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Recently we identified a deficiency in metabotropic glutamate receptor 2 (mGlu2) function in the corticoaccumbal pathway, as a common pathological mechanism underlying alcohol-seeking and relapse behavior. Based on this mechanism, we hypothesized that mGlu2/3 agonists and mGlu2 positive allosteric modulators (PAMs) may be effective in reducing relapse-like behavior. Two mGlu2/3 agonists, LY379268 and LY354740 (a structural analog of LY379268 six-fold more potent in activating mGlu2 over mGluR3), were tested in a well-established rat model of relapse, the alcohol deprivation effect (ADE) with repeated deprivation phases. Since these agonists do not readily discriminate between contributions of mGlu2 and mGluR3, we also tested LY487379, a highly specific PAM that potentiates the effect of glutamate on the mGlu2 with less specificity on other mGlu receptor subtypes. Both LY379268 and LY354740 significantly and dose-dependently reduced the expression of the ADE. No significant changes in water intake, body weight and locomotor activity were observed. Importantly, repeated administration of mGlu2/3 agonist did not lead to tolerance development. mGlu2 PAM LY487379 treatment significantly reduced expression of the ADE in both male and female rats. Combination treatment of mGlu2/3 agonist and PAM had similar effect on relapse-like drinking to that seen in mGlu2/3 agonist treatment alone. Together with other preclinical data showing that PAMs can reduce alcohol-seeking behavior we conclude that mGlu2 PAMs should be considered for clinical trials in alcohol-dependent patients.
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INTRODUCTION
Preclinical studies revealed contribution of metabotropic glutamate receptor 2 (mGlu2) to a variety of neuropsychiatric diseases including alcoholism. Alcohol dependent rats and humans show a pronounced down-regulation of mGuR2, especially in prefrontal regions (Meinhardt et al., 2013; Meinhardt et al., 2021). Very recently, a deficiency in mGlu2 function in the corticoaccumbal pathway was identified as a pathological mechanism that is necessary and sufficient for increased alcohol-seeking behavior (Meinhardt et al., 2021). Alcohol-seeking responses can be best assessed in the reinstatement paradigm. In a typical reinstatement experiment, an animal is trained to self-administer alcohol and the behavior is then subjected to extinction. When the animal reaches some criterion of decreased responding, a conditioned stimulus is said to reinstate alcohol-seeking behavior when it results in renewed responding in the absence of any further response-contingent alcohol reinforcement (Bossert et al., 2013; Spanagel, 2017).
If mGuR2 deficiency is a pathological key mechanism in alcoholism (Holmes et al., 2013; Meinhardt et al., 2013; Meinhardt et al., 2021; Spanagel et al., 2013; Spanagel and Vengeliene, 2013) pharmacological logic dictates that mGlu2 activation should reduce addiction-related behaviors such as alcohol-seeking responses (i.e., craving). Indeed, suppression of cue-induced reinstatement of alcohol seeking by the mGlu2/3 receptor agonist LY379268 was demonstrated by Bäckström and Hyytiä (2005). This initial finding was replicated several times (Zhao et al., 2006; Kufahl et al., 2011; Meinhardt et al., 2021) and extended by showing that stress-induced reinstatement was also suppressed by LY379268 (Zhao et al., 2006; Sidhpura et al., 2010). LY379268 was even more effective in reducing cue- and stress induced reinstatement of alcohol-seeking behavior in rats with a history of alcohol dependence (post-dependent state, Meinhardt and Sommer, 2015) than in non-dependent rats (Sidhpura et al., 2010; Kufahl et al., 2011). Rodd et al. (2006) also reported a reduction of alcohol-seeking response following pharmacological blockade of mGlu2/3 in alcohol-preferring P female rats. This is a surprising finding because P rats are homozygous for a Grm2 stop codon that leads to largely uncompensated loss of mGlu2 (Zhou et al., 2013).
