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Abstract

:

Previous studies have shown that genetically selected Marchigian Sardinian alcohol-preferring (msP) rats consume excessive amounts of ethanol to self-medicate from negative moods and to relieve innate hypersensitivity to stress. This phenotype resembling a subset of alcohol use disorder (AUD) patients, appears to be linked to a dysregulation of the equilibrium between stress and antistress mechanisms in the extended amygdala. Here, comparing water and alcohol exposed msP and Wistar rats we evaluate the transcript expression of the anti-stress opioid-like peptide nociceptin/orphanin FQ (N/OFQ) and its receptor NOP as well as of dynorphin (DYN) and its cognate κ-opioid receptor (KOP). In addition, we measured the transcript levels of corticotropin-releasing factor (CRF), CRF receptor 1 (CRF1R), brain-derived neurotrophic factor (BDNF) and of the tropomyosin receptor kinase B receptor (Trk-B). Results showed an innately up-regulation of the CRFergic system, mediating negative mood and stress responses, as well as an inherent up-regulation of the anti-stress N/OFQ system, both in the amygdala (AMY) and bed nucleus of the stria terminalis (BNST) of msP rats. The up-regulation of this latter system may reflect an attempt to buffer the negative condition elicited by the hyperactivity of pro-stress mechanisms since results showed that voluntary alcohol consumption dampened N/OFQ. Alcohol exposure also reduced the expression of dynorphin and CRF transmissions in the AMY of msP rats. In the BNST, alcohol intake led to a more complex reorganization of these systems increasing receptor transcripts in msP rats, along with an increase of CRF and a decrease of N/OFQ transcripts, respectively. Moreover, mimicking the effects of alcohol in the AMY we observed that the activation of NOP receptor by intracerebroventricular administration of N/OFQ in msP rats caused an increase of BDNF and a decrease of CRF transcripts. Our study indicates that both stress and anti-stress mechanisms are dysregulated in the extended AMY of msP rats. The voluntary alcohol drinking, as well as NOP agonism, have a significant impact on neuropeptidergic systems arrangement, bringing the systems back to normalization.






Keywords:


addiction; ethanol; nociceptin; dynorphin; BDNF; CRF; NOP; CRF-R1; KOP; Trk-B












1. Introduction


Addictive drugs, including alcohol, are abused by humans and, under some experimental condition, are voluntarily consumed also by rodents [1]. Therefore, specific molecular determinants of excessive alcohol consumption and the neurobiology of alcoholism, not easily examinable in humans, can be analyzed in animal models. In this regard, the use of genetically selected alcohol-preferring animals represents a suitable research tool to explore the molecular complexities underlying genetic predisposition to excessive ethanol (EtOH) drinking.



Marchigian Sardinian alcohol-preferring (msP) rats have been genetically selected for high 10% EtOH preference; they exhibit an innate propensity to excessive drinking, with an anxious phenotype that ameliorates following EtOH consumption [2,3]. Based on these findings, it has been proposed that genetic selection in msP rats co-segregates with the expression of a highly anxious and stress vulnerable phenotype resembling a specific subpopulation of alcoholic patients that attempt to drink to self-medicate from negative mood [4,5]. In this regard, it is well known that alcohol use disorder (AUD) shows high comorbidity with mood disorders [6,7]. Under this condition, drinking is preferentially motivated by negative rather than positive reinforcement mechanisms [8,9,10].



On that note, the hypothesis has been formulated that specific neurochemical circuits and molecular mechanisms are engaged in the rewarding properties of alcohol [11,12,13,14,15,16], as well as in alcohol consumption for self-medication purposes [3,17]. Based on this conceptualization, the aim of this study was to investigate the molecular basis for differential vulnerability to AUD by analyzing the expression of neurotrophic and stress-related factors in msP compared to Wistar rats. In particular, we evaluated whether msP rats might have innate dysregulation in the expression and function of opioid neuropeptidergic systems linked to negative reinforcement and the modulation of negative mood, such as the pro-stress dynorphin (DYN)/κ-opioid receptor (KOP) and the anti-stress nociceptin/orphanin FQ (N/OFQ)–NOP receptor (NOP) systems. Moreover, we decided to expand our analysis to the corticotropin-releasing factor (CRF)–CRF receptor 1 (CRF1R) as it is tightly linked to the regulation of the above mentioned opioidergic mechanisms. In fact, it is well known that both CRFergic and DYNergic transmissions mediate stress response and contribute to the expression of negative reinforcement [18,19,20,21]. Whereas, activation of NOP by N/OFQ results in a functional CRF antagonism and mediates anti-stress responses [19,22,23,24,25]. Finally, we analyzed the expression of the brain-derived neurotrophic factor (BDNF)- tropomyosin receptor kinase B receptor (Trk-B) system as BDNF regulates ethanol intake by activation of downstream gene products like pDYN [26] and is known to have a role in alcohol dependence vulnerability [25,27,28,29]. In this regard, some evidence indicated that animals characterized by low BDNF expression in several brain regions, including amygdala (AMY), display anxiety-like behaviors together with higher alcohol preference [30]. In addition, other studies demonstrated the BDNF contribution to drug craving, seeking and relapse [31,32], thus highlighting the involvement of BDNF in multiple facets of addiction [33].



We focused our attention to the AMY and the bed nucleus of the stria terminalis (BNST), as these regions represent important crossroads where mechanisms regulating reward, stress and addiction intersect each other [13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34]. Besides the analysis of basal gene expression for the above mentioned systems, we also evaluated how the chronic intermittent consumption of alcohol (CIE), a well characterized animal model of binge drinking in humans [35,36,37], may impact on the expression of the investigated neuropeptidergic systems in msP or Wistar rats. Finally, stemming from the hypothesis that N/OFQ counters the actions of CRF and DYN in stress response regulation, and that activation of NOP reduces alcohol drinking in msP rats by blunting the activity of these systems [23], we evaluated how activation or blockade of NOP receptor would impact the gene expression of these stress-related systems in the AMY of msP rats.




2. Results


2.1. Voluntary 10% EtOH Intake


Overall ANOVA revealed a significant effect of strain [F(1,330) = 689.5, p < 0.0001], time [F(14,330) = 37.55, p < 0.0001] and strain × time interaction [F(14,330) = 6.955, p < 0.0001], highlighting a significantly different pattern of drinking between msP and Wistar rats across the 30-day of intermittent EtOH exposure (Figure 1). Tukey’s multiple comparison post hoc analysis revealed a significant escalation of alcohol consumption in msP rats (Figure 1).




2.2. Gene Expression Analysis in the AMY of Water Controls and 10% EtOH Exposed Wistar and msP Rats


Samples of amygdala were punched from the brain and used for gene expression analyses (Figure 2).



2.2.1. pN/OFQ Expression


Overall ANOVA revealed a significant effect of strain on the pN/OFQ gene expression [F(1,20) = 16.17, p = 0.0007]; no significant effect of EtOH drinking [F(1,20) = 2.510, p = 0.1288, n.s.] and of strain × EtOH drinking interaction [F(1,20) = 2.731, p = 0.1140, n.s.] were instead observed. Sidak’s multiple comparison post hoc tests revealed that the basal pN/OFQ mRNA levels were significantly higher in msP rats compared to Wistars (msP Vehicle = 2.17 ± 0.23 vs. Wistar Vehicle = 1.00 ± 0.20, p = 0.0014) (Figure 3a). A trend of decrease in pN/OFQ mRNA levels was induced by CIE consumption in msP rats only (msP EtOH = 1.56 ± 0.18 vs. msP Vehicle = 2.17 ± 0.23, p = 0.0651) (Figure 3a).




