEPSCs [one-way ANOVA, F(2,81) = 2.97; P = 0.0569] was affected by repeated 3-MMC exposure (Figures 4B,C). The representative sEPSCs and sIPSCs traces of NAc neurons were presented in Figures 4A,D.
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FIGURE 4
Changes of synaptic transmission in nucleus accumbens (NAc) after chronic 3-MMC injection. (A) Representative sEPSCs traces recorded in NAC 24 h after the last injection of drugs. (B,C) No difference in the frequency and the amplitude of sEPSCs in NAc after chronic 3-MMC injection. (D) Representative sIPSCs traces recorded in NAC 24 h after the last injection of drugs. (E,F) The amplitude of sIPSCs was decreased after chronic 3-MMC injection without change of frequency of sIPSCs, post hoc test, *P < 0.05, ***P < 0.001 significant differences for 3-MMC vs saline and METH vs saline respectively. For slice electrophysiology: 25 neurons from three rats with saline injection, 32 neurons from three rats with METH injection and 27 neurons from three rats with 3-MMC injection. Data are presented as mean values ± SEM.





Discussion

3-Methylmethcathinone is a recently emerged cathinone derivative which is introduced initially to replace 4-MMC, and is legally controlled in many countries, but is still easily available for purchase from websites or entertainment venues (Ferreira et al., 2019). Most 3-MMC consumption concerns abuse, and its related mortality has alarmingly increased in recent years (Ferreira et al., 2019; Margasinska-Olejak et al., 2019; Drevin et al., 2021). Previous information on biological effects of 3-MMC was scarce, and most derived from humans, including case reports of intoxicated individuals that were admitted to the emergency, online questionnaires and self-reports of consumers. Our study evaluated the abuse potential of 3-MMC in rats using representative addictive model of CPP (Tzschentke, 2007) for the first time, and clearly demonstrated that 3-MMC induced CPP in a dose-dependent manner, indicating the rewarding effect of 3-MMC. In addition, rats with acute 3 mg/kg 3-MMC exposure increased locomotor activity, which lasted shorter than METH and reappeared after the first increase. It may be associated with the different effects of their metabolites. Within 30–45 min of METH injection, it reached maximum concentration in brain dialysate (El-Sherbeni et al., 2020) and was metabolized to amphetamine with similar psychoactive property as METH and para-hydroxymethamphetamine (p-OHMA) without psychoactive activity (Shima et al., 2008). Metabolism of METH explained its long-lasting psychoactive effects, which was consistent with the time-locomotor activity curve in present study. Within 5–10 min of 3-MMC oral ingestion, it reached peak concentration in plasma (Shimshoni et al., 2015) displayed its pharmacological characteristics of rapid absorption. Although 3-methylephedrine and 3-methylnorephedrine were identified as mainly metabolites of 3-MMC (Frison et al., 2016), their effects on locomotor activity have not been investigated yet. Further study of these metabolites may provide clear explanation for the effects of 3-MMC.

The desired effects of 3-MMC are euphoria, excitement, improved social skills and feelings of empathy, while chronic abuse may trigger deterioration of relationships with others, tachycardia, agitation, depression, and anxiety (Shimshoni et al., 2015; Sande, 2016; Ferreira et al., 2019; Drevin et al., 2021). We observed acute exposure of 3 mg/kg 3-MMC decreased anxiety-like behavior of rats, which has been reported for other synthetic cathinones such as mephedrone (Pail et al., 2015) and N-ethyl-pentedrone (Sande, 2016). This anxiolytic-like effect may be subjectively interpreted as a positive and euphoria experience by the consumers and influence on the further abuse. Interestingly, it seemed that the acute anxiolytic ability of 3-MMC decreased after exposure to 10 mg/kg of 3-MMC, implying the complex interaction between use of synthetic cathinones and adverse psychiatric sequelae. However, chronic administration of 3-MMC increased anxiety-like behavior, which was consistent with the problems users experienced (Sande, 2016).

Whole brain c-Fos mapping of present study showed that ACC, VTA, and NAc were significantly activated after chronic use of 3-MMC, which was consistent with its amphetamine-like stimulant properties (Ferreira et al., 2019; Espinosa-Velasco et al., 2022). Dopamine-releasing neurons of the VTA have central roles in reward-related and goal-directed behaviors (Morales and Margolis, 2017), and a major reward-related output of VTA neurons is NAc (Cooper et al., 2017). Craving and impulsive behavior are related to increased neural activity in ACC (Zhao et al., 2020). Previous studies reported that 3-MMC could induce release of NE, serotonin (5-HT) and DA by inhibition of the reuptake of monoamines via DA, NE, and 5-HT transporters (Luethi et al., 2018; Zwartsen et al., 2020), which may be the mechanism of 3-MMC addiction. Considering the enhancing effect on neuronal activity and rewarding of monoamines (Waterhouse and Navarra, 2019; Liu et al., 2020), 3-MMC may produce rewarding effect via increasing monoamines to activate ACC, VTA, and NAc, and demonstrated abuse liability. Compared with METH, rats treated with 3-MMC produced more activation of VTA, a region plays a role in both addiction and anxiety (Tovote et al., 2015; Salamone et al., 2016). Previous study reported that chemogenetic activation of VTA dopaminergic neurons directly triggered anxiety-like behavior (Qi et al., 2022), which explained that increased anxiety-like behavior after chronic 3-MMC exposure, implying pronounced effect of 3-MMC on dopaminergic neurons.

Nucleus accumbens plays a crucial role in addiction because it participates in the motivation, incentive salience, positive reinforcement, reward and reinforcement learning (Carlezon and Thomas, 2009; Salamone et al., 2016). Present and previous study found that chronic exposure of both 3-MMC and METH (Miliano et al., 2016) could activate NAc neurons. However, alterations of these neurons after chronic 3-MMC exposure are largely unknown. To the best of our knowledge, this is the first report of functional alterations of NAc neurons after chronic 3-MMC exposure in rats. Our results showed that sIPSCs of NAc neurons were decreased by chronic 3-MMC exposure without a change of sEPSCs, suggesting that 3-MMC inhibited inhibitory but not affecting excitatory neurotransmission. Rats with 7 days of 3-MMC injection exhibited reduced amplitude of sIPSCs, while the frequency of sIPSCs was not changed for NAc neurons, implying decreased postsynaptic neurotransmission by 3-MMC, without affecting presynaptic GABAergic transmitter release at the synapse of NAc (Gantz et al., 2013). Due to the complex neuron types in NAc, the precise neuronal mechanisms of 3-MMC addiction and its relationship with mental disorders need to be further studied.

There were two limitations in our study. One was that we performed the c-Fos mapping after chronic injection of 3-MMC without any behavioral test, which weakened the linking between 3-MMC induced neuronal activity and its effects on behavior of rats. The other was that the higher dose of 3-MMC should be introduced, such as 50 or 150 mg/kg. Because clinical study found that over half of the respondents consumed more than 0.5 g of 3-MMC (as 50 mg/kg for rats) in a single evening and 26.2% of those users reported more than 1.5 g of 3-MMC (as 150 mg/kg for rats) per day (Nair and Jacob, 2016; Sande, 2016).

In summary, our results revealed that 3-MMC has addictive potential due to its rewarding effects, which was related to activation of ACC, NAc and VTA after chronic exposure. Acute administration of 3 mg/kg 3-MMC produced anxiolytic-like effects, while chronic use of 3-MMC increased anxiety-like behavior, which may be related with hyperactivation of VTA. Moreover, the post-synaptic transmission of inhibitory neurons in the NAc might be involved in the mechanisms of chronic use of 3-MMC. Overall, all these findings are warning about the risks of 3-MMC consumption and encourage scientists to carry out further studies to fully elucidate the addictive potential, the neurochemical changes in the whole brain and other effects of this novel synthetic cathinone.
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2-Fluorodeschloroketamine (2F-DCK), a structural analog of ketamine, has been reported to cause impaired consciousness, agitation, and hallucination in abuse cases. It has similar reinforcing and discriminative effects as ketamine. However, the reinforcing efficacy and drug-seeking reinstatement of this analog have not been clarified to date. In this study, the effectiveness of 2F-DCK and ketamine was compared using a behavioral economics demand curve. The reinstatement of 2F-DCK- and ketamine-seeking behaviors induced by either conditioned cues or self-priming was also analyzed. Rats were intravenously self-administered 2F-DCK and ketamine at a dose of 0.5 mg/kg/infusion under a reinforcing schedule of fixed ratio 1 (FR1) with 4 h of daily training for at least 10 consecutive days. The elasticity coefficient parameter α and the essential value of the demand curve in the two groups were similar. Both groups of rats showed significant drug-seeking behavior induced either by conditional cues or by 2F-DCK and ketamine priming. Moreover, the α parameter was inversely related to the degree of reinstatement induced by cues or drug priming in both groups. In total, the expression levels of brain-derived neurotrophic factor (BDNF) and phosphorylated cAMP response element-binding protein (p-CREB) in the nucleus accumbens in both extinguished and reinstated rats were significantly lower than those in the control. The expression of total Akt, glycogen synthase kinase (GSK)-3β, mammalian target of rapamycin (mTOR), and extracellular signal-related kinase (ERK) also decreased, but p-Akt, p-GSK-3β, p-mTOR, and p-ERK levels increased in both extinguished and reinstated rats. This is the first study to demonstrate that 2F-DCK has similar reinforcing efficacy, effectiveness, and post-withdrawal cravings as ketamine after repeated use. These data suggest that the downregulation of CREB/BDNF and the upregulation of the Akt/mTOR/GSK-3β signaling pathway in the nucleus accumbens may be involved in ketamine or 2F-DCK relapse.

KEYWORDS
 new psychoactive substance, PCP, ketamine, BDNF, GSK-3β


Introduction

Ketamine, a dissociative anesthetic and psychedelic compound, has rapid-acting antidepressant activity in patients with major depression (Berman et al., 2000) and resistant depression (Zarate et al., 2006). Ketamine's efficacy, however, is transient, and repeated clinical use often leads to drug dependence or use disorders (Krystal et al., 1994). Ketamine is known for its abuse liability, which poses a major challenge for its clinical use in depression and other mental disorders (Liu et al., 2016). Preclinical studies have shown that ketamine produces discriminative (Chiamulera et al., 2016) and reinforcing effects in women and men (Wright et al., 2017). 2-Fluorodeschloroketamine (2F-DCK) is a novel psychoactive ketamine derivative that has been detected in wastewater treatment plants (Shao et al., 2021). Sporadic clinical reports have described the use of 2F-DCK to induce a dissociated state (Domanski et al., 2021) and identified the 2F-DCK concentration in the illegal range in forensic blood and hair samples of drivers under the influence of drugs (Davidsen et al., 2020). The clinical effects in patients exposed to 2F-DCK are predominantly impaired consciousness, agitation, abnormal behavior, hypertension, and tachycardia (Tang et al., 2020). 2F-DCK has recently emerged as a substitute for ketamine in drug abusers. However, 2F-DCK has not been controlled or regulated in many countries, which may be partly related to the lack of evidence regarding its abuse potential.

The reinforcing effects of drugs are fundamental to the development of drug addiction and are intrinsic to most rodent models of addiction-like behaviors (Koffarnus et al., 2012). 2F-DCK was recently shown to produce self-administration, generalized to ketamine discriminative stimuli and induce conditioned place preference in rats (Li et al., 2022). Self-administration of ketamine or 2F-DCK determines their functions as reinforcers but does not provide quantitative information about their reinforcing effectiveness (Huskinson et al., 2014). Behavioral economics approaches permit the quantification of reinforcing effects, placing a relative value on different drug reinforcers (Galuska et al., 2011; Koffarnus et al., 2012). Behavioral economics curves are independent of the magnitude (dose) of the reinforcer, allowing each reinforcing stimulus to be assigned a single number that reflects its reinforcing effectiveness (Hursh and Silberberg, 2008). Addicted individuals are highly susceptible to relapse when exposed to the self-administered drug and drug-associated cues even after extensive periods of abstinence (Kuijer et al., 2020). Reinstatement procedures in animal models are thought to resemble drug-seeking and relapse in humans (Epstein and Preston, 2003; Shaham et al., 2003). Preclinical data have shown reinstatement of ketamine-seeking behavior induced by cues and ketamine priming after ketamine self-administration (Huang et al., 2015). However, to date, the reinforcing effectiveness and reinstatement of drug seeking by 2F-DCK are still unclear.

Ketamine is proposed to selectively block N-methyl-D-aspartate (NMDA) receptors expressed on GABAergic inhibitory interneurons, which results in the disinhibition of pyramidal neurons, enhancement of brain-derived neurotrophic factor (BDNF) release, and subsequent promotion of protein synthesis (Zanos and Gould, 2018). The antidepressant effects of ketamine are mediated, at least in part, by molecular adaptations, resulting in long-lasting synaptic changes in the mesolimbic brain regions known to regulate natural and drug rewards (Zanos and Gould, 2018). Silencing of glycogen synthase kinase (GSK)-3β in the nucleus accumbens (NAc) increases depression- and addiction-related behavior (Crofton et al., 2017). Ketamine at a lower dose induces behavioral sensitization, which is accompanied by an increase in the spine density in the NAc and changes in protein expression in pathways commonly implicated in addiction (Strong et al., 2017). Three weeks of abstinence from ketamine was associated with increased dendritic mushroom spines in the NAc (Strong et al., 2019). The mammalian target of rapamycin (mTOR) inhibitor rapamycin blocks the effects of ketamine (Sabino et al., 2013). However, much remains to be known about the long-term effects of ketamine and the neurobiological mechanisms underlying its addiction (Kokane et al., 2020; Sial et al., 2020).

In the present study, we used a behavioral economics approach to compare the reinforcing effectiveness of 2F-DCK and ketamine, and compared the reinstatement of 2F-DCK- and ketamine-seeking behaviors induced by either conditioned cues or themselves. The expression of BDNF, CREB, extracellular signal-related kinase (ERK), Akt, GSK-3β, mTOR, and their phosphorylation in the NAc after extinction or reinstatement induced by both cues and priming were measured by Western blotting. These studies will provide evidence for the difference in abuse potential between 2F-DCK and ketamine and the molecular mechanisms underlying the relapse of 2F-DCK and ketamine in rats.



Materials and methods


Subjects

Male Sprague–Dawley rats (280–300 g) purchased from the Experimental Animal Center of Zhejiang Province, China, were housed in a temperature- and humidity-controlled ventilated colony room with a reversed 12-h light/dark cycle (lights onset 20:00 h, offset 8:00 h). The temperature was maintained at 22–24°C, and humidity levels were stable (50–70%). The experimental sessions were performed during the dark period. Food and water were provided ad libitum in the home cage. All experiments were conducted in accordance with the Eighth Edition of the Guide for Care and Use of Laboratory Animals (I.f.L.A. Research., 2011). This study was approved by the Hospital Ethics Committee for Animal Use.

Ketamine crystalline powder was provided by the Drug Intelligence and Forensic Center of the Ministry of Public Security, China. The crystalline 2F-DCK powder was provided by the Drug Laboratory of the Narcotic Control Division of the Nanjing Public Security Bureau, China. All the drugs were dissolved in physiological saline.