However, orthosteric group II mGluR (mGlu2/3) agonists, such as LY379268, do not well discriminate between mGlu2 and mGluR3 subtypes and may also be associated with multiple unwanted effects characteristic to directly acting agonists (Marino and Conn, 2006). To overcome these limitations, positive allosteric modulators (PAMs) selective for mGlu2 were recently developed (Marino and Conn, 2006; Caprioli et al., 2018). These PAMs exert their effects through allosteric binding sites of the mGlu2s receptor and selectively activate the receptor in the presence of glutamate (Schaffhauser et al., 2003). Hence, it was shown that glutamate only partially stabilizes the extracellular domains of mGlu2 in the active state, whereas full activation is only observed in the presence of a PAM (Cao et al., 2021). AZD8529, a highly specific PAM that potentiates the effect of glutamate on the mGlu2, was recently shown to effectively reduce cue-induced alcohol-seeking responses in the reinstatement paradigm (Augier et al., 2016).
Taken together, these results identify mGlu2 as a target for medication development for alcoholism. Given that during withdrawal and protracted abstinence, alcohol-seeking responses can result in relapse, we hypothesize that mGlu2 agonists can be applied for pharmacological interventions targeting the described mGlu2 deficit and reducing relapse. For this purpose, we used an established rat model of relapse-the alcohol deprivation effect (ADE) model-to test if the mGlu2/3 agonist LY379268 and LY354740, a structural analog of LY379268 with a six times higher ability to discriminate between mGlu2 and mGluR3, would affect relapse-like drinking. Alcohol relapse can be best measured in the alcohol deprivation effect (ADE) model in long-term alcohol drinking Wistar rats. In this model, renewed access to alcohol solutions after some days of deprivation can lead to a pronounced increase in voluntary alcohol intake in rats. The ADE lasts only for a few days and resembles a relapse situation in alcohol dependent patients. Following repeated deprivation phases, the ADE is characterized by an increased demand for alcohol that results in compulsive drinking behavior (Spanagel and Hölter, 1999; Vengeliene et al., 2009; Vengeliene et al., 2014; Vengeliene et al., 2016; Spanagel, 2017; Foo et al., 2022).
Anti-relapse treatment with a mGlu2/3 agonist would most likely require long-term treatment but it has been reported that chronic administration of group II mGlu receptor agonists can induce robust tolerance (Jones et al., 2005; Bespalov et al., 2016). Therefore, subsequent ADE measurements were performed to test for the development of tolerance and for studying persistent treatment effects in a drug-free period. In the final experiment, we also tested LY487379, a highly specific PAM that potentiates the effect of glutamate on the mGlu2 with little effect on other mGlu receptor subtypes (Schoepp et al., 1997). We tested PAM in the ADE model and also evaluated the potential for sexually dimorphic effects, since sex differences are often seen in the efficacy of alcoholism treatment (Sanchis-Segura and Becker, 2016; Spanagel, 2017).
MATERIALS AND METHODS
Animals
Eighty-six two-months-old male Wistar rats and 18 female rats (from our own breeding colony at the CIMH, Mannheim, Germany) were used for the ADE experiments. All animals were housed individually in standard rat cages (Ehret, Emmendingen, Germany) under a 12 h artificial light-dark cycle (lights on at 7:00 a.m.). Standard laboratory rat food (Ssniff, Soest, Germany) and tap water were provided ad libitum throughout the experimental period (unless stated otherwise). Body weights were measured weekly. All experimental procedures are approved by the Committee on Animal Care and Use (Regierungspräsidium Karlsruhe, Germany) and were carried out in accordance with the local Animal Welfare Act and the European Communities Council Directive of 24 November 1986 (86/609/EEC).
Drugs
Alcohol drinking solutions were prepared from 96% ethanol (Sigma-Aldrich, Taufkirchen, Germany) and then diluted with tap water. LY354740 (+) -2-aminobicyclo [3.1.0] hexane-2,6dicarboxylate) (generously provided by Merz Pharmaceuticals, Germany) and LY379268 (-)-2-oxa-4-aminobicyclo [3.1.0]hexane-4,6-dicarboxylate (Tocris Bioscience, United Kingdom) were dissolved in water for injections (aqua ad iniectabilia, Braun, Melsungen AG, Germany). LY487379 N-(4-(2-Methoxyphenoxy)-phenyl-N-(2,2,2-trifluoroethylsulfonyl)-pyrid-3-ylmethylamine (generously provided by AbbVie Deutschland GmbH and Co. KG, Germany) was suspended in water for injections containing 0.5% methylcellulose (Sigma-Aldrich, Germany). All drugs were freshly prepared and injected as a volume of 3 ml/kg intraperitoneally (IP). Control animals received an equal volume of respective vehicle.