2.2.2. NOP Expression


ANOVA indicated a significant effect of strain [F(1,20) = 4.680, p = 0.0428] and EtOH drinking [F(1,20) = 32.96, p < 0.0001]. There was also a significant strain x EtOH drinking interaction effect [F(1,20) = 32.47, p < 0.0001]. As shown by post hoc analysis a highly significant difference between Wistar and msP rats was observed in the innate levels of NOP mRNA that was higher in msPs compared to Wistars a (msP Vehicle = 1.81 ± 0.11 vs. Wistar Vehicle = 1.00 ± 0.07, p < 0.0001) (Figure 3b). A significant NOP down-regulation was detected after CIE consumption in msP rats only (msP EtOH = 0.64 ± 0.13 vs. msP Vehicle = 1.81 ± 0.11, p < 0.0001) (Figure 3b).




2.2.3. pDYN Expression


ANOVA indicated a significant effect of CIE on pDYN gene expression [F(1,20) = 9.319, p = 0.0063]. No significant effect of strain [F(1,20) = 0.1264, p = 0.7260, n.s.] and of strain x EtOH drinking interaction [F(1,20) = 2.728, p = 0.1142, n.s.] were detected. Sidak’s multiple comparison post hoc tests revealed no significant differences in the pDYN gene expression basal levels between Wistar and msP rats (msP Vehicle = 1.56 ± 0.35 vs. Wistar Vehicle = 1.00 ± 0.25, n.s.) (Figure 3c). A significant down-regulation of pDYN gene expression was detected after CIE consumption in msP rats only (msP EtOH = 0.44 ± 0.08 vs. msP Vehicle = 1.56 ± 0.35, p = 0.0067) (Figure 3c).




2.2.4. KOP Expression


ANOVA of KOP gene expression indicated a significant effect of EtOH drinking [F(1,20) = 9.367, p = 0.0062], and also a significant effect of strain x EtOH drinking interaction [F(1,20) = 4.869, p = 0.0392]. No significant effect of strain [F(1,20) = 0.7673, p = 0.3914, n.s.] was reported. Sidak’s multiple comparisons revealed no significant differences in the basal KOP mRNA levels between Wistar and msP rats (msP Vehicle = 1.15 ± 0.11 vs. Wistar Vehicle = 1.00 ± 0.09, n.s.) (Figure 3d). A significant down-regulation of KOP gene expression was detected after CIE consumption in msP rats only (msP EtOH = 0.64 ± 0.04 vs. msP Vehicle = 1.15 ± 0.11, p = 0.0027) (Figure 3d).




2.2.5. CRF Expression


ANOVA revealed a significant effect of EtOH drinking on the CRF gene expression [F(1,19) = 9.307, p = 0.0066], and also a significant strain x EtOH drinking interaction [F(1,19) = 6.408, p = 0.0203]. No significant effect of strain [F(1,19) = 1.869, p = 0.1875, n.s.] was observed. Sidak’s multiple comparisons revealed significant differences in the basal levels of CRF mRNA that were up-regulated in the msP rats compared to Wistars (msP Vehicle = 1.53 ± 0.18 vs. Wistar Vehicle = 1.00 ± 0.14, p = 0.0286) (Figure 3a). A significant CRF gene expression down-regulation was detected after CIE consumption in msP rats only (msP EtOH = 0.82 ± 0.05 vs. msP Vehicle = 1.53 ± 0.18, p = 0.0014) (Figure 4a).




2.2.6. CRF1R Expression


ANOVA indicated no significant effect of strain [F(1,20) = 1.056, p = 0.3165, n.s.], EtOH drinking [F(1,20) = 0.0005, p = 0.9817, n.s.] and of strain x EtOH drinking interaction [F(1,20) = 1.156, p = 0.2951] on CRF1R gene expression in the AMY (Figure 4b).




2.2.7. BDNF Expression


ANOVA indicated a significant effect of EtOH drinking on the BDNF gene expression [F(1,20) = 14.43, p = 0.0011], and also a significant strain x EtOH drinking interaction [F(1,20) = 5.048, p = 0.0361]. No significant effect of strain [F(1,20) = 0.1823, p = 0.6740, n.s.] was observed. The Sidak’s multiple comparison post hoc test revealed no significant differences in the BDNF basal levels between msP and Wistars rats (msP Vehicle = 0.68 ± 0.15 vs. Wistar Vehicle = 1.00 ± 0.09, n.s) (Figure 4c). CIE induced a significant up-regulation of BDNF gene expression in msP rats only (msP EtOH = 1.82 ± 0.28 vs. msP Vehicle = 0.68 ± 0.15, p = 0.0007) (Figure 4c).




2.2.8. Trk-B Expression


ANOVA indicated no significant effect of strain [F(1,19) = 1.947, p = 0.1791, n.s.] and of EtOH drinking [F(1,19) = 2.643, p = 0.1205, n.s.] on the Trk-B gene expression. However, a significant strain x EtOH drinking interaction was observed [F(1,19) = 12.42, p = 0.0023]. Sidak’s multiple comparison tests revealed that the Trk-B mRNA basal level was significantly higher in the msP rats compared to Wistars (msP Vehicle = 1.47 ± 0.22 vs. Wistar Vehicle = 1.00 ± 0.06, p = 0.0060) (Figure 4d). Multiple comparison tests revealed also a significant increase of Trk-B levels after CIE consumption in Wistar rat only (Wistar EtOH = 1.70 ± 0.17 vs. Wistar Vehicle = 1.00 ± 0.06, p = 0.0028) (Figure 4d). Results are schematically represented in Table 1.





2.3. Gene Expression Analysis in the BNST of Water Controls and 10% EtOH Exposed Wistar and msP Rats


Samples of BNST were punched from the brain and used for gene expression analyses (Figure 2).



2.3.1. pN/OFQ Expression


ANOVA indicated a significant effect of EtOH drinking [F(1,18) = 10.85, p = 0.0040] and of strain [F(1,18) = 5.534, p = 0.0302] on the pN/OFQ gene expression. No significant effect of strain x EtOH drinking interaction [F(1,18) = 1.405, p = 0.2513, n.s.] was instead observed. The Sidak’s multiple comparison post hoc test revealed that basal pN/OFQ mRNA levels were significantly higher in msP rats compared to Wistars (msP Vehicle = 1.39 ± 0.06 vs. Wistar Vehicle = 1.00 ± 0.11, p = 0.0440) (Figure 5a). A significant down-regulation of pN/OFQ mRNA levels was detected after CIE consumption in msP rats only (msP EtOH = 0.94 ± 0.09 vs. msP Vehicle = 1.39 ± 0.06, p = 0.0143) (Figure 5a).




2.3.2. NOP Expression


ANOVA showed a significant effect of strain [F(1,20) = 33.90, p < 0.0001] and EtOH drinking [F(1,20) = 8.560, p = 0.0084] on the NOP mRNA levels. No significant effect of strain x EtOH drinking interaction [F(1,20) = 2.370, p = 0.1394, n.s.] was observed. The msP line exhibited higher NOP mRNA basal levels than Wistars (msP Vehicle = 1.57 ± 0.11 vs. Wistar Vehicle = 1.00 ± 0.12, p = 0.0132) (Figure 4b). A significant NOP up-regulation was detected after CIE consumption in msP rats only (msP EtOH = 2.06 ± 0.12 vs. msP Vehicle = 1.57 ± 0.11, p = 0.0099) (Figure 5b).




2.3.3. pDYN Expression


ANOVA indicated no significant effect of strain [F(1,20) = 1.043, p = 0.3194, n.s.], EtOH drinking [F(1,20) = 0.045, p = 0.8337, n.s.] and strain x EtOH drinking interaction [F(1,20) = 0.018, p = 0.8948, n.s.] on the pDYN gene expression in the BNST (Figure 5c).