Surgery

After acclimation to the environment for 7 days, the animals were anesthetized with sodium pentobarbital (50 mg/kg, i.p.). Each rat was subsequently implanted with a chronically indwelling intravenous catheter (Silastic; length, 3.5 cm; inner diameter, 0.5 mm; outer diameter, 0.94 mm) into the right external jugular vein, and the other end of the catheter (10 cm, PE20) was passed subcutaneously to the dorsal surface of the scapulae. The catheters were flushed daily with 0.3 ml of sterile saline containing heparin (15 units) and penicillin B (60,000 units) to preserve catheter patency and prevent infection. After surgery, the rats were allowed to recover for 1 week prior to drug self-administration training. The catheters were flushed with 0.3 ml of heparinized saline (50 U/ml) every day, and if resistance or exudation was noted while flushing the catheters, we used 10 mg/kg propofol to assess the catheter patency. All catheters remained patent throughout the experiments.



Self-administration

All the experiments were conducted in an operant chamber (AniLab Software Instruments Co., Ltd., Ningbo, China). After ~7 days of recovery from surgery, the rats (n = 16) were divided randomly into two groups, which underwent ketamine and 2F-DCK self-administration training. During the 4-h acquisition phase of self-administration starting with the green light inside the active nose-poke hole, rats were trained to respond under a fixed ratio 1 (FR1) reinforcement schedule for ketamine and 2F-DCK (0.5 mg·kg−1·infusion−1), in accordance with the protocol described in a previous study (Li et al., 2022). To prevent overdose, the number of infusions was limited to 200 per session. Each infusion was paired with a 20-s illumination of the house light in combination with the noise of the infusion pump. A time-out period was imposed for 20 s, during which the response produced no programmed consequences but was still recorded. Responding to inactive nose pokes produced no programmed consequences. Acquisition training under these conditions continued for at least 10 sessions until the animals met the stability criteria (±15% of the mean number of infusions of three consecutive training sessions).



Behavioral economics demand curve

Behavioral economics demand was determined after stable self-administration training (Lai et al., 2022). Briefly, the dose (0.5 mg/kg/infusion) chosen was consistent with the training session, and each daily session was 4 h in duration. Once the number of infusions was stable under the FR1 schedule, the FR value was increased across sessions until zero infusions were delivered in a single session in the following order: 3, 10, 18, 32, 56, 98, 172, and 300 (i.e., each value was 1.75 times the preceding response requirement except in the case of 3 and 10). If the mean number of infusions for 2 consecutive days showed considerable variability at a particular ratio, three or more sessions were conducted, and the most discrepant result was excluded from the data analysis.



Extinction and reinstatement

After the acquisition and determinations of self-administration for 14 days, rats (each group, n = 7) underwent an extinction period for seven sessions during which the drug was not available. Both cue- and drug-induced reinstatement tests were conducted for 2 h in operant chambers after extinction training. The cue-induced reinstatement test began with drug-associated conditioned cues (CS), consisting of the house light and the sound of the pump. Nose pokes in both the active and inactive holes were recorded. The only difference between the self-administration sessions and reinstatement tests was the lack of drug infusion. After the CS-induced relapse test was completed, the rats underwent another extinction training for three sessions, following which they were administered either ketamine (10 mg/kg, i.p.) or 2F-DCK (10 mg/kg, i.p.) and placed immediately into the operant chamber for the drug-induced reinstatement test without drug-associated cues. Nose pokes in both the active and inactive holes were recorded.



Western blot

Another group of rats was used to investigate the expression of signaling proteins in the NAc. The groups of rats were divided into the control group (a drug-naive), the ketamine or 2F-DCK extinction group in which they completed 14 days of self-administration followed by 10 days of extinction, and the ketamine or 2F-DCK priming group in which rats were exposed to either acute ketamine (10 mg/kg, i.p.) or 2F-DCK (10 mg/kg, i.p.) injection after extinction with CS rewards. The rats were decapitated within 2 h after the extinction or relapse test. The brains were rapidly removed and dissected to obtain NAc tissue. Tissue samples obtained from individual rats were immediately homogenized on ice in ice-cold RIPA lysis buffer (20 mM Tris, pH 7.5; 150 mM NaCl; 1% Triton X-100; 2.5 mM sodium pyrophosphate; 1 mM EDTA; 1% Na3VO4; 0.5 mg/ml leupeptin; and 1 mM phenyl-methanesulfonyl fluoride) containing 1 mM phenyl-methanesulfonyl fluoride and 1 mM phosphatase inhibitor. After immersion for 30 min in RIPA lysis buffer, the homogenized tissue was centrifuged at 12,000 rpm at 4°C for 20 min. Protein concentrations were determined using a bicinchoninic acid protein assay, and the samples were further diluted in RIPA lysis buffer to equalize the protein concentrations. The extracts were then mixed with 5 × loading buffer, boiled for 5 min, centrifuged for 5 min, aliquoted, and stored at −80°C. For Western blot analysis, 20–40 μg of protein was subjected to electrophoresis on sodium dodecyl sulfate (SDS) polyacrylamide mini gels for 20 min at 100 V in the stacking gel and 60 min at 220 V in the resolving gel. After electrophoresis, the separated proteins were transferred to a polyvinylidene fluoride (PVDF) membrane at 100 V for 60 min. To detect the protein of interest, the membranes were blocked in 5% non-fat dried milk in Tris-buffered saline (TBS) for 3 h. Membranes were then probed with different primary antibodies. Antibodies for BDNF (1:1,000; Ab108319, Abcam), CREB (1:1,000; Ab32515, Abcam), p-CREB (1:500; 9198s, Cell Signaling Technology), ERK (1:500; 4695s, Cell Signaling Technology), p-ERK (1:500; 4370s, Cell Signaling Technology), Akt (1:1,000; 9272s, Cell Signaling Technology), p-Akt (1:1,000; 9271s, Cell Signaling Technology), GSK-3β (1:1,000; 12456-R, Cell Signaling Technology), p-GSK-3β (1:500; 5558-R, Cell Signaling Technology), mTOR (1:500; 2972s, Cell Signaling Technology), p-mTOR (1:500; 2971s, Cell Signaling Technology), or β-actin (1:2,000; 4967s, Cell Signaling Technology) were added to TBST (Tris-buffered saline plus 0.05% Tween-20, pH 7.4) containing 5% bovine serum albumin. The blots were incubated in the primary antibody solution overnight at 4°C. The next day, after three 10-min washes in TBST buffer, the membranes were incubated for 1 h at room temperature on a shaker with a 1:5,000 dilution of fluorescent secondary antibody [goat (polyclonal) anti-rabbit IgG (LI-COR Bioscience, Beijing, China)] in TBST in the dark. The blots were then washed three times for 10 min each in TBST and detected using the Odyssey Imaging System Application (Odyssey, USA).



Data analyses

For acquisition studies on the FR1 schedule, results are shown as the mean ± standard error of the mean (SEM) of the number of responses and infusions across 10 sessions. Statistical tests were performed by using repeated measures analysis of variance (ANOVA). For the demand curve, as reported previously (Hursh and Silberberg, 2008), the logarithm of the number of infusions was plotted as a function of the logarithm of the price (FR value) according to the equation log Q = log Q0 + k(e−αQoC −1), where Q is the average number of infusions obtained for a given drug at any FR value, Q0 is the average number of infusions obtained for a given drug when FR is set to 1, C is the FR value, α is the elasticity coefficient of each drug, and k is a constant. In this study, the k parameter was set to 1, and the log of the maximum number of infusions was obtained under any FR for a particular determination. Because the parameter α is inversely proportional to the reinforcing effectiveness, the equation converts it into an essential value (EV) with EV = 1/(100 α k1.5), which is directly related to the reinforcing effectiveness (Hursh and Silberberg, 2008; Maguire et al., 2020). For both normalized and non-normalized analyses, we also fitted the exponential equation to the individual subject data and obtained the best-fitting α and EV parameters for each rat. In cases where individual rats did not earn a reinforcer at a particular ratio, a value of 0.1 was assigned because the log of zero is undefined. For both CS- and drug-induced reinstatement tests, the results were expressed as mean ±SEM of the number of responses per session, and the analysis of differences between groups (ketamine vs. 2F-DCK) and tests (extinction vs. reinstatement) was performed by using a two-way ANOVA. Western blot data were analyzed using an independent t-test between the control and ketamine or 2F-DCK groups. Changes were considered statistically significant when P <0.05. Statistical analysis was performed using SPSS 18.0 (SPSS, Inc.) and GraphPad Prism 7 (GraphPad Software, Inc.).




Results


Comparison of reinforcing effectiveness between 2F-DCK and ketamine

Both 2F-DCK and ketamine quickly induced self-administration behavior, as shown in Figure 1. From the first day of training, the number of active responses increased significantly, and the number of injections increased significantly in the first 5 days. Moreover, the mean number of infusions on days 8, 9, and 10 met the stability criteria for acquisition of self-administration. Repeated-measures ANOVA revealed a significant increase in active responses in the 2F-DCK group with an increase in training days [F(9,126) = 5.513, P < 0.001], along with a significant difference between the active and inactive responses [F(1,14) = 45.74, P < 0.0001]. We also observed a significant increase in active responses [F(9,126) = 4.828, P < 0.001] and between active and inactive responses [F(1,14) = 167.6, P < 0.001]. No significant difference was observed between 2F-DCK and ketamine in active responses [F(1,14) = 1.949, P = 0.184] and inactive responses [F(1,14) = 0.128, P = 0.726]. The average number of daily injections in the last 3 days in the 2F-DCK and ketamine groups was 122.62 ± 7.93 and 101.58 ± 4.02, respectively, but the two groups showed no significant difference [F(1,14) = 1.266, P = 0.280]. Thus, rats in both 2F-DCK and ketamine groups could quickly acquire and maintain self-administration, suggesting that 2F-DCK and ketamine have similar reinforcement and rewarding effects.
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FIGURE 1
 2F-DCK and ketamine self-administration. The rats were acquired and maintained at stable 2F-DCK or ketamine self-administration for 10 days. (A) The active or inactive response per 4 h of the training session was not different between 2F-DCK and ketamine groups under the FR1 schedule. (B) The total infusions per 4 h trained for 10 sessions were also not different between 2F-DCK and ketamine groups. Data are presented as mean ± SEM. NS, not significant.


In the actual test of economic demand, only FR10 was tested for 3 days and excluded the data on the second day for analysis due to considerable variability. To complete the test within the service life of the intravenous catheter, when the number of infusions of more than half of the rats is 0 and other rats gained ≤ 10 infusions, each FR value was only tested for 1 day. Figure 2 shows the non-normalized and normalized demand curves for ketamine and 2F-DCK. Subsequent fitting of the exponential equation to the normalized results from each rat individually revealed the α parameter in the ketamine group [2.145E-4 (95% CI: 1.918E-4, 2.365E-4)] and in the 2F-DCK group [2.014E-4 (95% CI: 1.638E-4, 2.588E-4)]. The α parameter was similar, and the 95% confidence interval almost coincided. As shown in Figure 2C, Q0 and EV values in the ketamine group were 137.63 ± 10.92 and 8.69 ± 2.33, respectively, and the Q0 and EV in the 2F-DCK group were 138.81 ± 14.56 and 9.40 ± 1.97, respectively. The independent t-test revealed no significant differences in Q0 and EV between the ketamine and 2F-DCK groups (t = 0.065, P = 0.949 and t = 0.234, P = 0.819). Together, these results showed that the elasticity coefficient and EV in the 2F-DCK and ketamine groups were very close, suggesting that 2F-DCK and ketamine functioned as reinforcers with similar effectiveness.
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FIGURE 2
 Demand curve for 2F-DCK and ketamine. (A) Individuals' demand curves for 2F-DCK and ketamine, in which the number of infusions is plotted as a function of the fixed-ratio requirement on a log scale. (B) Normalized demand curves for 2F-DCK and ketamine, and the abscissa and ordinate use logarithmic scaling. (C) Parameters derived from the demand curve fit for each of the solutions available for self-administration. Estimates of consumption at a minimal cost (Q0; Equation 1) are plotted in the left ordinate, whereas estimates of essential value (EV; Equation 2) are plotted in the right ordinate. NS, not significant.




Reinstatement of 2F-DCK and ketamine-seeking behaviors

After stable self-administration training for 14 days, the rats completed the 2-h extinction period in self-administration chambers for 7 days. The results of extinction training is shown in Figure 3A. Two-way ANOVA was used to analyze the reinstatement of drug-seeking behavior induced by CS with extinction between 2F-DCK and ketamine-trained rats. As shown in Figure 3B, a significant difference was observed in the number of active responses between the extinction and CS-induced reinstatement (F = 44.797, P < 0.001); however, no significant difference was observed between 2F-DCK and ketamine groups (F = 0.098, P = 0.756) and interaction (F = 0.044, P = 0.836). Moreover, there were no differences in the inactive responses in tests (F = 0.167, P = 0.686), 2F-DCK and ketamine treated group (F = 0.306, P = 0.585), and interaction (F = 0.014, P = 0.905). These results suggest that both 2F-DCK and ketamine groups of rats showed significant drug-seeking behavior when exposed to CS which is associated with previous rewards. The two groups of rats were intraperitoneally injected with the same drugs as the drug-priming-induced reinstatement at doses of 10 mg/kg ketamine or 2F-DCK, and immediately placed into their own administration cages for 2 h. Two-way ANOVA analysis revealed a significant difference between extinction and reinstatement induced by priming (F = 13.662, P = 0.001), but no difference between 2F-DCK and ketamine groups (F = 0.441, P = 0.513) and interaction (F = 0.883, P = 0.357). Moreover, there was no difference in the inactive responses between the tests (F = 0.239, P = 0.629), 2F-DCK and ketamine treated group (F = 1.496, P = 0.233), and interaction (F = 0.135, P = 0.717). Figure 3C shows the frequency of active responses across 2-h reinstatement testing. These results suggest that both 2F-DCK and ketamine priming can produce an increase in drug-seeking behavior after extinction. The results demonstrated relapse and craving in the rats after exposure to the CS or 2F-DCK and ketamine lapse after extinction and withdrawal from 2F-DCK and ketamine self-administration.
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FIGURE 3
 The extinction and reinstatement of 2F-DCK and ketamine. (A) The active or inactive responses between the 2F-DCK and ketamine groups per 2 h session for 7 days of extinction training were gradually decreased. (B) Mean (± SEM) number of responses during the final extinction session, cue-induced, and drug-priming reinstatement tests as a function of the group. There was a relative increase in responses from extinction to reinstatement in both the 2F-DCK and ketamine groups. Each bar represents mean ± SEM (n = 8 per group). *P < 0.05 in comparison with extinction. (C) The representative raster plot for active responses as a function of time during a 2-h reinstatement testing session. Ketamine- or 2F-DCK-associated CS-induced responses were completed across the session, but both ketamine and 2F-DCK priming responses were mostly completed within the first 30 min.