Long-term voluntary alcohol consumption with repeated deprivation phases
As described in Vengeliene et al. (2018) after 2 weeks of habituation to the animal room, rats were given ad libitum access to tap water and to 5, 10 and 20% ethanol solutions (v/v) as well. Drinking of alcohol and water was monitored daily/weekly by weighing bottles. From these data, water consumption (ml per kg of body weight per day; ml/kg/day) and alcohol consumption (calculated in g of pure alcohol per kg of body weight per day; g/kg/day) was calculated.
The long-term voluntary alcohol drinking procedure including all deprivation phases lasted for a duration of 44 weeks. The total time period for concurrent access to alcohol solutions and water was 32 weeks. All animals underwent six 2-week deprivation periods. The first deprivation period was introduced after 8 weeks of continuous alcohol availability. After this deprivation period, rats were given free access to water and to ethanol solutions for 4 weeks. Then, a second 2-week deprivation period was introduced. This 4-week drinking and 2-week deprivation cycle was performed repeatedly over 44 weeks (Figure 1). After an additional 8 weeks of alcohol baseline drinking an experiment on tolerance development was conducted.
[image: Figure 1]FIGURE 1 | Experimental timeline. All animals underwent repeated cycles of alcohol consumption (in a free choice paradigm with water, 5, 10, or 20% ethanol solutions) and deprivation phases (only water available). After the sixth alcohol deprivation phase pharmacological intervention experiments were conducted. The number eight and four refers to 8 and 4 weeks of alcohol drinking, respectively. The number two stands for a 2 weeks deprivation period.
Pharmacological studies
In order to study the effects of drug treatment on the expression of the ADE, rats were divided into groups (n = 7–10) in such way that the mean baseline total alcohol intake was approximately the same in each group. Baseline drinking was monitored daily for 1 week. After the last day of baseline measurement, the ethanol bottles were removed from the cages leaving the animals with free access to food and water for 2 weeks. Thereafter, the first nine groups of male rats were subjected to five i. p. Injections (starting at 7p.m. with 12 h intervals) of either vehicle or LY379268 (1 and 3 mg/kg, n = 8 in each treatment condition), LY354740 (3 and 10 mg/kg, n = 7–10 in each treatment condition). The alcohol bottles were reintroduced after the second injection (at 7a.m. on the 15th day of alcohol deprivation) and the occurrence of an ADE was determined. Three further injections were then given in 12 intervals.
Tolerance development to repeated mGlu2/3 agonist administration was measured in two additional groups of rats (n = 7–8 in each treatment condition) treated with either vehicle or 5 mg/kg of LY354740 (this dose was chosen since 3 and 10 mg/kg dose had nearly identical effects on the ADE and the probability to induce unwanted side effects is higher with repeated use of a high dose) during three subsequent ADEs (seventh, eighth and ninth ADE).
Another seven groups of male rats were used to measure effect of PAMs selective for mGlu2 on relapse-like drinking. Three groups were treated with either vehicle or mGlu2 PAM LY487379 (10 and 30 mg/kg, n = 7–8 in each treatment condition). For the experiment in female rats, only vehicle or the highest dose of mGlu2 PAM LY487379 (30 mg/kg, n = 8–10 in each treatment condition) was applied since a lower dose was not effective in male rats. Combination treatment of mGlu2/3 and PAM was done by simultaneous administration of lower dose of LY487379 (10 mg/kg) and three different doses of LY379268 (0.3, 1 and 3 mg/kg, n = 8 in each treatment condition).
The effective dosing of mGlu2/3 ligands was chosen according to a large body of literature in rats and our prior experience with mGlu2/3 agonists (Cannella et al., 2013; Meinhardt et al., 2013; Meinhardt et al., 2021). The alcohol bottles were reintroduced after the second drug administration and the occurrence of an ADE was determined. Total ethanol (g/kg of body weight/day) and water intake (ml/kg of body weight/day) were measured daily for a subsequent week.