2.3.4. KOP Expression


ANOVA showed a significant effect of EtOH drinking [F(1,20) = 8.559, p = 0.0084] and a significant effect of strain x EtOH drinking interaction [F(1,20) = 4.655, p < 0.0433]. No significant effect of strain [F(1,20) = 0.4438, p = 0.5129, n.s.] was observed. Sidak’s multiple comparison post hoc tests revealed no significant differences in KOP mRNA basal levels between Wistar and msP rats (msP Vehicle = 0.88 ± 0.04 vs. Wistar Vehicle = 1.00 ± 0.10, n.s.) (Figure 5d). A significant up-regulation of KOP gene expression was detected after CIE consumption in msP rats only (msP EtOH = 1.41 ± 0.09 vs. msP Vehicle = 0.88 ± 0.04, p = 0.0036) (Figure 5d).




2.3.5. CRF Expression


ANOVA displayed a significant effect of strain [F(1,18) = 96.15, p < 0.0001] and strain x EtOH drinking interaction [F(1,18) = 20.92, p = 0.0002] on the CRF gene expression. No significant effect of EtOH drinking [F(1,18) = 1.258, p = 0.2767, n.s.] was observed. The Sidak’s multiple comparison post hoc test revealed that the basal CRF mRNA levels were significantly higher in msP rats compared to Wistars (msP Vehicle = 1.70 ± 0.10 vs. Wistar Vehicle = 1.00 ± 0.19, p = 0.0033) (Figure 6a). A significant down-regulation in the CRF mRNA levels was detected after CIE consumption in Wistar rats (Wistar EtOH = 0.56 ± 0.08 vs. Wistar Vehicle = 1.00 ± 0.19, p = 0.00498) (Figure 6a), whereas the same EtOH exposure evoked a significant increase of CRF gene expression levels in msPs (msP EtOH = 2.44 ± 0.11 vs. msP Vehicle = 1.70 ± 0.10, p = 0.0016) (Figure 6a).




2.3.6. CRF1R Expression


ANOVA analysis indicated a significant effect of strain [F(1,20) = 79.24, p < 0.0001], EtOH drinking [F(1,20) = 22.61, p = 0.0001] and also a significant effect of strain × EtOH drinking interaction [F(1,20) = 22.79, p < 0.0001] on CRF1R expression. Post hoc test revealed higher CRF-R1 mRNA basal levels in the msP rats compared to Wistar animals (msP Vehicle = 1.53 ± 0.13 vs. Wistar Vehicle = 1.00 ± 0.07, p = 0.0169) (Figure 5b). A significant CRF-R1 up-regulation was detected after CIE consumption in msP rats only (msP EtOH = 2.71 ± 0.16 vs. msP Vehicle = 1.53 ± 0.13, p < 0.0001) (Figure 6b).




2.3.7. BDNF Expression


ANOVA indicated a significant effect of strain [F(1,19) = 5.895, p = 0.0253] on the BDNF gene expression in the BNST brain region. No significant effect of EtOH drinking [F(1,19) = 0.024, p = 0.8794, n.s.] and of strain x EtOH drinking interaction [F(1,19) = 1.560, p = 0.2269, n.s.] was observed. The Sidak’s multiple comparison post hoc test revealed no significant differences in the BDNF mRNA levels after CIE consumption in both Wistar and msP rat strain (Wistar EtOH = 1.59 ± 0.26 vs. Wistar Vehicle = 1.00 ± 0.11, n.s.; msP EtOH = 2.06 ± 0.51 vs. msP Vehicle = 2.50 ± 0.51 n.s.) (Figure 6c), but disclosed a significant basal BDNF gene expression up-regulation in msP rats compared to Wistar (msP Vehicle = 2.50 ± 0.51 vs. Wistar Vehicle = 1.00 ± 0.11, p = 0.0304) (Figure 6c).




2.3.8. Trk-B Expression


ANOVA of Trk-B gene expression in the BNST indicated a significant effect of strain [F(1,20) = 10.90, p = 0.0036] and strain x EtOH drinking interaction [F(1,20) = 5.007, p = 0.0368]. No significant effect of EtOH drinking [F(1,20) = 0.5776, p = 0.4561, n.s.] was observed. Sidak’s multiple comparison post hoc tests revealed no significant differences in the basal mRNA level of Trk-B between Wistar and msP rats (msP Vehicle = 1.05 ± 0.05 vs. Wistar Vehicle = 1.00 ± 0.10, n.s.) (Figure 6d). Results are schematically represented in Table 1.





2.4. Effect of Intracerebroventricular Injection of N/OFQ or UFP101 on Neuropeptide Gene Expression in the Amygdala of msP Rats


The gene expression alterations observed after icv injection of N/OFQ or UFP 101 are presented in Figure 7.



Overall ANOVA analysis indicated no significant effect of N/OFQ or UFP 101 administration on pN/OFQ gene expression in the AMY of msP rats. On the contrary, a significant up-regulation of pDYN mRNA levels was detected following icv injection of UFP 101 (UFP 101 treated-group = 2.09 ± 0.11 vs. msP Vehicle = 1.00 ± 0.13, p < 0.01) (Figure 7b).



ANOVA revealed that icv administration of N/OFQ evoked a significant up-regulation of BDNF gene expression (N/OFQ treated-group = 1.91 ± 0.21 vs. msP Vehicle = 1.00 ± 0.20, p < 0.05) (Figure 7c) and a down-regulation of CRF mRNA levels (N/OFQ treated-group = 0.49 ± 0.11 vs. msP Vehicle = 1.00 ± 0.15, p < 0.05) (Figure 6d) in the AMY of msP rats.





3. Discussion


The major finding of our study is that msP and Wistar rats have a different organization of AMY and BNST neurochemical circuits involved in the regulation of stress and alcohol drinking. Moreover, we found that CIE has different impact on the neuropeptidergic regulation of AMY and BNST in msP compared to Wistar rats. Specifically, we found that compared to Wistars, msP rats exhibited about two-fold higher innate levels of the opioid-like peptide transcripts pN/OFQ and of its cognate NOP receptor in the AMY. These results are in agreement with previous studies using in situ hybridization and autoradiography techniques in which it was found that compared to Wistars msP rats have higher pN/OFQ and NOP receptor expression levels in this area [39]. Here, we extended this observation and showed that CIE drinking led to a significant down-regulation of NOP (a trend toward reduction of pN/OFQ was also detected) in msP rats but not in Wistars. Higher innate expression levels of pN/OFQ and NOP mRNA were also detected in the BNST of msP rats compared to Wistars. However, different from what occurred in the AMY, in the BNST of msP rats CIE up-regulated the gene expression of NOP and reduced that of pN/OFQ.



When we analyzed the dynorphinergic system, no basal differences between Wistar and msP rats in the innate levels of pDYN and KOP mRNAs in the AMY or in the BNST were detected. Consistent with earlier studies, we also found that in the AMY and BNST msP rats show a general overexpression of the CRF-CRF1R system [5,40,41]. It is known that in msP rats voluntary EtOH drinking normalized this overexpression, bringing it down to the levels observed in Wistars [40]. Here we replicated this observation, however we also found that, in contrast to what observed in the AMY, ethanol drinking further enhanced the expression of CRF and CRF1R transcripts in the BNST of msP rats.



When we analyzed BDNF mRNA, we found no significant differences between msP and Wistar rat in the AMY. Conversely, we found higher innate levels of Trk-B mRNA in the msP animal compared to Wistar rat in this region. CIE selectively enhanced BDNF expression in msP rats and increased Trk-B gene expression in Wistar rats, thus suggesting differential effects of ethanol in these two rat lines. In the BNST, innate BDNF levels were higher in the msP rats compared to the Wistars.