Relationship between reinforcing effectiveness and reinstatement

The relationship of the Q0 and α parameters with extinction, cue-induced, or drug-priming reinstatement behaviors is shown in Table 1. Spearman's rank-order correlation analysis showed that the Q0 parameter was not associated with the degree of extinction, cues, or drug-priming reinstatement. However, the α parameter was inversely related to the degree of reinstatement induced by cues or drug priming in the ketamine group and 2F-DCK group, but the statistical value in the 2F-DCK group was equal to 0.05.


TABLE 1 The relationship of the Q0 and α parameters with extinction, cue-induced, or drug-priming-reinstatement behaviors.
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Signaling protein expression in the NAc

The relative expression of BDNF, CREB, or ERK in the NAc is shown in Figure 4. The independent t-test showed a significant decrease in BDNF levels in ketamine extinction (t = 6.362, P < 0.01), 2F-DCK extinction (t = 11.507, P < 0.01), and ketamine priming group (t = 7.907, P < 0.01) compared with the control group, but no difference in the 2F-DCK priming group (t = 1.907, P = 0.075). Moreover, a decrease in the BDNF levels was observed in the ketamine priming group compared to that of the ketamine extinction group (t = 2.934, P < 0.01), but an increase in 2F-DCK priming rats was noticed compared to that in 2F-DCK extinction group (t = 12.773, P < 0.01). The total CREB expression was not different in the ketamine extinction (t = 0.689, P = 0.500) and priming groups (t = 0.561, P = 0.581), decreased in the 2F-DCK extinction group (t = 2.154, P = 0.045), and increased in the 2F-DCK priming rats (t = 4.407, P < 0.01), in comparison with the control group. Moreover, the p-CREB level decreased in 2F-DCK extinction (t = 7.564, P < 0.01), ketamine (t = 3.451, P < 0.01), and 2F-DCK (t = 9.316, P < 0.01) priming groups, but no difference in the ketamine extinction (t = 0.313, P = 0.759) group was noted when compared to the control. There was no difference either between ketamine extinction and priming groups (t = 0.313, P = 0.759) or between 2F-DCK extinction and priming groups (t = 0.946, P = 0.362). The total ERK levels were decreased significantly in four groups (ketamine extinction: t = 4.513; ketamine priming: t = 7.549; 2F-DCK extinction: t = 9.366; 2F-DCK priming: t = 6.777), and the relative expression of p-ERK increased significantly in four groups (ketamine extinction: t=2.220, P=0.044; ketamine priming: t=14.546, P <0.01; 2F-DCK extinction: t = 3.659, P <0.01; 2F-DCK priming: t = 15.174, P < 0.01) in comparison with the control group.
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FIGURE 4
 Expression of BDNF, CREB, ERK, CREB, and ERK phosphorylation in the NAc during extinction and reinstatement. (A) Representative bands of BDNF, CREB, and CREB phosphorylation and β-actin in the NAc, and quantification of Western blot bands, with each bar representing the mean ± SEM (n =4). (B) The histogram shows the relative expression of BDNF to β-actin among the groups. (C) The histogram shows the relative expression of t-CREB/β-actin and p-CREB/t-CREB. (D) The histogram is shown as the relative expression of t-ERK/β-actin and p-ERK/t-ERK. *P <0.05 in comparison with the control and #P <0.05 in comparison with extinction.


As shown in Figure 5, the relative expression levels of Akt, GSK-3β, and mTOR and their phosphorylation in the NAc were analyzed. There was a significant decrease in the t-Akt levels (ketamine extinction: t = 5.66, P < 0.01; ketamine priming: t = 11.917, P < 0.01; 2F-DCK extinction: t = 12.362, P < 0.01; 2F-DCK priming: t = 2.769, P = 0.011), t- GSK-3β levels (ketamine extinction: t = 5.645, P < 0.01; ketamine priming: t = 6.531, P < 0.01; 2F-DCK extinction: t = 6.702, P < 0.01; 2F-DCK priming: t = 6.940, P < 0.01), and t-mTOR levels (ketamine extinction: t = 3.124, P = 0.01; ketamine priming: t = 8.906, P < 0.01; 2F-DCK extinction: t = 44.482, P < 0.01; 2F-DCK priming: t = 6.498, P < 0.01) in comparison with those in the control; however, there was an increase in the p-Akt levels (ketamine extinction: t = 3.566, P < 0.01; ketamine priming: t = 6.854, P < 0.01; 2F-DCK extinction: t = 9.653, P < 0.01; 2F-DCK priming: t = 5.394, P < 0.01), p-GSK-3β levels (ketamine extinction: t = 9.912, P < 0.01; ketamine priming: t = 7.820, P < 0.01; 2F-DCK extinction: t = 10.472, P < 0.01; 2F-DCK priming: t = 17.581, P < 0.01), and p-mTOR expression (ketamine extinction: t = 6.406, P < 0.01; ketamine priming: t = 11.544, P < 0.01; 2F-DCK extinction: t = 1.914, P = 0.073; 2F-DCK priming: t = 9.939, P < 0.01) in comparison with those in the control. The expression levels of p-Akt, p-GSK-3β, and p-mTOR in the ketamine priming group (p-Akt: t = 2.352, P = 0.028; p-GSK-3β: t = 5.667, P < 0.01) or 2F-DCK priming group (p-Akt: t = 3.597, P < 0.01; p-GSK-3β: t = 13.092, P < 0.01; p-mTOR: t = 7.737, P < 0.01) were higher than those of ketamine extinction or 2F-DCK extinction groups, respectively, but no difference in the p-mTOR levels were noted between the ketamine extinction and priming groups (t = 0.607, P = 0.554).
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FIGURE 5
 Expression of Akt, mTOR, and GSK-3β, and their phosphorylation in the NAc during the extinction and reinstatement. (A) Representative bands of Akt, mTOR, GSK-3β, and their phosphorylated forms, and quantification of Western blot bands (n = 4), with each bar representing the mean ± SEM. (B) The histogram shows the relative expression of t-Akt/β-actin and p-AKT/ t-Akt. (C) The histogram shows the relative expression of t-mTOR/β-actin and p-mTOR/ t-mTOR. (D) The histogram shows the relative expression of t-GSK-3β/β-actin and p-GSK-3β/t-GSK-3β. *P < 0.05 in comparison with control and #P < 0.05 in comparison with extinction.





Discussion

The main findings of the present study are that both the α parameter and the EV of effectiveness between 2F-DCK and ketamine are similar, and the reinstatement of 2F-DCK- and ketamine-seeking behaviors after extinction is also similar. These data, along with the data from previous studies, suggest that 2F-DCK and ketamine have abuse potential and can cause cravings after extinction (Huang et al., 2015; Li et al., 2022]. The value of the α parameter is inversely proportional to the intensity of reinstatement of 2F-DCK- and ketamine-seeking behaviors, which could predict cravings for 2F-DCK and ketamine after withdrawal from self-administration. Interestingly, the expression of BDNF and phosphorylation of ERK, AKT, mTOR, GSK-3β, and CREB decreased in the NAc, while the phosphorylation of ERK, AKT, mTOR, and GSK-3β in the NAc increased after extinction and reinstatement of 2F-DCK and ketamine, suggesting that Akt, ERK, and CREB in the NAc may have different regulatory pathways, and downregulation of CREB/BDNF and upregulation of Akt/mTOR/GSK-3β may be involved in 2F-DCK and ketamine relapse and addiction after withdrawal.

The present study used a behavioral economics approach to compare the reinforcing efficacy of 2F-DCK and ketamine. With respect to drug self-administration, the elasticity of demand in animal self-administration has been suggested to partly correspond to abuse liability in humans (Hursh et al., 2005; Schwartz et al., 2019). The demand curves plot the amount of infusion consumed as a function of the price (response requirement) of 2F-DCK and ketamine. The change in the elasticity of the demand curve as the response increases reflects the reinforcing effectiveness (Hursh and Silberberg, 2008). The α parameter is a free parameter that reflects demand elasticity and is inversely related to the reinforcing effectiveness. It is transformed into an EV, which is directly related to reinforcing effectiveness (Hursh and Romaa, 2016; Zanettini et al., 2018; Maguire et al., 2020). Our previous studies have shown that 2F-DCK produces self-administration, conditions place preference, and generalizes discriminative stimuli effects similar to ketamine (Li et al., 2022). Behavioral economics provides a framework for quantifying 2F-DCK and ketamine abuse potential, while also offering an approach complementary to the self-administration and dose–response curve used previously to characterize the abuse-related effects of 2F-DCK and ketamine (Li et al., 2022). Thus, the α parameter and EV values of 2F-DCK and ketamine were very close, indicating that both have similar reinforcing effectiveness.

Environmental cues associated with rewards can acquire motivational properties (Kuijer et al., 2020). The present results showed that repeated exposure to context could extinguish the ketamine- or 3F-DCK-seeking behavior in their chambers after abstinence, supporting the idea that treatments for ketamine use disorders could be improved by considering drug-associated contexts as a factor in extinction interventions (Kuijer et al., 2020). Several factors, such as the presentation of either drug-associated cues or a single dose of the drug itself, are known to contribute to craving and relapse to drug use in the reinstatement model (Ma et al., 2019). The rats exposed to the CS could induce the elevation of 2F-DCK- or ketamine-seeking responses across a 2-h session after extinction in the present study. When the CS was paired previously with 2F-DCK or ketamine reward, it acquired the incentive properties and its ability to reinstate reward-seeking behavior (Perry et al., 2014). While in the rats exposed to non-contingent 2F-DCK or ketamine injection, the responses were completed mostly within the first 30 min. The intensity and duration of drug-seeking behavior induced by CS are obviously greater than that induced by non-contingent 2F-DCK and ketamine injections, suggesting that both 2F-DCK and ketamine could produce drug cravings or relapse on exposure to drug-associated CS or the drug itself after abstinence. To our knowledge, this is the first study to show a relationship between the economic demand parameter α and the reinstatement of drug seeking. For the self-administered 2F-DCK and ketamine groups, the α parameter was inversely related to the degree of CS-induced or drug-priming reinstatement. These results are consistent with the relationship between the methamphetamine demand curve and relapse (Galuska et al., 2011). Demand elasticity not only provides a metric to rank-order ketamine or 2F-DCK of abuse in terms of abuse liability but may also predict the propensity to ketamine or 2F-DCK relapse.

The CREB is an important transcription factor involved in the regulation of many processes, including synaptic plasticity, memory, and addiction (Nestler, 2004). The CREB family transcription factors are the main regulators of BDNF gene expression after tropomyosin receptor kinase B (TrkB) signaling (Esvald et al., 2020). The present results showed a decrease in the p-CREB/CREB ratio and the BDNF level in the NAc under CS and priming conditions. This result is different from the increased expression of BDNF following a single injection of ketamine (Li et al., 2010; Pham and Gardier, 2019), which may be attributable to long-term exposure and withdrawal from ketamine or 2F-DCK. In a ketamine-induced schizophrenia-like deficit model, ketamine also reduced BDNF levels. These data were further supported by the findings obtained with the PDE1 selective inhibitor vinpocetine, which elevated BDNF expression (Ahmed et al., 2018). Ketamine is proposed to enhance BDNF release and subsequently promote protein synthesis in the mesolimbic brain regions known to regulate natural and drug rewards (Zanos and Gould, 2018). In the present study, the total protein expression of Akt, GSK-3β, mTOR, and ERK decreased significantly in the NAc and decreased in the NAc parallel to BDNF. BDNF is a CREB-dependent gene that plays a pivotal role in drug addiction (Sun et al., 2015). Neutralizing endogenous BDNF regulation with intra-NAc infusions of antibodies to BDNF subsequently reduced cocaine self-administration and attenuated relapse. Dynamic induction and release of BDNF from neurons in the NAc during cocaine use promote the development and persistence of addictive behavior (Graham et al., 2007). Endogenous BDNF acts on the TrkB receptor to provide an inhibitory tone for reinstated cocaine-seeking, and this effect was recapitulated by exogenous BDNF (Bobadilla et al., 2019). It is reasonable to speculate that downregulation of CREB-BDNF signaling could account for 2F-DCK and ketamine relapse.

Classically, dopamine receptors have been shown to regulate cAMP/PKA and Ca2+ pathways through G protein-mediated signaling. A major downstream target of striatal D1R is the ERK pathway. ERK activation by drugs of abuse acts as a key integrator of D1R and glutamate NMDA receptor (NMDAR) signaling (Cahill et al., 2014). NMDARs have been linked with ERK activation in the NAc (Girault et al., 2007). Activation of the NMDAR-D1R/ERK/CREB signal transduction pathway plays a critical role in the control of reward-seeking behavior through reward-predictive cues (Kirschmann et al., 2014). In conjunction with studies showing increased striatal CREB phosphorylation in response to the application of NMDA or activation of D1Rs (Kirschmann et al., 2014), decreased CREB phosphorylation in the NAc may account for the blockage of NMDA receptors by 2F-DCK and ketamine priming. A decrease in phosphorylated CREB and ERK in the NAc is associated with heroin seeking induced by cues after withdrawal (Sun et al., 2015). D1 receptor and ERK/CREB signaling in the ventral hippocampus and medial prefrontal cortex is associated with the formation of opiate-related associative memories (Rosen et al., 2016; Wang et al., 2019). In contrast, an increase in phosphorylated ERK expression in the NAc during 2F-DCK or ketamine relapse was observed. Thus, the molecular mechanism underlying 2F-DCK or ketamine relapse warrants further study.

Dopamine receptor D2 functions through the Akt/GSK-3β signaling cascade (Rosen et al., 2016; Wang et al., 2019). The present results showed upregulation of the Akt/mTOR/GSK-3β pathway, which is consistent with the previous reports (Zhu et al., 2021). Ketamine self-administration decreased the expression of GSK-3β in the NAc (Huang et al., 2015). Silencing of GSK-3β in NAc increases depression- and addiction-related behavior (Crofton et al., 2017). Ketamine at a lower dose induces behavioral sensitization, accompanied by an increase in spine density in the NAc and changes in protein expression in pathways commonly implicated in addiction (Strong et al., 2017). Three weeks of abstinence from ketamine was associated with increased mushroom spines in all the groups (Strong et al., 2019). The upregulation of AKT/mTOR signaling is associated with rapid-acting antidepressant-like effects. This requires AMPA receptor and mTOR activation (Lu et al., 2015) via BDNF and protein neo-synthesis (Pham and Gardier, 2019). Depression and addiction may share overlapping neural circuitry and molecular mechanisms; however, there is much that remains to be known about the neurobiological mechanisms underlying ketamine addiction (Kokane et al., 2020; Sial et al., 2020). Evidence has shown that the CREB/BDNF or Akt/GSK-3β signaling pathways may play critical roles in methamphetamine-induced neurotoxicity (Keshavarzi et al., 2019). The Akt/GSK-3β/mTOR signaling pathway is involved in the antidepressant-like effect of atorvastatin in mice (Ludka et al., 2016). According to the obtained data, the reinstatement of ketamine or 2F-DCK could probably be produced by the mediation of the CREB/BDNF or Akt/mTOR/GSK-3β signaling pathways.