Home cage locomotor activity measurements by the E-motion system
As described in Vengeliene et al. (2018) home cage locomotor activity was monitored by use of an infrared sensor connected to a recording and data storing system (Mouse-E-Motion by Infra-e-motion, Henstedt-Ulzburg, Germany). This system allows-with high accuracy-to detect any sedative effects resulting from the drug treatment. For this purpose, a Mouse-E-Motion device was placed above each cage (30 cm from the bottom) so that the rat could be detected at any position inside the cage. The device was sampling every second whether the rat was moving or not. The sensor could detect body movement of the rat of at least 1.5 cm from one sample point to the successive one. The data measured by each Mouse-E-Motion device were downloaded and processed with Microsoft Excel. Monitoring of locomotor activity started 4 days before drug treatment procedure and was continued for four more post-treatment days. The percentage of each rat’s locomotor activity during and after treatment days was calculated by using the “before treatment” activity data as a reference (Vengeliene et al., 2018).
Statistics
Data derived from home-cage drinking (total alcohol intake and water intake) and home-cage locomotor activity was analyzed using a two-way ANOVA with repeated measures (factors were: treatment and day/week). Data analysis regarding the effects of treatment on the change in the animals’ body weight was performed using a one-way ANOVA (factor-treatment). Whenever significant differences were found, post-hoc Student Newman Keuls tests were performed. The chosen level of significance was p < 0.05.
RESULTS
mGlu2/3 agonists reduced relapse-like drinking without any side effects
We used an established rat model of relapse—the alcohol deprivation effect (ADE) model—to test if the mGlu2/3 agonist LY379268 would affect relapse-like drinking. Following the re-introduction of alcohol solutions after a period of abstinence, the vehicle-treated group showed a typical increase in alcohol consumption, indicating the occurrence of an ADE (Figure 2). With respect to the LY379268 treatment, a two-way ANOVA for repeated measures revealed a significant increase in alcohol intake after a deprivation phase in all animal groups as compared to basal drinking [factor day: F[7,147] = 125.2, p < 0.001]. The LY379268 treatment caused delayed but significant reduction in the expression of the ADE [factor day × treatment group: F[14,147] = 2.8, p < 0.001] (Figure 2A). No significant difference in water intake was seen [factor day × treatment group: p = 0.57] (Figure 2B). LY379268 treatment did not lead to significant changes in body weight [factor treatment group: p = 0.27] (data not shown), showing that food intake or metabolism was not altered during the treatment days. Locomotor activity data were analyzed using recordings of 12-h post-injection intervals that corresponded animals’ active phase. Overall, there was a general reduction in home-cage activity seen in all animal groups following re-gained access to alcohol [factor day: F[6,126] = 125.2, p < 0.001]. However, two-way ANOVA did not reveal significant changes in activity of LY379268 treated animals, when compared to the vehicle-treated rats [factor treatment group: p = 0.61 and factor day × treatment group: p = 0.15] (Figure 5A). These data together with the recordings of the animal’s body weight suggests that repeated administration of LY379268 in alcohol addicted rats does not lead to any obvious side effects.
[image: Figure 2]FIGURE 2 | Effects of mGlu2/3 agonists (LY379268 and LY354740) on relapse-like alcohol consumption in male rats. Total alcohol intake (g/kg/day) before (shown as the average of the last 3 days of baseline drinking (BL) and after an alcohol deprivation period of 2 weeks. Arrows indicate a total of five, once every 12 h, administrations of either (A) vehicle (n = 8), 1 mg/kg of LY379268 (n = 8) or 3 mg/kg of LY379268 (n = 8), and (C) vehicle (n = 10), 3 mg/kg of LY354740 (n = 8) or 10 mg/kg of LY354740 (n = 7). All animals were re-exposed to alcohol immediately after the second drug administration. In (B) and (D) total water intake (ml/kg/day) before (shown as the average of the last 3 days, BL) and after an alcohol deprivation period of 2 weeks is shown for LY379268 and LY354740, respectively. Data are presented as means ± S.E.M. * indicates significant differences from the vehicle group and + indicates significant difference from baseline, p < 0.05.