Globally, these data suggest a different modulation of BDNF transmission in the AMY and in the BNST of msPs, compared to Wistar rats. In this respect, it is worth noticing that ethanol drinking selectively increased BDNF levels in the AMY of msP rats without affecting it in the BNST. It is tempting to hypothesize that the dysregulation of BDNF contributes to the high alcohol and anxious drinking phenotype of msP rats, and similarly to what was observed for CRF, EtOH consumption could be motivated by the attempt to rebalance the activity of this neurotrophic system. This hypothesis is supported by earlier studies showing that the BDNF pathway is affected by various drugs of abuse [42], it is involved in the expression of anxiety-like behaviors and is strongly related to excessive alcohol-drinking and relapse [31,43,44]. In particular, it has been demonstrated that the reduction of BDNF expression promotes a greater preference for alcohol consumption [29,45,46,47].



Altogether, these findings indicate that msP and Wistar rats are characterized by profound innate differences in the expression of a number of neuronal systems in brain areas involved in the regulation of stress and excessive EtOH drinking. CIE tends to normalize some of these differences, while exacerbates others.



Earlier work showed that compared to Wistars msP rats show upregulation of several genes associated with alcohol metabolism [3]. This may lead to faster alcohol metabolism that in turn can contribute to the expression of the high drinking phenotype of msP rats. However it is also known that voluntary alcohol intake of msP rats leads to blood ethanol concentrations (BECS) up to 70–80 mg/dL [3]. Whereas voluntary drinking in Wistars being lower leads to BECS are around 10–25 mg/dL [48,49]. This suggests that in msP rats the high propensity to drink elevated amounts of alcohol cannot be simply attributed to its faster elimination. This further supporting the notion that the high drinking motivation of msPs is linked to the attempt to experience the pharmacological effects of the alcohol.



Present data are not sufficient to understand the exact significance of single neuropeptidergic system differences and how each one of these neuropeptides may impact on the expression of a highly alcohol drinking and vulnerable phenotype. However, analyzing them at global level it is possible to observe that neurotransmitter systems that contribute to mediate negative mood and stress responses like CRF are generally up-regulated in rats with innate predisposition to excessive EtOH drinking. On the other hand, upregulation of the opioid-like N/OFQ system that acts as an anti-stress system and mediates anxiolytic actions is also observed. Changes in N/OFQ transmission towards its upregulation may reflect a physiological mechanism aimed at compensating for the negative mood and stress elicited by enhanced pro-stress mechanisms [24,50,51]. Alcohol, due to its anxiolytic effects, may bring the N/OFQ systems back to normalization because its up-regulation is no longer needed to counteract the innate negative emotional state that characterizes msP rats. This hypothesis is corroborated by data showing that drinking, not only reduced the expression of the N/OFQ but, at least in the AMY also lowered the levels of DYN and CRF transcripts, suggesting a global normalization of stress and anti-stress systems in this region.



In the present study, to allow the precise monitoring of drinking rats were single housed. Rats are social animals and isolation could influence the response to alcohol drinking. However, a recent work suggested that, over 30 days of free access to alcohol, no significant alcohol intake differences between pair and individually housed rats have been found [52]. Most important, in our experiments the water control group was also single housed, thus gene expression differences among groups cannot be attributed to the isolation per se.



A potential limitation of our work is that, given the method used to collect the brain nuclei a slight portion of the anterior commissure has been sampled together with the BNST. However, since this portion is very limited we assume that the gene expression levels detected in this brain structure is mostly attributable to the BNST. We should also point out that our sampling procedure was not intended at collecting subregions of the BNST or the AMY hence we cannot infer information on gene expression changes occurring in specific subnuclei of these highly heterogeneous areas. It should be mentioned, however, that for the AMY the tissue samples that we collected contained mostly the central nucleus and basolateral subregions but not the medial amygdaloid nucleus. Moreover, sampling was directed to the rostral portion of AMY because it is involved in processing alcohol-related cues, is where the extended amygdala originates, it is contiguous to the BNST and is rich of opioid receptors and peptides [53,54,55].



Previous work showed N/OFQ and NOP receptor agonists decreased alcohol consumption [39,56,57], ethanol-induced conditioned place preference [58] and cue-induced relapse to alcohol drinking [59]. Moreover the N/OFQ system plays a central role in the control of stress response [60] and several evidence demonstrated that activation of NOP by central administration N/OFQ induced anxiolytic-like effects across several experimental models [60,61,62,63,64]. Recent evidence showed that also NOP antagonists are effective in reducing alcohol drinking [65,66]. Whereas blockade of the NOP receptor attenuates anxiety-like responses associated with stress or to depressive-like condition [67].



Based on these findings, it was tempting to hypothesize that mimicking the effect of EtOH, exogenous administration of NOP agonists and antagonists would affect the expression of pro-stress systems in the same directions. To evaluate this possibility, we investigated the effect of icv injection of N/OFQ and UFP101 on N/OFQ, DYN, CRF and BDNF transcripts in the AMY. Overlapping the effects of EtOH drinking, injection of N/OFQ reduced the expression of CRF and increased that of BDNF. On the other hand, DYN levels did not show significant changes. We speculate that acute icv injection of N/OFQ, differently from chronic alcohol intake, did not change the expression of DYN because a single administration was not sufficient to activate the molecular machinery responsible for the downregulation of DYN gene expression. Noteworthy, earlier work demonstrated that alcohol drinking reduction is more pronounced following chronic administration rather than an acute injection of N/OFQ [59]. We also found that after administration of the NOP antagonist UFP101 the only gene affected was DYN that markedly increased. First of all, this finding indicates that endogenous N/OFQ exerts a tonic negative control over DYN transmission. Secondly, it suggests that NOP agonism and antagonism may regulate EtOH drinking through distinct mechanisms.



As mentioned above, CRF gene expression decreased in the AMY after CIE, but unexpectedly both CRF and CRF1 transcripts were increased in the BNST. This region has a highly complex structure and it is known to be involved in the control of both anxiogenic and anxiolytic pathways [68]. The BNST receives CRF fibers which predominantly come from the central nucleus (CeA) of the AMY [68], but also includes CRF-producing neurons [68,69]. It is conceivable that enhanced expression of CRF1R gene in the BNST is a mechanism aimed at compensating alcohol drinking-induced decrease of CRF transmission from the AMY. This is consistent with the observed reduction in CRF gene expression in this latter region in msP rats taking alcohol. Whereas, the increase of BNST CRF gene expression is probably occurring in those CRF cells belonging to local BNST circuitries, that may actually work as anxiety-stop signals [68]. The disentanglement of the significance of these gene expression changes at neurocircuit levels is not possible through the technical approach used here. Future studies will have to be carried out to confirm our hypothesis.




4. Materials and Methods


4.1. Animals


Male Wistar and msP rats, weighing approximately 250–300 g at the beginning of the study (corresponding to postnatal day 70), were used to perform the experiments. Animals were single housed and kept in a reversed 12 h light/dark cycle (lights on at 8 p.m.) at constant temperature (20–22 °C) and humidity (45–55°), with food and water ad libitum. Animals were treated in accordance with the guidelines of the European Community Council Directive for Care and Use of Laboratory Animals (Ministry of Health Authorization n° 1D580.24)




4.2. Drugs


Nociceptin (Phe-Gly-Gly-Phe-Thr-Gly-Ala-Arg-Lys-Ser-Ala-Arg-Lys-Leu-Ala-Asp-Glu) (PM = 2379) and the NOP receptor antagonist UFP-101 ([Nphe(1),Arg(14),Lys(15)]N/OFQ NH(2)) (PM = 2706) were a generous gift of Prof. Remo Guerrini of the Department of Pharmaceutical Sciences, University of Ferrara, Italy. Both drugs were dissolved in sterile isotonic saline and injected icv in a volume of 1 µL/rat.