In conclusion, the results demonstrated that 2F-DCK has similar reinforcing effectiveness and craving as ketamine after abstinence and suggested that the downregulation of CREB/BDNF and the upregulation of phosphorylation of Akt/mTOR/GSK-3β signaling pathway in the NAc may be involved in ketamine or 2F-DCK relapse.
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The persistence of drug memory contributes to relapse to drug seeking. The association between repeated drug exposure and drug-related cues leads to cravings triggered by drug-paired cues. The erasure of drug memories has been considered a promising way to inhibit cravings and prevent relapse. The re-exposure to drug-related cues destabilizes well-consolidated drug memories, during which a de novo protein synthesis-dependent process termed “reconsolidation” occurs to restabilize the reactivated drug memory. Disrupting reconsolidation of drug memories leads to the attenuation of drug-seeking behavior in both animal models and people with addictions. Additionally, epigenetic mechanisms regulated by DNA methyltransferase (DNMT) are involved in the reconsolidation of fear and cocaine reward memory. In the present study, we investigated the role of DNMT in the reconsolidation of heroin reward memory. In the heroin self-administration model in rats, we tested the effects of DNMT inhibition during the reconsolidation process on cue-induced reinstatement, heroin-priming-induced reinstatement, and spontaneous recovery of heroin-seeking behavior. We found that the bilateral infusion of 5-azacytidine (5-AZA) inhibiting DNMT into the basolateral amygdala (BLA) immediately after heroin reward memory retrieval, but not delayed 6 h after retrieval or without retrieval, decreased subsequent cue-induced and heroin-priming-induced reinstatement of heroin-seeking behavior. These findings demonstrate that inhibiting the activity of DNMT in BLA during the reconsolidation of heroin reward memory attenuates heroin-seeking behavior, which may provide a potential strategy for the therapeutic of heroin addiction.
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Introduction

A major challenge in treating heroin addiction is relapse and is closely related to the persistence of drug reward memories (Kalivas and Volkow, 2005; Robbins et al., 2008; Torregrossa et al., 2011; Wang et al., 2012; Preller et al., 2013; Chen et al., 2021a; Ewing et al., 2021; Douton et al., 2022; Xie et al., 2022). Drug memories are maladaptive memories that usurp normal memory, leading to craving and relapse (Hyman, 2005; Hyman et al., 2006; Böning, 2009; Alvandi et al., 2017; Stern et al., 2018; Liu et al., 2019; Chen et al., 2021b). Previous studies have reported that memory traces become labile after reactivation and are re-stabilized through a process termed “reconsolidation” (Nader, 2003; Nader and Einarsson, 2010; Alberini and Ledoux, 2013; Tronson and Taylor, 2013). Both human and animal studies demonstrate that drug-seeking behavior is impaired by the pharmacological or non-pharmacological interference in the reconsolidation of drug reward memories (Lee et al., 2005; Xue et al., 2012; Lin et al., 2014; Chen et al., 2021a; Zhang et al., 2021; Xie et al., 2022). Therefore, clarifying the underlying mechanism in the reconsolidation of drug memories will help determine the pharmacological target for the prevention of relapse.

The basolateral amygdala (BLA), a subregion of the amygdala, is closely implicated in learning, memory, and emotional behavior (Davis, 1992; Maren, 2003; See et al., 2003). Substantial evidence indicates that the BLA is a critical brain region involved in the reconsolidation of drug-related associative memories (Hellemans et al., 2006; Wells et al., 2013; Jian et al., 2014; Higginbotham et al., 2021; Ritchie et al., 2021). Two important aspects of memory reconsolidation have been pointed out. One is that de novo protein synthesis is required during the reconsolidation process and the other is that reconsolidation occurred within a 6 h time window (Nader et al., 2000). Therefore, previous studies have demonstrated that disrupting protein synthesis for reconsolidation in the BLA reduces relapse of both fear and addiction memory (Fuchs et al., 2009; Wells et al., 2011; Si et al., 2012; Arguello et al., 2014; Ratano et al., 2014). Moreover, the abovementioned effects would not be observed if the intervention occurs out the time window of the reconsolidation or without the reconsolidation process (Chen et al., 2021a; Zhang et al., 2021). In short, these studies indicated that the BLA plays a critical role in the reconsolidation of heroin reward memory.

DNA methyltransferase (DNMT), widely expressed in the nervous system of mammalians, is an enzyme catalyzing DNA methylation that is critical for the formation of amygdala-dependent memory and the maintenance of long-term memory (Feng et al., 2005; Miller and Sweatt, 2007; Day and Sweatt, 2010; Sultan and Day, 2011). In the previous study, infusing the nucleoside analog 5-azacytidine (5-AZA) and DNMT inhibitor RG108 into the lateral amygdala (LA) significantly impaired the reconsolidation of fear memory (Maddox and Schafe, 2011). Our previous study found that a bilateral intra-BLA infusion of the 5-AZA after reactivation decreased subsequent cocaine-seeking behavior, indicating that the activity of DNMT in the BLA is crucial for the reconsolidation of cocaine-associated memory (Shi et al., 2015). However, whether DNMT plays a role in the reconsolidation of heroin reward memory is still unknown (Lüscher and Ungless, 2006).

In this study, we investigated the effect of intra-BLA DNMT inhibition during reconsolidation on the subsequent heroin-seeking behavior of heroin reward memory. We found that a bilateral infusion of the 5-azacytidine (5-AZA) into the basolateral amygdala (BLA) to inhibit the activity of DNMT immediately after heroin reward memory retrieval, but no longer than 6 h after retrieval or with a 5-AZA infusion without retrieval, decreased subsequent cue-induced and heroin-priming-induced reinstatement of heroin-seeking behavior.



Materials and methods


Subjects

The male Sprague Dawley rats weighed 280–300 g on arrival and were placed in a climate-controlled environment with a constant 22 ± 2°C temperature and 60% humidity. Food and water were freely accessible to the rats and they were under a 12-h light/dark cycle. Leading up to the surgeries, the operator handled the rats for 3 min/d for 5 day so that they would be more accustomed to the operator. The current study and all animal procedures were performed following the Guide of Hunan Province for the Care and Use of Laboratory Animals. The experiments were approved by the Local Committee on Animal Care and Use and Protection of the Hunan Normal University. The Dark phase was the time all the experiments were performed.



Surgery

A sodium pentobarbital anesthesia (60 mg/kg, intraperitoneally) was administered to the rats (300–320 before surgery) using catheters inserted into the right jugular vein and terminating at the opening of the right atrium (Lu et al., 2005). The guide cannulae (23 gauge; Plastics One, Roanoke, VA, United States) was implanted bilaterally 1 mm above the BLA. The coordinates of the BLA are as follows (Wu et al., 2011): anterior/posterior: –2.8 mm, medial/lateral: ±5.0 mm from bregma, and dorsal/ventral: –8.5 mm from the surface of the skull. Every 2 days 0.1 ml heparinized saline (30 USP heparin/saline; Hospira) was infused through a patent catheter. As soon as the rats returned from surgery, they were housed individually and had free access to food and water. They recovered for 5–7 days before the start of the experiment.



Behavioral procedures


Heroin SA training

As reported by Xue et al. (2012) the heroin SA training method and conditions were established with slight modifications. In the chambers (AniLab Software & Instruments, Ningbo, China), there were two nose poke operandi positioned 9 cm above the floor. The active nosepoke lead to an intravenous heroin infusion following a compound 5-s tone-light cue (conditioned stimulates, CS), while the inactive nosepoke had no consequence.

A 10-day training program was conducted to train the rats to self-administer heroin (0.05 mg/kg/infusion) in three 1-h training processes, separated by 5 min breaks. During training, the fixed-ratio 1 reinforcement schedule was implemented at the beginning of each dark cycle. There was a 40-s timeout period following every infusion. The house light was on when each session began. During the training sessions, the rats were deprived of food. To protect the rats from an overdose, the number of heroin infusions was limited to 20 per hour (Xue et al., 2012; Luo et al., 2015). The heroin SA paradigm was performed in all four experiments.



Nose poke extinction

After the SA training, rats received a 9-day nosepoke extinction training for 3 h per day with no illumination or any stimulus in the original training chamber (experiments 1–4). A nosepoke in either operandum would result in no consequences (i.e., no heroin infusion and no tone/light cue).



Reactivation of heroin reward memory

After 24 h, following the last nosepoke extinction (experiments 1, 2, 4), the rats were subjected to conditioned stimulus in the original training chamber for 15 min to reactivate heroin reward memory. The retrieval conditions were similar to the heroin SA training, but a nosepoke in the active operandum caused no heroin infusions.



5-AZA treatment

In experiments 1 and 2, immediately after the reactivation session, the rats received bilateral infusions of the 5-AZA (1 μg/side at 0.25 μl/min for 2 min; Sigma-Aldrich) intra-BLA to inhibit the activity of DNMT. The syringe pump used the 10 μl Hamilton syringes. The syringes were linked to the infusion cannula (28 gauge; Plastics One) by the polyethylene tubing, while the controls had an equal volume infusion of vehicle (0.5% DMSO). The syringes were kept at the injection site for at least 2 min after completing the injection and then slowly withdrawn. In experiment 3, the rats received an infusion of the 5-AZA or vehicle with no light/tone stimuli reactivation. Finally, in experiment 4, the rats received infused 5-AZA or the vehicle 6 h after retrieval. The rats were placed in their home cage after infusion manipulation.



Cue extinction

Daily cue extinction was performed on the rats in experiments 1, 3, and 4 for 3 h. The conditions were the same as the heroin SA session but without heroin infusions following the tone/light cue.



Cue-induced reinstatement test (experiments 1–4)

This test was carried out on the rats 24 h after the 5-AZA or the vehicle intra-BLA infusion. The testing conditions were the same as the heroin SA session except that the active nosepoke did not have any tone-light cues, nor was it reinforced with heroin. The number of nosepokes was recorded for 1 h and the houselight was on for the whole session.



Heroin-induced reinstatement test (experiments 1, 3, 4)

Heroin (0.25 mg/kg, s.c.) was systematically injected into the rats for 5 min before the reinstatement test. The conditions of the test were the same as the SA training except that a nosepoke in the active operandum led to the delivery of a cue (tone/light) but not the heroin. A reinstatement test was performed for 1 h and the number of active nosepokes was recorded.



Spontaneous recovery test (experiment 2)

After withdrawal (28 days), the number of active nosepokes was recorded for 1 h in the spontaneous recovery test with the same conditions as in the reactivation.




Specific experiments


Experiment 1

The role of immediate post-reactivation 5-AZA treatment intra-BLA on subsequent cue-induced and heroin-priming-induced reinstatement of heroin-seeking behavior.

The rats were subjected to the heroin SA training for 10 days in 1 h sessions, 3 times per day. They were then trained for 9 days of daily nosepoke extinction in the original chamber. After 24 h following the last nosepoke extinction, the rats were reactivated for 15 min with heroin reward cues in the training context. After reactivation, the rats were divided into two groups: (1) infusing 5-AZA intra-BLA bilaterally 1 μg in 0.5 μl/side (5-AZA group); (2) infusing vehicle intra-BLA bilaterally 0.5 μl/side (vehicle group). The rats received a bilateral infusion of either 5-AZA or vehicle intra-BLA immediately after the reactivation. After 24 h, we tested the heroin-seeking behavior of cue-induced reinstatement in rats. A priming-induced reinstatement test was conducted 2 days after the cue extinction session (see Figure 1A).


[image: image]

FIGURE 1
Immediate post-reactivation 5-AZA treatment intra-BLA reduces subsequent cue-induced and heroin-priming reinstatement of heroin-seeking behavior. (A) Schematic representation of the experimental procedure. (B) The regions of the representative cannula placements in the basolateral amygdala (BLA: –2.8 mm from bregma) as shown in the rostral faces of each coronal section. (C) Total number of heroin infusions across acquisition of heroin self-administration sessions. (D) Total number of active nosepoke responses across nosepoke response extinction sessions. (E) Active nosepoke responses during the last extinction session and the cue-induced reinstatement test. (F) Active nosepoke responses during the saline- or heroin- priming reinstatement test. n = 10 rats per group. Data are means ± SEM, **p < 0.01, ***p < 0.001, compared with the vehicle group. Ext, extinction; Reinst, reinstatement.




Experiment 2

The long-term role of immediate post-reactivation 5-AZA treatment intra-BLA on cue-induced reinstatement and spontaneous recovery.

For the heroin self-administration session and nosepoke extinction session, the conditions and tone/light reactivation in Experiment 2 were the same as in Experiment 1. The rats were subjected to the 5-AZA treatment of 1 μg in 0.5 μl/side and the controls received the vehicle immediately after a 15-min tone/light reactivation. The cue-induced reinstatement test was performed 24 h later to assess the heroin-seeking behavior. After 28 days of withdrawal, the spontaneous recovery was tested (Figure 2A).
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FIGURE 2
Immediate post-reactivation 5-AZA treatment intra-BLA reduces subsequent cue-induced heroin seeking and the spontaneous recovery of heroin seeking behavior. (A) Schematic representation of the experimental procedure. (B) Total number of heroin infusions across acquisition of heroin self-administration sessions. (C) Total number of active nosepoke responses across nosepoke response extinction sessions. (D) Active nosepoke responses during the last extinction session and the cue-induced reinstatement test. (E) Active nosepoke responses during the last extinction session and spontaneous recovery test. n = 8 rats per group. Data are means ± SEM, **p < 0.01, ****p < 0.0001, compared with the vehicle group. Ext, extinction; Reinst, reinstatement; SR, spontaneous recovery.




Experiments 3

The role of immediate post-reactivation 5-AZA infusion intra-BLA on subsequent cue-induced and heroin-priming-induced reinstatement of heroin-seeking behavior without reactivation.

During Experiment 3, the experimental protocol was similar to Experiment 1, except that the rats were subjected to the infusion of 5-AZA or vehicle intra-BLA bilaterally without reactivation (see Figure 3A).
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FIGURE 3
5-AZA infusion intra-BLA without reactivation has no effect on subsequent cue-induced and heroin-priming reinstatement of heroin-seeking behavior. (A) Schematic representation of the experimental procedure. (B) Total number of heroin infusions across acquisition of heroin self-administration sessions. (C) Total number of active nosepoke responses across nosepoke response extinction sessions. (D) Active nosepoke responses during the last extinction session and the cue-induced reinstatement test. (E) Active nosepoke responses during the saline- or heroin-priming reinstatement test. n = 8 rats per group. Data are means ± SEM. Ext, extinction; Reinst, reinstatement.




Experiment 4

The role of delayed 5-AZA treatment intra-BLA post-reactivation on subsequent cue- and heroin-priming-induced reinstatement of heroin-seeking behavior.

During Experiment 4, the experimental protocol was the same as in Experiment 1 except that the rats were subjected to the infusion of 5-AZA or vehicle intra-BLA bilaterally 6 h after the 15-min retrieval (see Figure 4A).
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FIGURE 4
Delayed 5-AZA treatment intra-BLA following reactivation has no effect on subsequent cue-induced and heroin-priming reinstatement of heroin-seeking behavior. (A) Schematic representation of the experimental procedure. (B) Total number of heroin infusions during acquisition of heroin self-administration sessions. (C) Total number of active nosepoke responses across nosepoke response extinction sessions. (D) Active nosepoke responses during the last extinction session and the cue-induced reinstatement test. (E) Active nosepoke responses during the saline- or heroin-priming reinstatement test. n = 9 rats per group. Data are means ± SEM. Ext, extinction; Reinst, reinstatement.