Next, we tested LY354740, a structural analog of LY379268 with a six times higher ability to discriminate between mGlu2 and mGluR3. The LY354740 treatment also significantly reduced expression of the ADE [factor day × treatment group: F[14,154] = 2.4, p < 0.01] but, similarly to LY379268, this reduction was delayed (Figure 2C). No significant difference in water intake was seen [factor day × treatment group: p = 0.60] (Figure 2D). LY354740 treatment did not lead to significant changes in body weight [factor treatment group: p = 0.63] (data not shown), showing that food intake or metabolism was not altered during the treatment days. Overall, there was a general reduction in home-cage activity in all animal groups following re-gained access to alcohol [factor day: F[6,126] = 7.8, p < 0.001]. However, two-way ANOVA did not show any significant changes in activity of LY354740 treated animals, when compared to the vehicle-treated rats [factor treatment group: p = 0.47 and factor day × treatment group: p = 0.78] (Figure 5B). Similar to the results with LY379268 treatment, these data show that repeated administration of LY354740 does not lead to nonspecific treatment effects.
No tolerance development with repeated administration of an mGlu2/3 agonist
As is a previous study by us (Vengeliene et al., 2010) subsequent ADE measurements were performed to test for the development of tolerance and to test for persistent treatment effects in a drug-free period. Measurement of weekly alcohol intake showed that alcohol consumption was significantly different over the entire time course of the experiment [factor week: F[14,182] = 16.0, p < 0.001] (Figure 3). As a result of repeated LY354740 treatment, weekly alcohol consumption during all post-abstinence weeks and subsequent baseline drinking tended to be lower compared with the vehicle-treated group [factor treatment group: p = 0.22 and treatment group × week interaction effect: p = 0.33] (Figure 3). These data show that repeated sub-chronic treatment with an mGlu2/3 agonist does not induce tolerance with respect to its anti-relapse properties.
[image: Figure 3]FIGURE 3 | No development of tolerance with repeated administration of mGlu2/3 agonist during relapse-like alcohol consumption in male rats. Alcohol consumption was calculated in g of pure alcohol per kg of body weight per day and presented as the average daily intake during weeks 50–64 of voluntary alcohol drinking interrupted with deprivation phases (seventh, eighth, and ninth EtOH deprivation). Administration of either vehicle (n = 8) or 5 mg/kg of LY354740 (n = 7) started on the last day of the seventh alcohol deprivation period, which was introduced following week 52 of access to alcohol. Each animal was given five injections every 12 h before and during three subsequent post-abstinence drinking phases. Data are presented as means ± S.E.M.
The mGlu2 PAM LY487379 reduced relapse-like drinking
Although the results with mGlu2/3 agonists on relapse drinking seemed promising, we used LY487379 as a highly specific PAM that potentiates the effect of glutamate specifically on the mGlu2 subtype. A two-way repeated measures ANOVA showed a significant increase in alcohol intake after a deprivation phase in all groups of male rats as compared to basal drinking [factor day: F[7,133] = 79.1, p < 0.001] (Figure 4A). Administration of LY487379 significantly reduced expression of the ADE [factor day × treatment group: F[14,133] = 3.7, p < 0.001] (Figure 4A). No significant difference in water intake was seen [factor day × treatment group: p = 0.82] (Figure 4B). Treatment of animals with LY487379 did not cause significant loss in body weight [factor treatment group: p = 0.09] (data not shown). Overall, there was a general reduction in home-cage activity seen in all animal groups following re-gained access to alcohol [factor day: F[6,108] = 16.1, p < 0.001]. However, two-way ANOVA did not show significant changes in activity of LY487379 treated male animals when compared to the vehicle-treated rats [factor treatment group: p = 0.39 and factor day × treatment group: p = 0.69] (Figure 5C). These data, together with the recordings of the animals’ body weight, suggest that repeated administration of LY487379 in male rats does not lead to occurrence of nonspecific effects.