4.3. Surgical Procedures


MsP rats were anesthetized by intramuscular injection of 150 µL of tiletamine chlorohydrate (58.17 mg/10 mL) and zolazepam chlorohydrate (57.5 mg/10 mL) and placed into a stereotaxic frame. For the intracerebroventricular (icv) injections the skull was exposed and stainless steel guide cannula (diameter, 0.35 mm; length, 7 mm) was implanted with the following coordinates, anterior-posterior (AP), −1.0; lateral (L), −1.8; ventral (V), 2.0; [38]. The guide cannula were fixed to the skull with dental cement and two anchoring screws. After the surgery animals were allowed one week of recovery before starting the behavioural experiments. Drugs were administered via a 10 µL Hamilton syringe.




4.4. Experimental Procedures


4.4.1. Chronic Intermittent EtOH Consumption in a Two Bottle Free-Choice Paradigm


Wistar and msP rats were trained to drink 10% alcohol (w/v) every other day. The 10% alcohol solution (w/v) was prepared daily by diluting 210 mL of 95% alcohol in 1800 mL of tap water. EtOH was dispensed through graduated burettes equipped with a metal dispenser, guaranteeing free access to the alcohol solution within 24 h. Daily consumption was monitored 24 h from exposure to the alcoholic solution. Rats were subjected to a chronic intermittent EtOH exposure (CIE) consisting of repeated cycles of one day in which they had free choice between a 10% alcohol solution and water for 24 h and the subsequent day in which they received the two burettes filled with only water. This intermittent exposure to alcohol continued for 30 days. The rats underwent 24 h ethanol withdrawal before sacrifice. To avoid the development of place preference, the position of alcohol or water (vehicle) containing burettes were alternated daily. One group of msP and one group of Wistar rats were used as controls and drunk only water for the entire experimental period. Animals had ad libitum access to food for the whole duration of the experiments.




4.4.2. Intracerebroventricular Injection of N/OFQ and UFP-101


After recovery from intracranial surgery, the msP rats were separated into three groups with similar body weight. Animals were given 1 μL of saline icv for 3 consecutive days to familiarize them with the injection procedure. Then, the first group was injected icv with isotonic saline (control), whereas the second and the third groups received 1 µg/µL/rat of N/OFQ [39,70] or 10 µg/µL/rat of UFP 101 [71,72], respectively. The stainless-steel injector protruding beyond the cannula tip by 2.5 mm was allowed to remain in the brain 1 min before being retracted. Animals of these three groups were sacrificed 4 h after microinjection for tissue collection. This time point was chosen because it corresponds to the time needed to detect changes in gene expression [73,74,75].





4.5. Tissue Collection


Twenty- four hours after the last EtOH exposure (day 31) rats were sacrificed and the brain areas of interest were removed and quickly frozen on dry ice. Brains were then placed onto an ice-cold matrix with 1 mm coronal section slice intervals. Tissue samples were taken by using Harris Uni-CoreTM punchers. The AMY was punched from −2 mm to −3 mm from bregma with a 1.5 mm diameter tip puncher. The BNST was collected from the slice taken 0 to −1 mm from bregma with a 1 mm puncher diameter (Figure 2). Brains were dissected under a stereomicroscope and the areas were collected in accordance with the rat brain atlas [38]. Tissues were stored at –80 °C until gene expression analysis.




4.6. Quantitative Real-Time RT-PCR


Total RNA was extracted according to the method of Chomczynski and Sacchi [76]. Each sample (n = 6 per group) was subjected to DNase treatment and converted to cDNA with the GeneAmp RNA PCR kit (Life Technologies Italia, Monza, Italy), according to the manufacturer’s protocol. Quantitative Real-time PCR analysis was performed on a StepOne Real-Time PCR System (Life Technologies) using the SYBR® Green PCR MasterMix (Life Technologies); each sample was run in triplicate. Relative expression of different gene transcripts was calculated by the Delta-Delta Ct (DDCt) method and converted to relative expression ratio (2−DDCt) for statistical analysis [77]. All data were normalized to the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The specificity of each PCR product was determined by melting curve analysis, constructed in the range of 60 °C to 95 °C [78]. Primers used for PCR amplification were designed using Primer 3, and are reported in Table 2.




4.7. Data Analysis


Behavioral data were initially evaluated by Shapiro-Wilk tests to confirm the normality of the distribution and by Levene tests for the homogeneity of variance. Once these properties have been confirmed the statistics was performed using the analysis of variance (ANOVA). Data from the two-bottle free choice experiment were evaluated by a mixed ANOVA with one factor within (time) and one factor between (strain) (n = 12). When appropriate, analyses were followed by Tukey’s multiple comparison tests. Biochemical data have been initially evaluated by Shapiro-Wilk tests to confirm the normality of the distribution and by Grubb’s test to identify outliers. Relative gene expression data were analyzed by two-way ANOVA followed by Sidak’s multiple comparison test tests (n = 5–6). The effect of the NOP agonist or antagonist on investigated mRNA levels were analyzed by means of a one-way ANOVA followed by Dunnett’s multiple comparison test (n = 5–6). For the statistical analysis, the GraphPad Prism 8 software, (San Diego, CA, USA) was used. Results are expressed as mean ± standard error of the mean (SEM). The level of significance was set at p < 0.05.





5. Conclusions


The present results highlight how CIE drinking may result in a divergent regulation of stress-related neuropeptidergic systems, depending on the regions examined and the mechanisms involved. If in the AMY pro-stress dynorphin and CRF transmission are generally reduced following CIE, the opposite occurs in the BNST. Another important consideration is that alcohol elicited different gene expression changes in Wistar and in msP rats with the latter showing mostly higher fluctuations in response to alcohol. One possibility is that this different sensitivity could be linked to the distinct genetic background of the two lines. However, it should be also considered that msP rats, due to their innate high predisposition for alcohol intake, reached a much higher level of drinking, during CIE exposure. Hence, it is also possible that the differences in response to alcohol observed between the two rat lines depend on the amount of exposure to the substance. A clear finding emerged from this study is that msP rats show a different regulation of stress-related neuropeptidergic systems in the extended amygdala, compared to Wistar controls. This dysregulation may contribute to the expression of their innate high predisposition to drink alcohol and to their high anxiety and stress vulnerable phenotype.







Author Contributions


P.R. and R.C. designed the experiment. S.S. and M.U. carried out animal experiments. F.F.C., M.P. and L.R. carried out molecular experiments. F.F.C. analyzed the data. F.F.C., S.C., P.R. and R.C. wrote the paper. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by grants from Alma Mater Studiorum University of Bologna RFO2017 (to PR and SC); from The Italian Ministry of University and Research PRIN 2017 (to RC and PR) and from The National Institute of Health AA014351 (to FW and RC).




Institutional Review Board Statement


The study was conducted according to the guidelines of the European Community Council Directive for Care and Use of Laboratory Animals and approved by the Ministry of Health (authorization n° 1D580.24).




Informed Consent Statement


Not applicable.




Data Availability Statement


Data supporting the findings of this study are available upon reasonable request.




Conflicts 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.