Statistical analysis

The results were reported as mean ± SEM and analyzed using the two-way/repeated measures ANOVAs in GraphPad, v.9.0. Each experiment had a between-subjects factor for the infusion treatment (5-AZA vs. vehicle) and a within-subjects factor for the test (last nosepoke extinction day vs. cue-induced reinstatement test or saline-priming reinstatement test vs. heroin-priming-induced reinstatement test) (see section “Results”). We used Tukey’s post hoc tests to analyze the two-way ANOVAs for specific pair-wise comparisons and examine any significant main effects or interactions (p < 0.05, two-tailed).




Results


Experiment 1

Immediate post-reactivation 5-AZA treatment intra-BLA reduced subsequent cue-induced and heroin-priming-induced reinstatement of heroin-seeking behavior.

Two groups of rats were used in experiment 1 to examine the effects of post-reactivation 5-AZA infusion intra-BLA on cue-induced and heroin-priming-induced reinstatement of heroin-seeking behavior (Figure 1A). According to the schematic representation of the BLA regions, all cannula placements were within the BLA boundaries (Figure 1B). Analysis of the behavioral data of a mixed two-way ANOVA with the training date as a within-subjects factor, and the treatment (5-AZA vs. vehicle) as a between-subjects factor showed that the rate of heroin self-administration did not differ between the rats in the 5-AZA group (N = 10) and the rats in the vehicle group (N = 10), indicated by the total number of heroin infusions [main effect of acquisition date: F(9, 162) = 16.55, p < 0.0001; infusion treatment: F(1, 18) = 0.4890, p = 0.4933; acquisition date × infusion treatment: F(9, 162) = 1.556, p = 0.1327; Figure 1C]. Furthermore, there was no difference between the 5-AZA group and the vehicle group in the nosepoke extinction session as shown in the total number of nosepokes [main effect of extinction date: F(8, 144) = 23.21, p < 0.0001; infusion treatment: F(1, 18) = 0.2118, p = 0.6508; extinction date × infusion treatment: F(8, 144) = 0.4913, p = 0.8609; Figure 1D].

We found that the active nosepokes of the 5-AZA group significantly differed from the vehicle group in both the cue-induced and heroin-priming-induced reinstatement tests. A two-way ANOVA with the treatment (5-AZA vs. vehicle) as the between-subjects factor and test day (last extinction day vs. cue reinstatement day) as the within-subjects factor revealed a main effect of treatment [F(1, 18) = 7.236, p = 0.0150], a main effect of test day [F(1, 18) = 40.91, p < 0.0001], and a significant treatment × test day interaction [F(1, 18) = 9.947, p = 0.0055] during the cue-induced reinstatement test. The post hoc analysis revealed that the number of active nose pokes of the 5-AZA group was significantly decreased compared with the vehicle group during the cue-induced reinstatement test (p < 0.01) (Figure 1E right column). Furthermore, a two-way ANOVA with treatment (5-AZA vs. vehicle) as the between-subjects factor and test day (last extinction day vs. cue reinstatement day) as the within-subjects factor revealed a main effect of treatment [F(1, 18) = 4.570, p = 0.0465], a main effect of test day [F(1, 18) = 35.33, p < 0.0001], and a significant treatment × nosepokes interaction [F(1, 18) = 4.675, p = 0.0443] during the heroin reinstatement test. The post hoc analysis showed that the number of active nosepokes in the 5-AZA group was significantly lower than the vehicle group during the heroin-induced reinstatement test (p < 0.01) (Figure 1F right column).

These findings suggest that inhibiting the activity of DNMT with infusions of 5-AZA in the BLA immediately following the heroin cue retrieval significantly reduced cue-induced and heroin-priming-induced heroin-seeking behavior.



Experiment 2

Immediate post-reactivation 5-AZA treatment intra-BLA reduced subsequent cue-induced heroin seeking and the spontaneous recovery of heroin-seeking behavior.

In experiment 2, we aimed to test the effect of immediate post-reactivation 5-AZA treatment intra-BLA on cue-induced heroin seeking reinstatement and the long-term effect on heroin reward memory in two groups of rats (Figure 2A). No difference was observed in the total heroin infusion after achieving heroin self-administration between the rats infused with either 5-AZA (N = 8) or the vehicle (N = 8) [main effect of acquisition date: F(9, 126) = 22.31, p < 0.0001; infusion treatment: F(1, 14) = 2.671, p = 0.1245; acquisition date × infusion treatment: F(9, 126) = 0.8167, p = 0.6018; Figure 2B]. Likewise, no differences were found between groups in extinction training [main effect of extinction date: F(8, 112) = 23.59, p < 0.0001; infusion treatment: F(1, 14) = 0.08584, p = 0.7738; extinction date × infusion treatment: F(8, 112) = 0.4240, p = 0.9045; Figure 2C].

Similar to the results obtained in experiment 1, there was a significant difference in the active side nosepoke between the 5-AZA group and the vehicle group in the cue-induced reinstatement test [main effect of test: F(1, 14) = 19.98, p = 0.0005; infusion treatment: F(1, 14) = 6.843, p = 0.0203; test × infusion treatment: F(1, 14) = 7.339, p = 0.0170; Figure 2D]. The post hoc analysis showed that active nosepokes were significantly reduced in the 5-AZA group compared with the vehicle group in the cue-induced reinstatement test (p < 0.01) (Figure 2D right column). In addition, in the spontaneous recovery test, active nosepokes significantly differed between the 5-AZA group and the vehicle group [main effect of test: F(1, 14) = 63.00, p < 0.0001; infusion treatment: F(1, 14) = 8.866, p = 0.0100; test × infusion treatment: F(1, 14) = 16.31, p = 0.0012; Figure 2E]. The post hoc analysis revealed that drug-seeking in the 5-AZA group was significantly reduced compared to the vehicle group in the spontaneous recovery test (p < 0.01) (Figure 2E right column).

The findings of experiment 2 suggest that the immediate post-reactivation 5-AZA treatment intra-BLA reduced subsequent cue-induced heroin seeking reinstatement and this effect lasted for 28 days.



Experiment 3

5-AZA infusion intra-BLA with no reactivation had no effect on subsequent cue-induced and heroin-priming-induced reinstatement of heroin-seeking behavior.

In experiment 3, we examined whether the effect of DNMT in the BLA on the reconsolidation of heroin reward memory depended on retrieval by using the 5-AZA group (N = 8) and vehicle group (N = 8) of rats. Following the acquisition session of heroin self-administration and extinction session which is the same as experiments 1, rats were infused with 5-AZA or the vehicle intra-BLA immediately after exposing to the training chamber for 15 min with no cue exposure (Figure 3A). We did not find differences in the acquisition session of heroin [main effect of acquisition date: F(9, 126) = 25.84, p < 0.0001; infusion treatment: F(1, 14) = 0.7240, p = 0.4091; acquisition date × infusion treatment: F(9, 126) = 0.6614, p = 0.7423; Figure 3B] or the extinction session [main effect of extinction date: F(8, 112) = 37.20, p < 0.0001; infusion treatment: F(1, 14) = 0.2503, p = 0.6246; extinction date × infusion treatment: F(8, 112) = 0.2094, p = 0.9887; Figure 3C] between the two groups of rats.

In cue-induced reinstatement test, we did not find a difference in active nosepokes between the groups [main effect of test: F(1, 14) = 43.38, p < 0.0001; infusion treatment: F(1, 14) = 0.2478, p = 0.6264; test × infusion treatment: F(1, 14) = 0.08683, p = 0.7726; Figure 3D]. Furthermore, in the priming-induced reinstatement test, the groups did not differ from each other in active nosepokes [main effect of test: F(1, 14) = 71.04, p < 0.0001; infusion treatment: F(1, 14) = 0.04099, p = 0.8425; test × infusion treatment: F(1, 14) = 0.002420, p = 0.9615; Figure 3E].

Thus, these results indicated that the 5-AZA treatment intra-BLA without reactivation had no effects on the subsequent cue-induced and heroin-priming-induced reinstatement of heroin-seeking behavior, indicating that the effect of DNMT in the BLA on the reconsolidation of heroin reward memory was reactivation-dependent.



Experiment 4

Delayed 5-AZA treatment intra-BLA following reactivation had no effect on subsequent cue-induced and heroin-priming-induced reinstatement of heroin-seeking behavior.

Finally, in experiment 4, we investigated whether the role of 5-AZA treatment intra-BLA in the reconsolidation of heroin reward memory had a time window by using two groups of rats infused with either 5-AZA (N = 9) or vehicle (N = 9) (Figure 4A). In line with experiments 1–3, no difference was found in total heroin infusion between the two groups in the acquisition sessions [main effect of acquisition date: F(9, 144) = 35.09, p < 0.0001; infusion treatment: F(1, 16) = 0.4635, p = 0.5057; acquisition date × infusion treatment: F(9, 144) = 0.5624, p = 0.8260; Figure 4B]. Furthermore, no group difference in the extinction session was found for active nosepokes [main effect of extinction date: F(8, 128) = 38.71, p < 0.0001; infusion treatment: F(1, 16) = 0.03292, p = 0.8583; extinction date × infusion treatment: F(8, 128) = 0.6184, p = 0.7612; Figure 4C].

However, intra-BLA 5-AZA treatment 6 h after the reactivation did not affect the subsequent cue-induced reinstatement of heroin seeking behavior, indicated by the number of active nosepokes had no difference between groups [maineffect of test: F(1, 16) = 48.29, p < 0.0001; infusion treatment: F(1, 16) = 0.08935, p = 0.7689; extinction date × infusion treatment: F(1, 16) = 0.01919, p = 0.8915; Figure 4D]; or the priming- induced reinstatement, as the number of active nosepokes had also no difference between groups [main effect of test: F(1, 16) = 72.48, p < 0.0001; infusion treatment: F(1, 16) = 0.1839, p = 0.6737; test × infusion treatment: F(1, 16) = 0.2131, p = 0.6506; Figure 4E].

These experiments indicated that the role of 5-AZA on heroin-seeking behavior was time-specific, and inhibiting the activity of DNMT should be within 6 h after reactivation to suppress the heroin-seeking behavior.




Discussion

Our study examined the role of DNA methyltransferase (DNMT) in the BLA on the reconsolidation of heroin reward memory. The main findings are as follows: (1) DNMT inhibition in the BLA immediately after light/tone cue reactivation reduces subsequent cue-induced and heroin-priming-induced reinstatement of heroin-seeking behavior; (2) a 5-AZA infusion in the BLA without reactivation has no effect on the subsequent cue-induced reinstatement of heroin-seeking behavior; (3) the inhibitory effect of a 5-AZA infusion in the BLA immediately after the reactivation session on heroin-seeking behavior lasts at least 28 days. These findings indicate that the activity of DNMT in the BLA is required for the reconsolidation of the heroin reward memory and inhibiting the DNMT in the BLA attenuates heroin-seeking behavior by disrupting the reconsolidation of heroin reward memory.

A relapse caused by persistent heroin reward memory is a major challenge to the therapy of heroin addiction (Kalivas and Volkow, 2005; Robbins et al., 2008; Economidou et al., 2011; Torregrossa et al., 2011; Ma et al., 2012; Ewing et al., 2021). Studies on drug addiction in both humans and animals have demonstrated that either pharmacological or non-pharmacological intervention in reconsolidation has a great potential to prevent relapse (Lee et al., 2005; Xue et al., 2012; Lin et al., 2014; Chen et al., 2021a; Zhang et al., 2021; Xie et al., 2022). In our present study, we find that DNMT inhibition in the BLA disrupts reconsolidation and attenuates the subsequent heroin-seeking behavior of heroin reward memory. Our results are consistent with our previous study, further confirming the role of DNMT in the reconsolidation of heroin reward memory, and indicate that DNMT inhibition during reconsolidation may be a general way to prevent relapse across drug classes (Shi et al., 2015). In addition, the present results verify two aspects of reconsolidation that have been reported by previous studies, namely the requirement of new protein synthesis during the process and the need to be maintained for approximately 6 h (Valjent et al., 2006; Li et al., 2010; Wu et al., 2011; Lin et al., 2014; Chen et al., 2021a; Zhang et al., 2021; Xie et al., 2022). Overall, we find that immediate post-reactivation intra-BLA DNMT inhibition reduces subsequent cue-induced and heroin-priming-induced reinstatement of heroin-seeking behavior by disrupting the reconsolidation of heroin reward memory and this inhibitory effect depends on the reactivation session and has a limited time window.

It has been reported that the memory reconsolidation process involves DNA transcription and de novo protein synthesis (Nader et al., 2000; de la Fuente et al., 2015). DNA transcription is regulated by the epigenetic mechanisms of chromatin restructuring and DNA methylation, which play critical roles in the reconsolidation of memory (Levenson and Sweatt, 2005; Duvarci et al., 2008; de la Fuente et al., 2015; Gonzalez et al., 2019; Liu et al., 2022). DNMT, a widely expressed DNA methylation enzyme in the mammalian adult nervous system (Feng et al., 2005; Rahn et al., 2013), suppresses the transcription process by catalyzing the methylation of cytosine residues in DNA, causing the chromatin structure to compact and abolishing the transcription factors binding to the specific site of DNA (Miller and Sweatt, 2007; Selvakumar et al., 2012; Lyko, 2018; Shi et al., 2021). Thus, DNMT is thought to disrupt reconsolidation by inhibiting the binding between transcription factors and DNA. In this way, the inhibiting activity of DNMT is argued to positively regulate the reconsolidation of memory (Maddox and Schafe, 2011; Selvakumar et al., 2012). However, some studies show that the inhibition of DNMT disrupts the consolidation and reconsolidation of memory. This is inconsistent with aforementioned positive effect of DNMT inhibiting activity on the reconsolidation of memory (Miller and Sweatt, 2007; Miller et al., 2008; Zhao et al., 2010; Maddox and Schafe, 2011; Monsey et al., 2011; Pearce et al., 2017). One of the reasons for this discrepancy may due to the fact that the DNA needs to be re-repressed for memory re-stabilization. Thus, if the activity of DNMT is inhibited, the re-repression of gene transcription will be blocked and the memory may remain in a labile state and be impaired easily (Miller and Sweatt, 2007; Miller et al., 2008; Zhao et al., 2010; Shi et al., 2015). Moreover, DNMT inhibition may influence other epigenetic mechanisms such as histone acetylation to regulate reconsolidation of memory (Maddox and Schafe, 2011). This may explain the aforementioned inconsistency. In addition, a similar study found that DNA methylation in the LA is required for the reconsolidation of fear memory (Maddox and Schafe, 2011). Our previous study also revealed that the activity of DNMT in the BLA is required in the reconsolidation of cocaine reward memory (Shi et al., 2015). Thus, the present study is consistent with the findings of recent studies that indicate the role of DNMT in the reconsolidation of drug memory (Shi et al., 2015; Brown and Feng, 2017; Cannella et al., 2018; Urb et al., 2020). However, our study also has some limitations such as the lack of molecular evidence to explain the alteration of the activity of DMNT during/after the manipulation in the study. More experiments are needed in the future that focus on the specific molecular alterations and related signaling pathways during/after retrieval of heroin reward memory. Furthermore, as the epigenetic mechanisms involving DNA methylation and histone acetylation are complex (Mahan et al., 2012), other potential epigenetic mechanisms of the DNMT in the reconsolidation of drug memory need to be investigated in the future (Jarome and Lubin, 2014).