[image: Figure 4]FIGURE 4 | Effects of the mGlu2 PAM LY487379 on relapse-like alcohol consumption in male and female rats and on water consumption in male rats. Total alcohol intake (g/kg/day) before (shown as the average of the last 3 days of baseline drinking (BL) and after an alcohol deprivation period of 2 weeks. Arrows indicate a total of five, once every 12 h, administrations of either (A) vehicle (n = 8), 10 mg/kg of LY487379 (n = 7), or 30 mg/kg of LY487379 (n = 7) in male rats, and (C) vehicle (n = 8) or 30 mg/kg of LY487379 (n = 10) in female rats. All animals were re-exposed to alcohol immediately after the second drug administration. In (B,D) total water intake (ml/kg/day) before (shown as the average of the last 3 days, BL) and after an alcohol deprivation period of 2 weeks is shown. Data are presented as means ± S.E.M. * indicates significant differences from the vehicle group and + indicates significant difference from baseline, p < 0.05.
[image: Figure 5]FIGURE 5 | Effects of mGlu2/3 agonists (LY379268 and LY354740), mGlu2 PAM (LY487379) and agonist + PAM combinations on locomotor activity in male rats. Locomotor activity is shown as 12-h post-injection intervals of the animals’ active phase. The percentage of each rat’s locomotor activity during and after treatment days was calculated with respect to basal activity prior to treatment (average of the last 3 days, dashed line). Each animal was given a total of five injections every 12 h (injection days are marked as “^“) of either (A) vehicle (n = 8), 1 mg/kg of LY379268 (n = 8) or 3 mg/kg of LY379268 (n = 8) (B) vehicle (n = 10), 3 mg/kg of LY354740 (n = 8) or 10 mg/kg of LY354740 (n = 7) (C) vehicle (n = 8), 10 mg/kg of LY487379 (n = 7) or 30 mg/kg of LY487379 (n = 7) and (D) combination of Vehicle1 (n = 8) used for LY379268 with Vehicle2 (n = 8) used for LY487379; 0.3 mg/kg of LY379268 with 10 mg/kg of LY487379 (n = 8); 1 mg/kg of LY379268 with 10 mg/kg of LY487379 (n = 8); and 3 mg/kg of LY379268 with 10 mg/kg LY487379 (n = 8). All animals were re-exposed to alcohol immediately after the second drug administration. Data are presented as means ± S.E.M.
mGlu2 PAM LY487379 was also evaluated to test the potential for sexually dimorphic effects, since sex differences are often seen in the efficacy of alcoholism treatment (Sanchis-Segura and Becker, 2016). Similarly to male rats, treatment with 30 mg/kg of LY487379 caused significant but longer-lasting reduction in relapse-like drinking during ADE in female rats [factor day × treatment group: F[5,80] = 4.9, p < 0.001] (Figure 4C) and no significant changes in water intake [factor day × treatment group: p = 0.27] (Figure 4D). This treatment, however, lead to a small but significant decrease in the body weight (by -1.9% compared to the body weight prior to the treatment) [factor treatment group: t[16] = 2.9, p < 0.05].
Treatment with PAM did not potentiate effect of mGlu2/3 agonist on relapse-like drinking but induced some side effects
Combination treatment of 10 mg/kg of PAM LY487379 (an ineffective dose in the previous experiment) and mGlu2/3 agonist LY379268 was done to see if effects of mGlu2/3 agonists treatment could be potentiated. However, combination treatment affected relapse-like drinking similarly to that seen in animal groups treated with LY379268 alone. Hence, a two-way repeated measures ANOVA showed that combination treatment significantly reduced expression of the ADE [factor day × treatment group: F[21,196]=2.1, p < 0.01] but similar to mGlu2/3 agonists alone, this reduction was delayed (Figure 6A). Treatment caused significant increase in water intake [factor day × treatment group: F[21,196]=1.8, p < 0.05], demonstrating a strong selectivity of this combination treatment toward alcohol consumption (Figure 6B), and small (up to –1.5%) but significant loss in body weight [factor treatment group: F[3,28]=8.1, p < 0.001]. Overall, there was a general reduction in home-cage activity seen in all animal groups following re-gained access to alcohol [factor day: F[6,156] = 36.3, p < 0.001]. However, two-way ANOVA also showed significant changes in locomotor activity of LY487379 and LY379268 treated male animals compared to the vehicle-treated rats [factor treatment group: F[3,156] = 4.2, p < 0.05 and factor day × treatment group: p = 0.44] (Figure 5D). These data, together with the recordings of the animals’ body weight, suggest that repeated administration of LY379268 in male rats may lead to occurrence of non-specific effects.