References


	



Koob, G.F.; Roberts, A.J.; Kieffer, B.L.; Heyser, C.J.; Katner, S.N.; Ciccocioppo, R.; Weiss, F. Animal Models of Motivation for Drinking in Rodents with a Focus on Opioid Receptor Neuropharmacology. Recent Dev. Alcohol. 2002, 16, 263–281. [Google Scholar] [CrossRef]

	



Ciccocioppo, R.; Panocka, I.; Froldi, R.; Colombo, G.; Gessa, G.L.; Massi, M. Antidepressant-like effect of ethanol revealed in the forced swimming test in Sardinian alcohol-preferring rats. Psychopharmacology 1999, 144, 151–157. [Google Scholar] [CrossRef] [PubMed]

	



Ciccocioppo, R.; Economidou, D.; Cippitelli, A.; Cucculelli, M.; Ubaldi, M.; Soverchia, L.; Lourdusamy, A.; Massi, M. Genetically selected Marchigian Sardinian alcohol-preferring (msP) rats: An animal model to study the neurobiology of alcoholism. Addict. Biol. 2006, 11, 339–355. [Google Scholar] [CrossRef] [PubMed]

	



Sinha, R.; Fox, H.C.; Hong, K.A.; Bergquist, K.; Bhagwagar, Z.; Siedlarz, K.M. Enhanced Negative Emotion and Alcohol Craving, and Altered Physiological Responses Following Stress and Cue Exposure in Alcohol Dependent Individuals. Neuropsychopharmacology 2008, 34, 1198–1208. [Google Scholar] [CrossRef]

	



Hansson, A.C.; Cippitelli, A.; Sommer, W.H.; Fedeli, A.; Bjork, K.; Soverchia, L.; Terasmaa, A.; Massi, M.; Heilig, M.; Ciccocioppo, R. Variation at the rat Crhr1 locus and sensitivity to relapse into alcohol seeking induced by environmental stress. Proc. Natl. Acad. Sci. USA 2006, 103, 15236–15241. [Google Scholar] [CrossRef]

	



Nestler, E.J. Molecular mechanisms of drug addiction. J. Neurosci. 1992, 12, 2439–2450. [Google Scholar] [CrossRef]

	



Russo, S.J.; Nestler, E.J. The brain reward circuitry in mood disorders. Nat. Rev. Neurosci. 2013, 14, 609–625. [Google Scholar] [CrossRef]

	



Koob, G.F. Theoretical frameworks and mechanistic aspects of alcohol addiction: Alcohol addiction as a reward deficit disorder. Curr. Top. Behav. Neurosci. 2013, 13, 3–30. [Google Scholar]

	



Spanagel, R.; Noori, H.R.; Heilig, M. Stress and alcohol interactions: Animal studies and clinical significance. Trends Neurosci. 2014, 37, 219–227. [Google Scholar] [CrossRef]

	



McCaul, M.E.; Hutton, H.E.; Stephens, M.A.C.; Xu, X.; Wand, G.S. Anxiety, Anxiety Sensitivity, and Perceived Stress as Predictors of Recent Drinking, Alcohol Craving, and Social Stress Response in Heavy Drinkers. Alcohol. Clin. Exp. Res. 2017, 41, 836–845. [Google Scholar] [CrossRef]

	



D’Addario, C.; Caputi, F.F.; Ekström, T.J.; Di Benedetto, M.; Maccarrone, M.; Romualdi, P.; Candeletti, S. Ethanol Induces Epigenetic Modulation of Prodynorphin and Pronociceptin Gene Expression in the Rat Amygdala Complex. J. Mol. Neurosci. 2012, 49, 312–319. [Google Scholar] [CrossRef] [PubMed]

	



D’Addario, C.; Caputi, F.F.; Rimondini, R.; Gandolfi, O.; Del Borrello, E.; Candeletti, S.; Romualdi, P. Different alcohol exposures induce selective alterations on the expression of dynorphin and nociceptin systems related genes in rat brain. Addict. Biol. 2011, 18, 425–433. [Google Scholar] [CrossRef]

	



Koob, G.F. The dark side of emotion: The addiction perspective. Eur. J. Pharmacol. 2015, 753, 73–87. [Google Scholar] [CrossRef] [PubMed]

	



Logrip, M.L.; Barak, S.; Warnault, V.; Ron, D. Corticostriatal BDNF and alcohol addiction. Brain Res. 2015, 1628, 60–67. [Google Scholar] [CrossRef] [PubMed]

	



Peana, A.T.; Sánchez-Catalán, M.J.; Hipólito, L.; Rosas, M.; Porru, S.; Bennardini, F.; Romualdi, P.; Caputi, F.F.; Candeletti, S.; Polache, A.; et al. Mystic Acetaldehyde: The Never-Ending Story on Alcoholism. Front. Behav. Neurosci. 2017, 11, 81. [Google Scholar] [CrossRef]

	



Ryabinin, A.E.; Giardino, W.J. Contribution of Urocortin to the Development of Excessive Drinking. Int. Rev. Neurobiol. 2017, 136, 275–291. [Google Scholar] [CrossRef] [PubMed]

	



Weiss, F.; Ciccocioppo, R.; Parsons, L.H.; Katner, S.N.; Liu, X.; Zorrilla, E.P.; Valdez, G.R.; Ben-Shahar, O.; Angeletti, S.; Richter, R.R. Compulsive Drug-Seeking Behavior and Relapse. Ann. N. Y. Acad. Sci. 2006, 937, 1–26. [Google Scholar] [CrossRef] [PubMed]

	



Koob, G.F.; Le Moal, M. Drug addiction, dysregulation of reward, and allostasis. Neuropsychopharmacology 2001, 24, 97–129. [Google Scholar] [CrossRef]

	



Koob, G.F.; Volkow, N.D. Neurobiology of addiction: A neurocircuitry analysis. Lancet Psychiatry 2016, 3, 760–773. [Google Scholar] [CrossRef]

	



Caputi, F.F.; Rullo, L.; Stamatakos, S.; Candeletti, S.; Romualdi, P. Modulation of the Negative Affective Dimension of Pain: Focus on Selected Neuropeptidergic System Contributions. Int. J. Mol. Sci. 2019, 20, 4010. [Google Scholar] [CrossRef]

	



Caputi, F.F.; Caffino, L.; Candeletti, S.; Fumagalli, F.; Romualdi, P. Short-term withdrawal from repeated exposure to cocaine during adolescence modulates dynorphin mRNA levels and BDNF signaling in the rat nucleus accumbens. Drug Alcohol. Depend. 2019, 197, 127–133. [Google Scholar] [CrossRef] [PubMed]

	



Mogil, J.; Grisel, J.; Reinscheid, R.; Civelli, O.; Belknap, J.; Grandy, D. Orphanin FQ is a functional anti-opioid peptide. Neuroscience 1996, 75, 333–337. [Google Scholar] [CrossRef]

	



Ciccocioppo, R.; Angeletti, S.; Sanna, P.P.; Weiss, F.; Massi, M. Effect of nociceptin/orphanin FQ on the rewarding properties of morphine. Eur. J. Pharmacol. 2000, 404, 153–159. [Google Scholar] [CrossRef]

	



Martin-Fardon, R.; Zorrilla, E.P.; Ciccocioppo, R.; Weiss, F. Role of innate and drug-induced dysregulation of brain stress and arousal systems in addiction: Focus on corticotropin-releasing factor, nociceptin/orphanin FQ, and orexin/hypocretin. Brain Res. 2010, 1314, 145–161. [Google Scholar] [CrossRef] [PubMed]

	



Witkin, J.M.; Statnick, M.A.; Rorick-Kehn, L.M.; Pintar, J.E.; Ansonoff, M.; Chen, Y.; Tucker, R.C.; Ciccocioppo, R. The biology of Nociceptin/Orphanin FQ (N/OFQ) related to obesity, stress, anxiety, mood, and drug dependence. Pharmacol. Ther. 2014, 141, 283–299. [Google Scholar] [CrossRef]

	



Logrip, M.L.; Janak, P.H.; Ron, D. Dynorphin is a downstream effector of striatal BDNF regulation of ethanol intake. FASEB J. 2008, 22, 2393–2404. [Google Scholar] [CrossRef]

	



Matsushita, S.; Kimura, M.; Miyakawa, T.; Yoshino, A.; Murayama, M.; Masaki, T.; Higuchi, S. Association study of brain-derived neurotrophic factor gene polymorphism and alcoholism. Alcohol. Clin. Exp. Res. 2004, 28, 1609–1612. [Google Scholar] [CrossRef]

	