In conclusion, our study demonstrated that DNA methylation regulates the reconsolidation of heroin reward memory in the BLA. Our study also highlights the significant effect of epigenetic regulation, specifically DNA methylation, in the reconsolidation of heroin reward memory. Our findings provide theoretical support for the molecular mechanisms of reconsolidation of drug memory in the BLA and the development of potential therapies for heroin addiction.
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Reconsolidation of heroin-associated memory is an independent memory process that occurs following retrieval, which is essential for the sustained capacity of an associative drug stimulus to precipitate heroin-seeking. Extracellular signal-regulated kinase (ERK) in the basolateral amygdala (BLA) mediates the reconsolidation of drug memory. In the present study, we utilized a rat model of drug craving and relapse to verify the hypothesis that the reconsolidation of heroin-associated memory requires ERK in an instrumental heroin-seeking behavior, focusing on the BLA brain region, which is crucial for synaptic plasticity and memory processes. We found that bilateral intra-BLA infusions of U0126 (1 μg/0.5 μl), an ERK inhibitor, immediately after retrieving heroin-associated memory significantly reduced cue-induced and drug-induced reinstatement and spontaneous recovery of heroin-seeking compared to the vehicle. Furthermore, this inhibitory effect was related to the characteristic of reconsolidation. Conversely, no effect was observed on the heroin-seeking behavior when the intra-BLA infusion of U0126 was administered 6 h after the heroin-associated memory retrieval or without memory retrieval. Together, these data suggest that disrupting the reconsolidation of heroin-associated memory via an ERK inhibitor may serve as a promising option for treating relapse in opiate addicts.
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Introduction

The associative memory formed by repeated drug use usurps standard reward-related memory, leading to substance-related and addictive disorders that result from a disturbance in learning, emotional, decision-making, and response systems (Gardner, 2011; Volkow et al., 2019). Such aberrations lead addicts to reemerge with compulsive drug-seeking behavior and even relapse (Hyman et al., 2006; Gardner, 2011). Exposure to environmental cues or contexts associated with drug elicits craving and relapse, which is the core primary clinical problem in drug addicts (Childress et al., 1999; Crombag et al., 2008; Chen et al., 2021b). To address the persistent propensity for relapse, an increasing number of studies suggest that disrupting drug-associated memory, which maintains conditioned reinforcing properties through various manipulations, is a promising strategy to prevent relapse (Milton and Everitt, 2010; Jian et al., 2014; Barak and Goltseker, 2021).

The memory reconsolidation supposes the hypothesis that the consolidation memory underwent retrieval via reexposure to the conditioned stimulus (CS) and becomes labile during a time window. It requires a de novo protein synthesis-dependent reconsolidation process to subsist (Nader et al., 2000; Kida et al., 2002; Tronel et al., 2005; Fukushima et al., 2014; Chen et al., 2021a; Zhang et al., 2021). Disrupting the reconsolidation of drug memory would limit relapse susceptibility. Studies in animal models and human addicts find that intervening in the reconsolidation of drug memory subsequently attenuates drug-seeking behaviors (Milton and Everitt, 2010; Sorg, 2012; Liang et al., 2017; Lin et al., 2021). Therefore, elucidating the molecular mechanism of reconsolidation is of great significance for developing a highly selective drug therapy to prevent relapse.

The mitogen-activated protein kinase (MAPK) ERK is essential for synaptic plasticity, learning, and memory, which is especially involved in the reconsolidation of some memory forms (Lu et al., 2006; Peng et al., 2010; Leal et al., 2014). ERK activation in neurons significantly integrates signaling for the reconsolidation of drug memory, including N-methyl D-aspartate receptors (NMDARs; Brown et al., 2008; Milton et al., 2008), the activation of β-adrenergic receptor, and the stimulation of protein kinase A (PKA; Sweatt, 2001; Fricks-Gleason and Marshall, 2008; Milton and Everitt, 2010; Sanchez et al., 2010). Furthermore, studies suggest that ERK is critical for the reconsolidation of auditory fear memory (Duvarci et al., 2006), object recognition memory (Kelly et al., 2003; Silingardi et al., 2011), and cocaine memory in both Pavlovian cocaine-related memory of the conditioned place preference (CPP) model and response-outcome associative cocaine-related memory of the self-administration (SA) model (Miller and Marshall, 2005; Valjent et al., 2006; Wells et al., 2013). Nevertheless, several gaps remain in our understanding of the effect of ERK on the memory reconsolidation. More specifically, the effect of ERK on the reconsolidation of heroin-associated memory has not been investigated in the response-outcome paradigm, since studies show that the reconsolidation of drug memory in Pavlovian and instrumental patterns involves distinct neuroanatomical mechanisms (Wells et al., 2016; Bender and Torregrossa, 2020).

In the present study, we used the classical heroin SA model of relapse to confirm whether ERK is required for the reconsolidation of heroin-associated memory in the brain regions of the BLA that have been demonstrated to critically regulate reconsolidation of drug memory (Li et al., 2010; Sanchez et al., 2010; Xie et al., 2022). We also tested the effect of ERK inhibition during reconsolidation on subsequent cue-induced and heroin-induced reinstatement and spontaneous recovery of heroin-seeking behavior.



Methods


Subjects

Male Sprague-Dawley rats (260–280 g on arrival) were placed in a 23 ± 2°C temperature and 50% humid environment with free access to food and water under a 12-h light/dark cycle. The rats were handled for 3 min/day for 5 days before surgery. All experimental procedures were performed under the Guidelines of the Xiangya Hospital Ethics Committee, Xiangya Hospital (Changsha, China).



Surgery

After 60 mg/kg of sodium pentobarbital anesthesia was administered intraperitoneally (ip) to rats, the rats received an implantation with intravenous (iv) jugular catheters and bilateral guide cannulae (23 gauge; Plastics One, Roanoke, VA, USA) surgically (Xue et al., 2012; Xie et al., 2022). The implantation region of the guide cannulae was 1 mm above the BLA (anterior/posterior:−2.8 mm, medial/lateral: ±5.0 mm from bregma, and dorsal/ventral: −8.5 mm from the surface of the skull; Wu et al., 2011; Xie et al., 2022). Then, the animals received 5–7 days of recovery. The regions of the representative cannula placements in the basolateral amygdala as shown in the rostral faces of each coronal section (see Figure 1).


[image: Figure 1]
FIGURE 1
 The schematic depiction of the region basolateral amygdala (BLA) of cannula placements: −2.8 mm from bregma.




Behavioral procedures
 
Heroin SA training

Heroin SA training procedures were established in previous studies (Xue et al., 2012; Luo et al., 2015). Two nosepoke operandi (active/inactive) were placed 9 cm above the floor of the chambers (AniLab Software and Instruments Co., Ltd., Ningbo, China). As a result of nosepoke into the active operandum, rats received heroin infusions paired with tone/light cues for 5 s. As a result of nosepoke into the inactive operandum, there was no consequence.

The heroin SA training session was carried out every 10 days, and the rats received three 1-h training sessions separated by 5 min. The training used a 1:1 fixed-ratio reinforcement schedule at the start of each dark cycle. Every infusion was followed by a 40 s period that had no consequence of nosepoke. The house light was turned on at each session. A maximum of 20 heroin infusions per hour were permitted (Xue et al., 2012; Luo et al., 2015).



Nosepoke extinction

Rats then underwent extinction training in the original environment for 10 days with no illumination or stimulation after SA in all four experiments. In this situation, nosepoke (active/inactive) resulted in no heroin infusion or tone/light cue consequences.



Heroin reward memory retrieval

A 15-min reactivation experiment was conducted 24 h after the last extinction session under conditions that were similar to those for SA training, except no heroin infusions occurred following active nosepoke (experiments 1, 2, and 4).



U0126 treatment

Immediately after retrieval, U0126 was infused bilaterally (1.0 μg/0.5 μl/side for 2 min; Calbiochem) into the BLA of rats (experiments 1 and 2; Wells et al., 2013). The 10 μl Hamilton syringes were linked to the 28-gauge infusion cannulae (Plastics One). An equal volume of 5% dimethyl sulfoxide (DMSO) was infused into the control rats. In experiment 3, infusions of U0126 or vehicle were administered to rats without reactivating light/tone stimuli. In experiment 4, we infused rats with U0126 or vehicle 6 h after retrieval.



Cue extinction

The cue extinction conditions were the same as those during heroin SA sessions, except for the absence of heroin infusions after the tone/light cue. For experiments 1, 3, and 4, rats were subjected to a 3-h daily cue extinction.



Cue-induced reinstatement test (experiments 1–4)

Twenty-four hours after U0126 or vehicle infusion into the BLA, rats were subjected to this test. The conditions were the same as those for the SA, except that the active nosepoke had contingent tone-light cues but without heroin infusions. The number of active and inactive nosepokes was recorded for one hour.



Heroin-induced reinstatement test (experiments 1, 3, and 4)

After the 5-min heroin infusion [0.25 mg/kg, subcutaneously (sc)], rats were subjected to heroin-induced reinstatement. Conditions were the same as those for the SA, except that active nosepoke was paired with tone/light cues but not heroin. The number of active and inactive nosepokes was recorded for 1 h.



Spontaneous recovery test (experiment 2)

After 28 days of withdrawal, the number of nosepokes (active and inactive) was recorded for 1 h in the same condition as reactivation.




Specific experiments
 
Experiment 1

The role of immediate post-CS ERK inhibition in the BLA in the subsequent cue-induced and heroin-induced reinstatement of heroin-seeking behavior.

Following the 10-day heroin SA training sessions, the rats received 9 days of nosepoke extinction in the original environment. Twenty-four hours after the last nosepoke extinction, heroin-associated cues were presented for 15 min to reactivate the drug-associated memory. Immediately after retrieval, one group of rats was infused with U0126 intra-BLA bilaterally at 1.0 μg/0.5 μl/side, termed the U0126 group, and another group of rats was infused with vehicle intra-BLA bilaterally at 0.5 μl/side, termed the vehicle group. Twenty-four hours after infusion, a cue-induced reinstatement test was carried out to investigate heroin-seeking behavior in rats. Then, we tested priming-induced reinstatement after 2 days of cue extinction (see Figure 2A).


[image: Figure 2]
FIGURE 2
 Immediate post-CS (conditioned stimulus) U0126 intra-BLA (basolateral amygdala) treatment reduces subsequent cue-induced and heroin-induced reinstatement of heroin seeking. (A) Schematic depiction of the experimental procedure. (B) Total number of heroin infusions during the acquisition of heroin self-administration. (C) Active nosepoke responses during extinction training. (D) Total nosepoke responses during a retrieval trial. (E) Active (left) and inactive (right) nosepokes during the last extinction session and cue-induced reinstatement test. (F) Active (left) and inactive (right) nosepokes during the last extinction session and heroin-induced reinstatement test. n = 8 rats per group. Data are means ± SEM, ***p < 0.001, ****p < 0.0001, compared with the vehicle group. CS, conditioned stimulus; Ext, extinction; Reinst, reinstatement.




Experiment 2

The role of immediate post-CS ERK inhibition in the BLA in subsequent cue-induced heroin seeking and spontaneous recovery of heroin-seeking behavior after long-term (28 days) withdrawal.

After heroin SA and nosepoke extinction sessions (same as Experiment 1), rats were allowed to be infused with U0126 (1 μg/0.5 μl/side), and the control group of rats was infused with an equal volume of vehicle following retrieval. Twenty-four hours later, a cue-induced reinstatement test was performed. After 28 days of withdrawal, we tested spontaneous recovery in rats (see Figure 3A).


[image: Figure 3]
FIGURE 3
 Immediate post-CS (conditioned stimulus) U0126 intra-BLA (basolateral amygdala) treatment reduces subsequent cue-induced heroin seeking and the spontaneous recovery of heroin-seeking behavior. (A) Schematic depiction of the experimental procedure. (B) Total number of heroin infusions during the acquisition of heroin self-administration. (C) Active nosepoke responses during extinction training. (D) Total nosepoke responses during a retrieval trial. (E) Active (left) and inactive (right) nosepokes during the last extinction session and cue-induced reinstatement test. (F) Active (left) and inactive (right) nosepokes during the last extinction session and spontaneous recovery test. n = 9 rats per group. Data are means ± SEM, ***p < 0.001, compared with the vehicle group. CS, conditioned stimulus; Ext, extinction; Reinst, reinstatement; SR, spontaneous recovery.




Experiment 3

The role of ERK inhibition in the BLA without retrieval in subsequent cue-induced and heroin-induced reinstatement of heroin-seeking behavior.

In Experiment 3, the same experimental procedure was performed as in Experiment 1, except that U0126 or vehicle infusion was performed without retrieval (see Figure 4A).


[image: Figure 4]
FIGURE 4
 U0126 intra-BLA (basolateral amygdala) treatment without retrieval has no effect on subsequent cue-induced and heroin-induced reinstatement of heroin-seeking behavior. (A) Schematic depiction of the experimental procedure. (B) Total number of heroin infusions during the acquisition of heroin self-administration. (C) Active nosepoke responses during extinction training. (D) Active (left) and inactive (right) nosepokes during the last extinction session and cue-induced reinstatement test. (E) Active (left) and inactive (right) nosepokes during the last extinction session and heroin-induced reinstatement test. n = 8 rats per group. Data are means ± SEM. CS, conditioned stimulus; Ext, extinction; Reinst, reinstatement.




Experiment 4

The role of delayed ERK inhibition in the BLA after retrieval in subsequent cue-induced and heroin-induced reinstatement of heroin-seeking behavior.

We used the same experimental procedure as Experiment 1 in this experiment, except that infusion of U0126 and vehicle was delayed by 6 h after retrieval (see Figure 5A).
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FIGURE 5
 Delayed U0126 intra-BLA (basolateral amygdala) treatment following retrieval has no effect on subsequent cue-induced and heroin-induced reinstatement of heroin-seeking behavior. (A) Schematic depiction of the experimental procedure. (B) Total number of heroin infusions during the acquisition of heroin self-administration. (C) Active nosepoke responses during extinction training. (D) Total nosepoke responses during a retrieval trial. (E) Active (left) and inactive (right) nosepokes during the last extinction session and cue-induced reinstatement test. (F) Active (left) and inactive (right) nosepokes during the last extinction session and heroin-induced reinstatement test. n = 8 rats per group. Data are means ± SEM. CS, conditioned stimulus; Ext, extinction; Reinst, reinstatement.





Statistical analysis

Two-way/repeated-measures ANOVAs of GraphPad, v.9.0. were used to analyze the results, which are presented as the mean ± SEM (standard error of mean). Treatment type (U0126 or vehicle) was the between-subjects factor, and test type was the within-subjects factor (last extinction day or cue/heroin-induced reinstatement test; see “Results”). Tukey's post hoc tests were used to analyze significant differences in specific paired comparisons (p < 0.05).