[image: Figure 6]FIGURE 6 | Effects of combined mGlu2/3 agonist (LY379268) and LY487379 treatment on relapse-like alcohol consumption in male rats. Total alcohol intake (g/kg/day) before (shown as the average of the last 3 days of baseline drinking (BL) and after an alcohol deprivation period of 2 weeks. Arrows indicate a total of five, once every 12 h, administrations of either (A) combination of Vehicle1 (n = 8) used for LY379268 with Vehicle2 (n = 8) used for LY487379; 0.3 mg/kg of LY379268 with 10 mg/kg of LY487379 (n = 8); 1 mg/kg of LY379268 with 10 mg/kg of LY487379 (n = 8); and 3 mg/kg of LY379268 with 10 mg/kg LY487379 (n = 8). All animals were re-exposed to alcohol immediately after the second drug administration. In (B) total water intake (ml/kg/day) before (shown as the average of the last 3 days, BL) and after an alcohol deprivation period of 2 weeks is shown. Data are presented as means ± S.E.M. * indicates significant differences from the vehicle group and + indicates significant difference from baseline, p < 0.05.
DISCUSSION
The present study shows that repeated administration of mGlu2/3 agonists (LY379268 and LY354740) and mGlu2 PAM (LY487379), respectively, reduced alcohol intake under a relapse-like four-bottle free-choice drinking condition in male Wistar rats. Effect of administration of mGlu2/3 agonists on relapse-like alcohol consumption was delayed (i.e., it occurred only on the second-fourth post-abstinence day). Furthermore, treatment of rats with lower dose of LY354740 during three subsequent ADEs revealed that tolerance might not develop to chronic administration of lower doses of mGlu2/3 agonists. Administration of mGlu2 PAM caused a typical reduction of ADE (e.g., Vengeliene et al., 2010), whereby the strongest effect of treatment was measured during the first post-abstinence days. Neither of the abovementioned treatments caused significant changes in water intake, body weight and locomotor activity, showing a good safety profile of these compounds at the dosages used in the study. Female rats responded to mGlu2 PAM treatment stronger than male rats with respect to reduced relapse-like alcohol consumption, so that it lasted for four post-abstinence days (as oppose to 1 day in male rats), however, this treatment also induced significant loss of body weight in these rats. Finally, combination treatment of mGlu2/3 agonist and lower dose of mGlu2 PAM (a dose that was ineffective when given alone) caused significant loss in body weight and reduced locomotor activity of rats but did not augment effect of mGlu2/3 agonist on ADE (or advanced effect of mGlu2/3 agonist towards the first post-abstinence day). However, this combination treatment may have increased the selectivity of mGlu2/3 agonist towards alcohol, considering that reduction of alcohol consumption was accompanied with a significant increase in water intake.
Activation of group II mGlu receptors are known to depress excitatory glutamatergic neurotransmission (Robbe et al., 2002; Grueter and Winder, 2005), which is enhanced specifically under the situation of withdrawal (Hermann et al., 2012) and conditioned withdrawal (Gass et al., 2011). Accordingly, it has been suggested that targeting this group or receptors may help to lower glutamate-induced neurotoxicity and alleviate withdrawal symptoms, and thus reduce risk of alcohol relapse (Holmes et al., 2013). Indeed, the study by Rodd et al. (2006) showed that treatment of alcohol preferring P female rats with mGlu2/3 agonist LY404039 reduced post-abstinence operant alcohol self-administration. Several studies demonstrated that mGlu2/3 receptor agonists suppressed cue-induced reinstatement of alcohol seeking (e.g., Bäckström and Hyytiä, 2005; Meinhardt et al., 2021). In contrast, mGlu2/3 agonists were ineffective in reducing maintenance responding for alcohol, unless used in high doses accompanied by motor-impairing effects (Bäckström and Hyytiä, 2005; Rodd et al., 2006; Besheer et al., 2010). However, in post-dependent rats LY379268 dose-dependently reduced alcohol self-administration (already at a dose of 0.3 mg/kg; Sidhpura et al., 2010). Our study complements these findings demonstrating that two different agonists acting at mGlu2/3 receptors, LY379268 and LY354740, were effective in reducing post-abstinence alcohol consumption in unselected male Wistar rats. However, the data of the present study demonstrated that mGlu2/3 agonist were unable to affect alcohol drinking during the first post-abstinence day. Furthermore, rats maintained significantly lower alcohol consumption during the first post-treatment days, and a trend towards lower alcohol consumption continued during several post-treatment weeks. In our earlier studies, we demonstrated that in long-term drinking rats, repeatedly deprived of alcohol for several weeks, re-exposure to alcohol leads to a loss of control over drinking behavior during the first post-abstinence days. During these days, we measured increased drinking frequency (i.e., increased probability of approaching alcohol bottles), loss of diurnal drinking rhythmicity, and the taste adulteration procedure no longer modified the ADE (Vengeliene et al., 2014). This loss of control was particularly strong during the first day of alcohol re-exposure (Spanagel et al., 1996). Hence, the present study suggests that treatment with mGlu2/3 agonists may not be effective in regaining control over drinking.