You, C.; Zhang, H.; Sakharkar, A.J.; Teppen, T.; Pandey, S.C. Reversal of deficits in dendritic spines, BDNF and Arc expression in the amygdala during alcohol dependence by HDAC inhibitor treatment. Int. J. Neuropsychopharmacol. 2014, 17, 313–322. [Google Scholar] [CrossRef]

	



Caputi, F.F.; Palmisano, M.; D’Addario, C.; Candeletti, S.; Romualdi, P. Effects of acute ethanol exposure on class I HDACs family enzymes in wild-type and BDNF(+/−) mice. Drug Alcohol. Depend. 2015, 155, 68–75. [Google Scholar] [CrossRef]

	



Pandey, S.C.; Roy, A.; Zhang, H.; Xu, T. Partial deletion of the cAMP response element-binding protein gene promotes alcohol-drinking behaviors. J. Neurosci. 2004, 24, 5022–5030. [Google Scholar] [CrossRef]

	



Schoenbaum, G.; Stalnaker, T.A.; Shaham, Y. A role for BDNF in cocaine reward and relapse. Nat. Neurosci. 2007, 10, 935–936. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; Rubio, F.J.; Zeric, T.; Bossert, J.M.; Kambhampati, S.; Cates, H.M.; Kennedy, P.J.; Liu, Q.-R.; Cimbro, R.; Hope, B.T.; et al. Incubation of Methamphetamine Craving Is Associated with Selective Increases in Expression of Bdnf and Trkb, Glutamate Receptors, and Epigenetic Enzymes in Cue-Activated Fos-Expressing Dorsal Striatal Neurons. J. Neurosci. 2015, 35, 8232–8244. [Google Scholar] [CrossRef]

	



Barker, J.M.; Taylor, J.R.; De Vries, T.J.; Peters, J. Brain-derived neurotrophic factor and addiction: Pathological versus therapeutic effects on drug seeking. Brain Res. 2015, 1628, 68–81. [Google Scholar] [CrossRef]

	



Gilpin, N.W.; Herman, M.A.; Roberto, M. The Central Amygdala as an Integrative Hub for Anxiety and Alcohol Use Disorders. Biol. Psychiatry 2015, 77, 859–869. [Google Scholar] [CrossRef]

	



Carnicella, S.; Ron, D.; Barak, S. Intermittent ethanol access schedule in rats as a preclinical model of alcohol abuse. Alcohol 2014, 48, 243–252. [Google Scholar] [CrossRef]

	



Delker, E.; Brown, Q.; Hasin, D.S. Alcohol Consumption in Demographic Subpopulations: An Epidemiologic Overview. Alcohol Res. 2016, 38, 7–15. [Google Scholar]

	



Kranzler, H.R.; Soyka, M. Diagnosis and Pharmacotherapy of Alcohol Use Disorder: A Review. JAMA 2018, 320, 815–824. [Google Scholar] [CrossRef] [PubMed]

	



Paxinos, G.; Watson, C.R.; Emson, P.C. AChE-stained horizontal sections of the rat brain in stereotaxic coordinates. J. Neurosci. Methods 1980, 3, 129–149. [Google Scholar] [CrossRef]

	



Economidou, D.; Hansson, A.C.; Weiss, F.; Terasmaa, A.; Sommer, W.H.; Cippitelli, A.; Fedeli, A.; Martin-Fardon, R.; Massi, M.; Ciccocioppo, R.; et al. Dysregulation of Nociceptin/Orphanin FQ Activity in the Amygdala Is Linked to Excessive Alcohol Drinking in the Rat. Biol. Psychiatry 2008, 64, 211–218. [Google Scholar] [CrossRef] [PubMed]

	



Hansson, A.C.; Cippitelli, A.; Sommer, W.H.; Ciccocioppo, R.; Heilig, M. Region-specific down-regulation of Crhr1 gene expression in alcohol-preferring msP rats following ad lib access to alcohol. Addict. Biol. 2007, 12, 30–34. [Google Scholar] [CrossRef] [PubMed]

	



Cippitelli, A.; Ayanwuyi, L.O.; Barbier, E.; Domi, E.; Lerma-Cabrera, J.M.; Carvajal, F.; Scuppa, G.; Li, H.; Ubaldi, M.; Heilig, M.; et al. Polymorphism in the corticotropin-releasing factor receptor 1 (CRF1-R) gene plays a role in shaping the high anxious phenotype of Marchigian Sardinian alcohol-preferring (msP) rats. Psychopharmacology 2015, 232, 1083–1093. [Google Scholar] [CrossRef]

	



Pandey, S.C. A Critical Role of Brain-Derived Neurotrophic Factor in Alcohol Consumption. Biol. Psychiatry 2016, 79, 427–429. [Google Scholar] [CrossRef] [PubMed]

	



Jeanblanc, J.; He, D.-Y.; Carnicella, S.; Kharazia, V.; Janak, P.H.; Ron, D. Endogenous BDNF in the Dorsolateral Striatum Gates Alcohol Drinking. J. Neurosci. 2009, 29, 13494–13502. [Google Scholar] [CrossRef]

	



Moonat, S.; Sakharkar, A.J.; Zhang, H.; Pandey, S.C. The role of amygdaloid brain-derived neurotrophic factor, activity-regulated cytoskeleton-associated protein and dendritic spines in anxiety and alcoholism. Addict. Biol. 2010, 16, 238–250. [Google Scholar] [CrossRef] [PubMed]

	



Hensler, J.G.; Ladenheim, E.E.; Lyons, W.E. Ethanol consumption and serotonin-1A (5-HT1A) receptor function in heterozygous BDNF (+/-) mice. J. Neurochem. 2003, 85, 1139–1147. [Google Scholar] [CrossRef]

	



McGough, N.N.H.; He, D.-Y.; Logrip, M.L.; Jeanblanc, J.; Phamluong, K.; Luong, K.; Kharazia, V.; Janak, P.H.; Ron, R. RACK1 and Brain-Derived Neurotrophic Factor: A Homeostatic Pathway That Regulates Alcohol Addiction. J. Neurosci. 2004, 24, 10542–10552. [Google Scholar] [CrossRef]

	



Prakash, A.; Zhang, H.; Pandey, S.C. Innate Differences in the Expression of Brain-Derived Neurotrophic Factor in the Regions Within the Extended Amygdala Between Alcohol Preferring and Nonpreferring Rats. Alcohol. Clin. Exp. Res. 2008, 32, 909–920. [Google Scholar] [CrossRef]

	



Marco, E.M.; Peñasco, S.; Hernández, M.-D.; Gil, A.; Borcel, E.; Moya, M.; Giné, E.; López-Moreno, J.A.; Guerri, C.; López-Gallardo, M.; et al. Long-Term Effects of Intermittent Adolescent Alcohol Exposure in Male and Female Rats. Front. Behav. Neurosci. 2017, 11, 233. [Google Scholar] [CrossRef] [PubMed]

	



Augier, E.; Flanigan, M.; Dulman, R.S.; Pincus, A.; Schank, J.R.; Rice, K.C.; Kejun, C.; Heilig, M.; Tapocik, J.D. Wistar rats acquire and maintain self-administration of 20 % ethanol without water deprivation, saccharin/sucrose fading, or extended access training. Psychopharmacology 2014, 231, 4561–4568. [Google Scholar] [CrossRef]

	



Ciccocioppo, R.; Cippitelli, A.; Economidou, D.; Fedeli, A.; Massi, M. Nociceptin/orphanin FQ acts as a functional antagonist of corticotropin-releasing factor to inhibit its anorectic effect. Physiol. Behav. 2004, 82, 63–68. [Google Scholar] [CrossRef]

	