Results


Experiment 1: Immediate post-CS ERK inhibition in the BLA reduces subsequent cue-induced and heroin-induced reinstatement of heroin-seeking behavior

To test the role of ERK in the BLA on cue-induced and heroin-induced reinstatement of heroin-seeking behavior, we trained rats in the SA paradigm in experiment 1 (Figure 2A). As the number of total heroin infusions showed, no significant differences were shown between the rats of the vehicle group (n = 8) and U0126 group (n = 8) in the SA training [main effect of training session: F(9, 126) = 20.96, p < 0.0001; treatment type: F(1, 14) = 0.3410, p = 0.5685; training session × treatment type: F(9, 126) = 0.1519, p = 0.9978; Figure 2B]. In the extinction session, the two groups did not differ from each other in the active nosepoke responses either [main effect of training session: F(9, 126) = 23.95, p < 0.0001; treatment type: F(1, 14) = 1.645, p = 0.2205; extinction training × treatment type: F(9, 126) = 0.9701, p = 0.4680; Figure 2C]. For the retrieval trial, no difference was noticed between the vehicle and U0126 groups in the nosepoke responses [main effect of nosepoke type: F(1, 14) = 21.23, p = 0.0004; treatment type: F(1, 14) = 0.1658, p = 0.6900; nosepoke type × treatment type: F(1, 14) = 0.1366, p = 0.7172; Figure 2D].

A significant difference between the two groups in active nosepokes was revealed by the reinstatement test [main effect of test type: F(1, 14) = 54.55, p < 0.0001; treatment type: F(1, 14) = 15.45, p = 0.0015; test type × treatment type: F(1, 14) = 18.93, p = 0.0007; Figure 2E, left] but not in inactive responses [main effect of test type: F(1, 14) = 0.6215, p = 0.4437; treatment type: F(1, 14) = 0.004233, p = 0.9490; test type × treatment type: F(1, 14) = 1.398, p = 0.2567; Figure 2E, right]. A post hoc test was carried out to show a significant reduction in heroin-seeking behavior in the U0126 group compared to the vehicle group (p < 0.01; Figure 2E, left). In addition, there was a significant difference between the vehicle and U0126 groups in active responses in the heroin-induced reinstatement test [main effect of test type: F(1, 14) = 80.27, p < 0.0001; treatment type: F(1, 14) = 10.79, p = 0.0054; test type × treatment type: F (1, 14) = 8.866, p = 0.0100; Figure 2F, left] but not inactive nosepoke [main effect of test type: F(1, 14) = 0.9777, p = 0.3396; treatment type: F(1, 14) = 0.07692, p = 0.7856; test type × treatment type: F(1, 14) = 0.004345, p = 0.9484; Figure 2F, right]. A significant reduction in heroin-seeking behavior in the U0126 group compared to the vehicle group was shown by a post hoc test (p < 0.01; Figure 2F, left column). Therefore, the findings in this experiment suggested that immediate post-CS ERK inhibition in the BLA reduces subsequent cue-induced and heroin-induced reinstatement of heroin-seeking behavior.



Experiment 2: Immediate post-CS ERK inhibition in the BLA reduces subsequent cue-induced heroin-seeking and the spontaneous recovery of heroin-seeking behavior

In experiment 2, we aimed to investigate whether immediate post-CS ERK inhibition in the BLA has an attenuating effect on the subsequent cue-induced heroin seeking and spontaneous recovery of heroin-seeking behavior after long-term withdrawal (28 days; Figure 3A). Between the vehicle group (n = 9) and U0126 group (n = 9), no significant difference was observed in heroin SA training [main effect of training session: F(9, 144) = 32.17, p < 0.0001; treatment type: F(1, 16) = 1.036, p = 0.3240; training session × treatment type: F(9, 144) = 0.7004, p = 0.7077; Figure 3B], extinction procedure [main effect of extinction training: F(9, 144) = 44.50, p < 0.0001; treatment type: F(1, 16) = 0.5014, p = 0.4891; extinction training × treatment type: F(9, 144) = 0.7585, p = 0.6548; Figure 3C], or retrieval trial [main effect of nosepoke type: F(1, 16) = 25.30, p = 0.0001; treatment type: F(1, 16) = 0.01829, p = 0.8941; nosepoke type × treatment type: F(1, 16) = 1.035, p > 0.9999; Figure 3D].

In the cue-induced reinstatement test, a significant difference in the two groups was revealed by active nosepoke [main effect of test type: F(1, 16) = 55.49, p < 0.0001; treatment type: F(1, 16) = 8.851, p = 0.0089; test type × treatment type: F(1, 16) = 12.10, p = 0.0031; Figure 3E, left] but not inactive responses [main effect of test type: F(1, 16) = 1.884, p = 0.1888; treatment type: F(1, 16) = 0.2839, p = 0.6015; test type × treatment type: F(1, 16) = 0.09078, p = 0.7671; Figure 3E, right]. The post hoc test suggested that there was a significant decrease in active nosepoke in the U0126 group compared to the vehicle group (p < 0.01; Figure 3E, left column). In addition, the active nosepoke of the U0126 group in the spontaneous recovery test significantly differed from that of the vehicle group [main effect of test type: F(1, 16) = 45.77, p < 0.0001; treatment type: F(1, 16) = 6.844, p = 0.0187; test type × treatment type: F(1, 16) = 9.361, p = 0.0075; Figure 3F, left] but not inactive nosepoke [main effect of test type: F(1, 16) = 0.06534, p = 0.8015; treatment type: F(1, 16) = 0.04214, p = 0.8399; test type × treatment type: F(1, 16) = 0.007260, p = 0.9332; Figure 3F, right]. A post hoc test demonstrated that the active nosepoke of the U0126 group was significantly reduced compared to that of the vehicle group (p < 0.01; Figure 3F, left column). The results of experiment 2 suggested that immediate post-CS ERK inhibition in the BLA reduces subsequent cue-induced heroin seeking and spontaneous recovery of heroin-seeking behavior after 28 days of withdrawal.



Experiment 3: ERK inhibition in the BLA without retrieval has no effect on subsequent cue-induced and heroin-induced reinstatement of heroin-seeking behavior

In experiment 3, we examined the role of ERK in the BLA in cue-induced and heroin-induced reinstatement of heroin-seeking behavior with or without retrieval sessions to investigate whether the attenuating effect of ERK inhibition on reconsolidation of heroin-associated memory is retrieval-dependent (Figure 4A). Consistent with experiments 1 and 2, no significant difference was displayed between the vehicle group (n = 8) and U0126 group (n = 8) groups in SA training [main effect of training session: F(9, 126) = 38.97, p < 0.0001; treatment type: F(1, 14) = 1.740, p = 0.2084; training session × treatment type: F(9, 126) = 1.110, p = 0.3606; Figure 4B] and extinction [main effect of extinction training: F(9, 126) = 17.83, p < 0.0001; treatment type: F(1, 14) = 0.02481, p = 0.8771; extinction training × treatment type: F(9, 126) = 1.067, p = 0.3915; Figure 4C].

However, different from the results of experiment 1, no significant difference was found in the cue-induced reinstatement test [active nosepoke: main effect of test type: F(1, 14) = 63.98, p < 0.0001; treatment type: F(1, 14) = 0.1758, p = 0.6813; test type × treatment type: F(1, 14) = 0.1503, p = 0.7040; Figure 4D, left; inactive nosepoke: main effect of test type: F (1, 14) = 1.072, p = 0.3180; treatment type: F(1, 14) = 0.1481, p = 0.7061; test type × treatment type: F(1, 14) = 0.2171, p = 0.6484; Figure 4D, right] and the drug-induced reinstatement test [active nosepoke: main effect of test type: F(1, 14) = 128.9, p < 0.0001; treatment type: F(1, 14) = 0.1220, p = 0.7320; test type × treatment type: F(1, 14) = 0.02509, p = 0.8764; Figure 4E, left; inactive nosepoke: main effect of test type: F(1, 14) = 0.1982, p = 0.6630; treatment type: F(1, 14) = 0.1114, p = 0.7435; test type × treatment type: F(1, 14) = 0.007928, p = 0.9303; Figure 4E, right] between two groups. The findings of experiment 3 indicated that the attenuating effect of ERK inhibition in the BLA on reconsolidation of heroin-associated memory is retrieval dependent.



Experiment 4: Delayed ERK inhibition in the BLA following retrieval has no effect on subsequent cue-induced and heroin-induced reinstatement of heroin-seeking behavior

Finally, experiment 4 tested whether ERK inhibition out the time window of memory reconsolidation attenuates heroin-seeking behavior in the vehicle group (n = 8) and U0126 group (n =8; Figure 5A). Consistent with experiments 1 and 2, there was no significant difference in the heroin SA training [main effect of training session: F(9, 126) = 26.29, p < 0.0001; treatment type: F(1, 14) = 0.4818, p = 0.4989; training session × treatment type: F(9, 126) = 0.2792, p = 0.9793; Figure 5B], extinction procedure [main effect of extinction training: F (9, 126) = 20.64, p < 0.0001; treatment type: F(1, 14) = 0.009984, p = 0.9218; extinction training × treatment type: F(9, 126) = 0.4540, p = 0.9025; Figure 5C], and retrieval trial [main effect of nosepoke type: F(1, 14) = 28.74, p = 0.0001; treatment type: F(1, 14) = 1.661, p = 0.2183; nosepoke type × treatment type: F(1, 14) = 0.8740, p = 0.3657; Figure 5D].

There was no significant difference between the two groups in cue-induced reinstatement test [active nosepoke: main effect of test type: F(1, 14) = 55.11, p < 0.0001; treatment type: F(1, 14) = 0.04952, p = 0.8271; test type × treatment type: F(1, 14) = 0.0002967, p = 0.9865; Figure 5E, left; inactive nosepoke: main effect of test type: F(1, 14) = 0.5720, p = 0.4620; treatment type: F(1, 14) = 0.8282, p = 0.3782; test type × treatment type: F(1, 14) = 0.3460, p = 0.5658; Figure 5E, right] and the drug-induced reinstatement test [active nosepoke: main effect of test type: F (1, 14) = 57.05, p < 0.0001; treatment type: F(1, 14) = 0.3426, p = 0.5677; test type × treatment type: F(1, 14) = 0.2215, p = 0.6452; Figure 5F, left; inactive nosepoke: main effect of test type: F(1, 14) = 1.336, p = 0.2671; treatment type: F(1, 14) = 0.01948, p = 0.8910; test type × treatment type: F(1, 14) = 0.004124, p = 0.9497; Figure 4F, right]. Thus, the findings of experiment 4 indicated that the attenuating effect of ERK inhibition in the BLA on the reconsolidation of heroin-associated memory is time specific.




Discussion

Available literature has linked the molecule of the neural mechanism to the behavioral effects of repeated drug administration on learning and memory. Our results demonstrated that inhibition of ERK in the BLA immediately after retrieval interferes with heroin-associated memory in an operant heroin SA paradigm.

Our study first identified that ERK in the BLA is critical for reconsolidation of heroin-associated memory in the classical heroin SA paradigm of relapse. The main findings are as follows: (1) Intra-BLA infusion of U0126 immediately after retrieval significantly attenuated the heroin-seeking behavior induced by cues or heroin in rats. (2) The negative regulation of intra-BLA infusion of U0126 immediately after retrieval on heroin-seeking behavior lasting at least 28 days in rats. (3) Intra-BLA infusion of U0126 but with no retrieval manipulation or infusion with a 6-h delay postretrieval blocked the disruption of the reconsolidation of heroin-associated memory by U0126. In summary, our data showed that intra-BLA infusion of U0126 immediately after retrieval of heroin-associated memory has an inhibitory effect on subsequent heroin-seeking behavior, and the inhibitory effects of U0126 are retrieval-dependent and time-limited.

First, we investigated the role of ERK in the reconsolidation of heroin-associated memory. The results showed that intra-BLA infusion of U0126 during reconsolidation (immediately after retrieval of memory) attenuated cue-induced reinstatement test and lasted at least 28 days relative to vehicle rats (Figures 2, 3), the significance of the current results extending the knowledge of the effect of ERK that interference with the reconsolidation of heroin-associated memory produces a long-lasting effect on heroin-seeking behavior. Consistent with these results, previous studies have revealed the negative effect of ERK inhibition on other forms of memory reconsolidation, including conditioned fear memory (Duvarci et al., 2006), object recognition memory (Kelly et al., 2003; Silingardi et al., 2011), and cocaine memory in both Pavlovian cocaine-related memory and response-outcome associative cocaine-related memory (Miller and Marshall, 2005; Valjent et al., 2006; Wells et al., 2013). Notably, intra-BLA infusion of U0126 exerted a lasting attenuation of the retrieval-dependent heroin-associated memory, which can be interpreted as disrupting reconsolidation that reflects interference by the ERK inhibitor with transcription during the time window when memory is reactivated and is labile (Figure 3). In support of this, in experiment 4, we found that an ERK inhibitor does not affect the consequent cue-induced and heroin-induced reinstatement test 6 h after the retrieval session, the time when reconsolidation presumably occurs (Nader et al., 2000). Our experimental results suggest that the activity of ERK in the BLA regulates the reconsolidation of heroin-associated memory, thus disrupting reconsolidation by the ERK inhibitor U0126 significantly reduces heroin-seeking behavior and prevents relapse.

ERK, a mitogen-activated protein kinase, is activated by various cell growth factors and plays an essential role in cell proliferation and differentiation, leading to meaningful connections to higher learning and memory functions (Adams and Sweatt, 2002; Peng et al., 2010). English and Sweatt (1997) were the first to find the role of ERK signaling in synaptic plasticity that inhibited LTP via the ERK inhibitor PD98059 (English and Sweatt, 1997). In support of this in drug addiction, the activity of ERK plays a critical role in the incubation, a phenomenon that enhances cue-induced drug seeking after withdrawal period and demonstrates that ERK phosphorylation increased in the central amygdala (CeA) but not the BLA (Lu et al., 2005; Li et al., 2008). In our study, we did not examine the possible role of the CeA in the effect of ERK inhibition on heroin-seeking behavior since the role of the CeA in the reconsolidation of drug memory has been investigated and was not supported (Wang et al., 2008; Wu et al., 2011). Fortunately, our data suggest that the inhibitory effect of U0126 depends on the BLA, which is consistent with Wells et al. (2013) study that ERK in the BLA is critical for context-response–cocaine reconsolidation (Wells et al., 2013). Consolidation of new drug-related memories is ERK dependent (Lu et al., 2006; Jia et al., 2021). Similar findings have been reported that activation of the ERK pathway results in long-term changes in synaptic activity that underlie the consolidation of new memories (Schafe et al., 2000; Rodrigues et al., 2004; Feld et al., 2005; Lai et al., 2014). Most relevant to our study is that ERK has been reported to be required for memory reconsolidation. In Kelly et al. (2003) demonstrated that ERK in the hippocampal circuitry is required for the reconsolidation of object recognition memory (Kelly et al., 2003). Since then, many laboratories have tested the ability of ERK inhibition to disrupt reconsolidation in other forms of memory, such as auditory fear memory, Pavlovian cocaine-related memory, and instrumental associative cocaine-related memory (Miller and Marshall, 2005; Duvarci et al., 2006; Valjent et al., 2006; Wells et al., 2013). In brief, the above studies hypothesize that ERK may mediate the reconsolidation of heroin-associated memory, regulating various gene expressions to change addictive behavior. Moreover, our data showed that the negative effects of ERK inhibitors on reconsolidation across drug classes are exciting for treating substance use disorders.