It is well known that tolerance to many clinically used compounds (e.g., antidepressants, benzodiazepines, antipsychotics) develops following their repeated administration (e.g., Vinkers and Olivier, 2012). Preclinical addiction research has also demonstrated that compounds effective in reducing drug-related behaviors in animals, such as varenicline, cytisine and acamprosate, lose their efficacy following repeated administration (Cowen et al., 2005; Vengeliene et al., 2010; Sotomayor-Zárate et al., 2013; Spanagel, 2022). Rapid tolerance has also been shown to develop following repeated administration of mGlu2/3 receptor agonists (Jones et al., 2005; Bespalov et al., 2014). In the present study, we showed that low dose of mGlu2/3 receptor agonist LY354740 caused not only long-lasting reduction of alcohol consumption but also this effect was consistently reproduced during each subsequent treatment cycle, suggesting that development of tolerance may not develop to lower doses of group II mGlu receptor agonists.
Finally, mGlu2 PAM LY487379, tested in the ADE model, revealed that behavioral effects of PAM differed from that of mGlu2/3 agonists. Administration of LY487379 caused typical reduction of ADE that was measured already on the very first post-abstinence day (in both male and female rats), showing that this treatment was more effective in restoring control over relapse-like drinking behavior than mGlu2/3 agonists.
Combination treatment using an ineffective dose of PAM (10 mg/kg) and different doses of the mGlu2/3 agonist LY379268 induced some side effects but did not reduce drinking during the first post-abstinence days. This suggests that the PAM cannot increase agonist potency of mGlu2/3 agonists. However, a limitation of this combined treatment experiment is that we did not fully assess whether or not the PAM increases agonist potency. Thus, the combination of the ineffective dose of PAM +0.3 mg/kg dose of LY379268 produced a very similar effect than that of higher agonist doses + PAM. If the 0.3 mg/kg dose of LY379268 constitutes a sub-threshold dose, a synergistic effect would have been obtained. The 0.3 mg/kg dose of LY379268 was not tested alone in the ADE paradigm. However, a previous study by Sidhpura et al. (2010) shows that a 0.3 mg/kg dose of LY379268 can lower ethanol self-administration and stress-induced reinstatement in alcohol dependent rats. We therefore, assume that the 0.3 mg/kg dose of LY379268 produced the effect on the ADE shown in Figure 6A and that the PAM does not increase agonist potency.
The present study demonstrates that mGlu2/3 agonists and LY487379 reduced relapse-like drinking in a well-established and validated rat model with minimal side effects and no development of tolerance. A critical role of mGlu2 in mediating cognitive flexibility has recently been proposed (Meinhardt et al., 2021) and indeed LY487379 treatment can promote cognitive flexibility and facilitate behavioral inhibition (Nikiforuk et al., 2010). Therefore, we suggest that mGlu2 PAM treatment can restore loss of behavioral flexibility in alcohol dependent patients and can thereby reduce the risk for relapse. There is also convincing preclinical evidence that pharmacological mGlu2 stimulation reduces alcohol-seeking behavior (i.e., craving responses) (Kufahl et al., 2011; Augier et al., 2016; Meinhardt et al., 2021). In conclusion, these data provide a rationale for a novel mechanism-based pharmacological intervention that may reduce craving and relapse in alcohol dependent patients.
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