Recently, researchers have investigated the role of ERK in reconsolidation-related phenomena. In Rabinovich Orlandi et al. (2020) found that memory reconsolidation is mediated by a “behavioral tagging” process, a behavioral analog of the capture hypothesis and synaptic tagging (Frey and Morris, 1997; Rabinovich Orlandi et al., 2020). Behavioral tagging, whether it acts as a fundamental mechanism underlying drug memory reconsolidation, needs further investigation. Interestingly, a recent study demonstrated that activation of the ERK signaling pathway can change the memory process from reconsolidation to extinction and act as a switch that controls the reconsolidation of fear memory (Fukushima et al., 2021). Furthermore, the ERK 1/2 pathway participates in synthesizing plasticity-related proteins required for spatial memory reconsolidation but is not involved in the tag-setting process. These findings suggest a new strategy that prevents the induction of reconsolidation by activating the ERK signaling pathway.

Together, our data suggest that disruption or modulation of the reconsolidation of heroin-associated memory via an ERK inhibitor may serve as a promising option for treating relapse in opiate addicts. This study extends earlier studies showing that ERK activity affects the reconsolidation of drug-related memory, yet its effectiveness in treating clinical populations remains to be tested. It is important to understand further the molecular and cellular mechanisms underlying the reconsolidation of heroin-associated memory to develop target-specific methods for the treatment of opiate addicts.
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CircRNA_name

CiIrcMALAT1-7
CircEGLN1
CircSATB1
circKHDRBS3
circLRCH1
circRGS7-1
CircSATB2
CircMNATH
circRBM39
circHOOK3
CircAKAP10
CircSNTG1
CircATXN10
circESCO1
CircSTXBP5-AS1
circTJP1
circCAP1
circMTHFD2L
circRGS7-2
CircADAMTS19
CircARHGAP26
CircRASA1
circLUC7L2
circCSPP1

*

circBase_ID

hsa_circ_0000196
hsa_circ_0064557
hsa_circ_0135838
hsa_circ_0002215
hsa_circ_0112723
hsa_circ_0003915
hsa_circ_0008215
hsa_circ_0005848
hsa_circ_0005376
hsa_circ_0006256
hsa_circ_0003054
hsa_circ_0047071
hsa_circ_0034293
hsa_circ_0009142
hsa_circ_0069982
hsa_circ_0007091
hsa_circ_0073810
hsa_circ_0074368
hsa_circ_0004317
hsa_circ_0133534
hsa_circ_0084665

Ensemble_ID

ENSG00000251562
ENSG00000135766
ENSG00000182568
ENSG00000131773
ENSG00000136141
ENSG00000182901
ENSG00000119042
ENSG00000020426
ENSG00000131051
ENSG00000168172
ENSG00000108599
ENSG00000147481
ENSG00000130638
ENSG00000141446
ENSG00000233452
ENSG00000104067
ENSG00000131236
ENSG00000163738
ENSG00000182901
ENSG00000145808
ENSG00000145819
ENSG00000145715
ENSG00000146963
ENSG00000104218
Intergenic

The symbol “* indlicating this circRNA was from intergenic region.
The symbol “-" indicating this circRNA was not existing circBase database.

Log fold_change

—0.569212
—0.59753
—0.61692
—0.61726
—0.64777
—0.77351
—0.79387
—0.79855
—0.83443
—0.89529
—0.9144
—0.93671
—0.96313
—1.03841
—1.3646
—1.06956
—1.19278
—1.39497
—1.41979
—1.78036
-1.915
—2.01716
—2.12507
—2.18439
—2.69379

P_value

0.038581
0.026098
0.041324
0.030379
0.023012
0.031668
0.017806
0.038421
0.036584
0.002289
0.047896
0.015294
0.027635
0.010851
0.011378
0.006483
0.0257077
0.025271
0.029781
0.000117
0.018909
0.038434
0.008356
0.044077
0.017096

Genome_location

chr11:65267160| 65267534
chr1:231506308| 231509845
chr3:18456603| 18462483
chr8:136533480| 136569830
chr13:47297356| 47308133
chr1:240990398| 241033419
chr2:200233328| 200298237
chr14:61278705| 61346553
chr20:34309662| 34320057
chr8:42780700| 42798588
chr17:19812494] 19813291
chr8:51362228| 51503477
chr22:46085592| 46114373
chr18:19112434] 19112621
chr6:147394380| 147395983
chr15:30053342| 30065560
chr1:40529899| 40530231
chr4:75040223| 75091111
chr1:241094017| 241100006
chr5:128861977| 128887600
chr5:142416761| 142437312
chr5:86627165| 86649052
chr7:139083345| 139097326
chr8:68007528| 68007967
chr19:11977352| 12058122
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Gene SNP Genotype OR (95% CI) P OR (95% CI) adj Padj
GIPR rs1800437 GG Reference Reference
GC 2.21 (1.16-4.19) 0.015 2.15(0.90-5.15) 0.087
CC 1.87 (0.65-5.41) 0.250 3.69 (0.93-14.70) 0.064
GC + CC 2.13(1.17-3.87) 0.013 2.42 (1.07-5.48) 0.035
GLP1R rs10305420 CC Reference Reference
CT 1.08 (0.57-2.03) 0.818 1.20 (0.50-2.88) 0.680
T 1.88 (0.77-4.60) 0.167 1.50 (0.43-5.20) 0.524
CT+TT 1.25(0.70-2.24) 0.450 1.27 (0.57-2.85) 0.556
GLP1R rs6923761 GG Reference Reference
GA 0.93 (0.51-1.70) 0.820 0.66 (0.29-1.55) 0.343
AA 0.36 (0.09-1.44) 0.148 0.23 (0.04-1.41) 0.112
GA + AA 0.84 (0.47-1.51) 0.560 0.58 (0.26-1.30) 0.186

Adjj: adjusted for age, education, smoking, residence, and partnership. Statistically significant p values are printed in bold.
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Scale GIPR rs1800437 genotype Healthy controls Abstinent Hospitalized

(N =93) alcohol-dependent (N = 98) alcohol-dependent (N = 89)
Median (25-75%) P* Median (25-75%) P* Median (25-75%) P*
YBOCS obsession GG 1(1-1) 0.880 1(1-2) 0.227 2(1-7) 0.129
GC 1(1-1.5) 1(1-1) 1(1-8.3)
CC 1(1-4) 1(1-2) 1(1-1.5)
GC + CC 1(1-1.8) 0.991 1(1-1) 0.118 1(1-7) 0.228
YBOCS compulsion GG 1(1-1) 0.653 1(1-1) 0.098 1(1-6) 0.213
GC 1(1-1) 1(1-1) 1(1-2.3)
cC 1(1-2) 1(1-2) 1(1-1)
GC + CC 1(1-1) 0.677 1(1-1) 0.315 1(1-2) 0.356
BSPS GG 9 (5-13.5) 0.982 10 (3-18) 0.033 10 (4-19) 0.824
GC 9 (6-16) 12.5 (8.8-21.5) 9 (3-17.5)
CC 10 (3-18) 8 (3-10) 10 (3-14)
GC + CC 9 (6-16.5) 0.894 11 (8-20) 0.118 9(3-17) 0.714
AUDIT GG 5 (4-7) 0.194 3(3-4) 0.999 23 (18.8-29.3) 0.208
GC 4 (3-6) 3(3-5) 23 (19.8-28)
CC 6 (5-8) 3(3-5) 27 (22.5-32.5)
GC + CC 5 (3-6) 0.297 3(3-5) 0.959 23 (20-28) 0.792
OCDS GG 3 (2-4) 0.444 2 (2-3) 0.885 16 (9.8-26) 0.889
GC 3 (2-4) 2 (2-3.9) 18 (8.8-29)
cc 4 (2-5) 2 (2-4) 19 (8-24.5)
GC + CC 3 (2-4) 0.535 2 (2-4) 0.792 18 (8-28) 0.736
Zung depression GG 22 (20.5-24.5) 0.493 28 (24-34) 0.252 36 (25-49) 0.550
GC 22 (20-22.5) 29.5 (27 -35.3) 31.5 (27-40.5)
CC 21 (20-26) 2 (29-35) 35 (29-42)
GC + CC 22 (20-22.8) 0.251 1(27-35) 0.106 32 (28-40) 0.300
Zung anxiety GG 22 (20.5-25) 0.484 28 (25—32.5) 0.202 34.5 (29-42.5) 0.491
GC 21 (20-23) 30 (26-37.3) 33.5(29.8-37.3)
CC 21 (20-26) 30 (23-35) 32 (27-39.5)
GC + CC 21 (20-23) 0.238 30 (26-36.5) 0.078 33 (29-38) 0.319
BDHI GG 17 (12-24.5) 0.483 24 (17-29) 0.420 33.5(19.8-40) 0.080
GC 13 (8-22.5) 25.5 (14.8-33) 33 (25.8-42.3)
cC 20 (11-22) 21 (14-25) 22 (15.5-29.5)
GC + CC 14.5 (8-22) 0.369 24 (14-31) 0.759 29 (24-42) 0.793

*Kruskal-Wall test for additive and Mann-Whitney test for the dominant model. Statistically significant p values are printed in bold.
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Characteristic Healthy controls Abstinent Hospitalized P*
(N =93) alcohol-dependent alcohol-dependent

(N =98) (N =89)

Age Years, median (25-75%) 36 (26-44.5) 49 (44-54.3) 47 (39-54) <0.001

Education Years, median (25-75%) 12 (12-12) 12 (11-12) 12(11-12) <0.001

Partnership Single, N (%) 25 (26.9) 21 (21.4) 38 (42.7) 0.005
Partnership, N (%) 68 (73.1) 77 (78.6) 51 (67.9)

Environment Rural, N (%) 37 (39.8) 46 (46.9) 46 (51.7) 0.265
Urban, N (%) 56 (60.2) 52 (63.1) 43 (48.9)

Smoking No, N (%) 24 (25.8) 48 (49.0) 58 (65.2) <0.001
Yes, N (%) 69 (74.2) 50 (51.0) 31 (34.8)

*Calculated using Fisher’s exact test for categorical variables and Kruskal-Wallis test for continuous variables.
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Questionnaire Healthy controls Abstinent Hospitalized P*
(N =93) alcohol-dependent alcohol-dependent
(N =98) (N =89)

YBOCS obsession Points, median (25-75%) 1(1-1) 1(1-1.3) 2(1-1) <0.001
YBOCS compulsion Points, median (25-75%) 1(1-1) 1(1-1) 1(1-3) <0.001
BSPS Points, median (25-75%) 9 (6.5-14) 10 (5-18.3) 10 (4-18.5) 0.623
AUDIT Points, median (25-75%) 5 (4-7) 3(3-5) 23 (19-28.5) <0.001
OCDS Points, median (25-75%) 3 (2-4) 2 (2-3) 18 (9-26.5) <0.001
Zung depression Points, median (25-75%) 22 (20-24) 29 (25-35) 34 (27-45) <0.001
Zung anxiety Points, median (25-75%) 22 (20-24) 28 (25-35) 34 (29-39) <0.001
BDHI Points, median (25-75%) 17 (10.5-23) 24 (15.8-31) 30 (22-40) <0.001

*Calculated using Kruskal-Wallis test.
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Gene SNP Genotype

GIPR rs1800437 GG
GC
CC

GC + CC
GLP1R rs10305420 CC
CT
—

CT+TT
GLP1R rs6923761 GG
GA
AA

GA + AA

OR (95% CI)

Reference
1.77 (1.02-3.09)
1.41 (0.55-3.62)
1.69 (1.01-2.84)

Reference
1.07 (0.63-1.82)
1.44 (0.64-3.23)
1.15(0.70-1.89)

Reference
0.96 (0.57-1.61)
0.65 (0.24-1.73)
0.91 (0.55-1.49)

0.043
0.477
0.045

0.809
0.374
0.583

0.866
0.389
0.702

OR (95% CI) adj

Reference
1.71 (0.85-3.44)
1.79 (0.59-5.46)
1.73 (0.90-3.31)

Reference
1.24 (0.62-2.47)
1.26 (0.46-3.47)
1.24 (0.66-2.35)

Reference
1.13 (0.58-2.21)
0.38 (0.11-1.31)
0.96 (0.51-1.82)

Padj

0.135
0.303
0.100

0.548
0.653
0.505

0.721
0.124
0.910

Adjj: adjusted for age, education, smoking, and partnership. Statistically significant p values are printed in bold.
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Molecule Name

Binding energy with

Binding energy with

DRD2/KJ mol~! HTR3A/KJ mol~!

7-O-Methylisomucronulatol —2.77 —2.92
Formononetin —1.43 —-3.62
Beta-Sitosterol —2.94 —4.07
(S)-Scoulerine -3.3 —3.96
Isocorypalmine —3.42 —-3.6

Leonticine —-1.87 —2.84
Medicarpin —-3.09 —4.28
Hyndarin —3.54 —3.91
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Gene symbol

HTR3A

MAOA

MAOB
ACHE

DRD2
ADRA2A
SLC6A3

DRD3
ADRA2C
ADRA1B

Full names

5-hydroxytryptamine receptor 3A

Monoamine oxidase A

Monoamine oxidase B
Acetylcholinesterase

D(2) dopamine receptor
Alpha-2A adrenergic receptor
Sodium-dependent dopamine transport

D(3) dopamine receptor
Alpha-2C adrenergic receptor
Alpha-1B adrenergic receptor

Functions

It is one of receptors for 5-hydroxytryptamine (serotonin), which when activated causes fast, depolarizing
responses in neurons.

It catalyzes the oxidative deamination of biogenic and xenobiotic amines and has important functions in the
metabolism of neuroactive and vasoactive amines. MAOA preferentially oxidizes biogenic amines such as
5-hydroxytryptamine (6-HT), norepinephrine and epinephrine. MAOB preferentially degrades benzylamine
and phenylethylamine.

It terminates signal transduction at the neuromuscular junction by rapid hydrolysis of the acetylcholine
released into the synaptic cleft.

Dopamine receptor whose activity is mediated by G proteins which inhibit adenylyl cyclase.

It mediates the catecholamine-induced inhibition of adenylate cyclase through the action of G proteins.
It terminates the action of dopamine by its high affinity sodium-dependent reuptake into presynaptic
terminals.

Dopamine receptor whose activity is mediated by G proteins which inhibit adenylyl cyclase.

It mediates the catecholamine-induced inhibition of adenylate cyclase through the action of G proteins.

It mediates its action by association with G proteins that activate a phosphatidylinositol-calcium second
messenger system.
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