Rodi, D.; Zucchini, S.; Simonato, M.; Cifani, C.; Massi, M.; Polidori, C. Functional antagonism between nociceptin/orphanin FQ (N/OFQ) and corticotropin-releasing factor (CRF) in the rat brain: Evidence for involvement of the bed nucleus of the stria terminalis. Psychopharmacology 2007, 196, 523–531. [Google Scholar] [CrossRef]

	



Scott, H.; Tjernström, N.; Roman, E. Effects of pair housing on voluntary alcohol intake in male and female Wistar rats. Alcohol 2020, 86, 121–128. [Google Scholar] [CrossRef] [PubMed]

	



Heimer, L.; Alheid, G.F. Piecing together the Puzzle of Basal Forebrain Anatomy. Adv. Exp. Med. Biol. 1991, 295, 1–42. [Google Scholar] [CrossRef] [PubMed]

	



Koob, G.F. Neurobiological substrates for the dark side of compulsivity in addiction. Neuropharmacology 2009, 56, 18–31. [Google Scholar] [CrossRef] [PubMed]

	



Millan, E.Z.; Reese, R.M.; Grossman, C.D.; Chaudhri, N.; Janak, P.H. Nucleus Accumbens and Posterior Amygdala Mediate Cue-Triggered Alcohol Seeking and Suppress Behavior During the Omission of Alcohol-Predictive Cues. Neuropsychopharmacology 2015, 40, 2555–2565. [Google Scholar] [CrossRef]

	



Ciccocioppo, R.; Panocka, I.; Polidori, C.; Regoli, M.; Massi, M. Effect of nociceptin on alcohol intake in alcohol-preferring rats. Psychopharmacology 1999, 141, 220–224. [Google Scholar] [CrossRef] [PubMed]

	



Aziz, A.M.; Brothers, S.; Sartor, G.; Holm, L.; Heilig, M.; Wahlestedt, C.; Thorsell, A. The nociceptin/orphanin FQ receptor agonist SR-8993 as a candidate therapeutic for alcohol use disorders: Validation in rat models. Psychopharmacology 2016, 233, 3553–3563. [Google Scholar] [CrossRef] [PubMed]

	



Kuzmin, A.; Sandin, J.; Terenius, L.; Ögren, S.O. Acquisition, Expression, and Reinstatement of Ethanol-Induced Conditioned Place Preference in Mice: Effects of Opioid Receptor-Like 1 Receptor Agonists and Naloxone. J. Pharmacol. Exp. Ther. 2003, 304, 310–318. [Google Scholar] [CrossRef]

	



Ciccocioppo, R.; Economidou, D.; Fedeli, A.; Angeletti, S.; Weiss, F.; Heilig, M.; Massi, M. Attenuation of ethanol self-administration and of conditioned reinstatement of alcohol-seeking behaviour by the antiopioid peptide nociceptin/orphanin FQ in alcohol-preferring rats. Psychopharmacology 2003, 172, 170–178. [Google Scholar] [CrossRef] [PubMed]

	



Ciccocioppo, R.; De Guglielmo, G.; Hansson, A.C.; Ubaldi, M.; Kallupi, M.; Cruz, M.T.; Oleata, C.S.; Heilig, M.; Roberto, M. Restraint Stress Alters Nociceptin/Orphanin FQ and CRF Systems in the Rat Central Amygdala: Significance for Anxiety-Like Behaviors. J. Neurosci. 2014, 34, 363–372. [Google Scholar] [CrossRef] [PubMed]

	



Jenck, F.; Moreau, J.-L.; Martin, J.R.; Kilpatrick, G.J.; Reinscheid, R.K.; Monsma, F.J.; Nothacker, H.-P.; Civelli, O. Orphanin FQ acts as an anxiolytic to attenuate behavioral responses to stress. Proc. Natl. Acad. Sci. USA 1997, 94, 14854–14858. [Google Scholar] [CrossRef]

	



Filaferro, M.; Ruggieri, V.; Novi, C.; Calò, G.; Cifani, C.; Di Bonaventura, M.M.; Sandrini, M.; Vitale, G. Functional antagonism between nociceptin/orphanin FQ and corticotropin-releasing factor in rat anxiety-related behaviors: Involvement of the serotonergic system. Neuropeptides 2014, 48, 189–197. [Google Scholar] [CrossRef] [PubMed]

	



Vitale, G.; Arletti, R.; Ruggieri, V.; Cifani, C.; Massi, M. Anxiolytic-like effects of nociceptin/orphanin FQ in the elevated plus maze and in the conditioned defensive burying test in rats. Peptides 2006, 27, 2193–2200. [Google Scholar] [CrossRef]

	



Aujla, H.; Cannarsa, R.; Romualdi, P.; Ciccocioppo, R.; Martin-Fardon, R.; Weiss, F. Modification of anxiety-like behaviors by nociceptin/orphanin FQ (N/OFQ) and time-dependent changes in N/OFQ-NOP gene expression following ethanol withdrawal. Addict. Biol. 2013, 18, 467–479. [Google Scholar] [CrossRef]

	



Borruto, A.M.; Fotio, Y.; Stopponi, S.; Brunori, G.; Petrella, M.; Caputi, F.F.; Romualdi, P.; Candeletti, S.; Narendran, R.; Rorick-Kehn, L.M.; et al. NOP receptor antagonism reduces alcohol drinking in male and female rats through mechanisms involving the central amygdala and ventral tegmental area. Br. J. Pharmacol. 2020, 177, 1525–1537. [Google Scholar] [CrossRef] [PubMed]

	



Brunori, G.; Weger, M.; Schoch, J.; Targowska-Duda, K.; Barnes, M.; Borruto, A.M.; Rorick-Kehn, L.M.; Zaveri, N.T.; Pintar, J.E.; Ciccocioppo, R.; et al. NOP Receptor Antagonists Decrease Alcohol Drinking in the Dark in C57BL/6J Mice. Alcohol. Clin. Exp. Res. 2019, 43, 2167–2178. [Google Scholar] [CrossRef]

	



Silva, A.I.; Holanda, V.A.; Neto, J.G.A.; Junior, E.D.S.; Soares-Rachetti, V.P.; Calo, G.; Ruzza, C.; Gavioli, E.C. Blockade of NOP receptor modulates anxiety-related behaviors in mice exposed to inescapable stress. Psychopharmacology 2020, 237, 1633–1642. [Google Scholar] [CrossRef] [PubMed]

	



Daniel, S.E.; Rainnie, D.G. Stress Modulation of Opposing Circuits in the Bed Nucleus of the Stria Terminalis. Neuropsychopharmacology 2016, 41, 103–125. [Google Scholar] [CrossRef]

	



Dabrowska, J.; Hazra, R.; Guo, J.D.; Dewitt, S.; Rainnie, D.G. Central CRF neurons are not created equal: Phenotypic differences in CRF-containing neurons of the rat paraventricular hypothalamus and the bed nucleus of the stria terminalis. Front. Neurosci. 2013, 7, 156. [Google Scholar] [CrossRef]

	



Economidou, D.; Cippitelli, A.; Stopponi, S.; Braconi, S.; Clementi, S.; Ubaldi, M.; Martin-Fardon, R.; Weiss, F.; Massi, M.; Ciccocioppo, R. Activation of Brain NOP Receptors Attenuates Acute and Protracted Alcohol Withdrawal Symptoms in the Rat. Alcohol. Clin. Exp. Res. 2011, 35, 747–755. [Google Scholar] [CrossRef]

	



Ciccocioppo, R.; Economidou, D.; Rimondini, R.; Sommer, W.; Massi, M.; Heilig, M. Buprenorphine Reduces Alcohol Drinking Through Activation of the Nociceptin/Orphanin FQ-NOP Receptor System. Biol. Psychiatry 2007, 61, 4–12. [Google Scholar] [CrossRef] [PubMed]

	



Calo, G.; Rizzi, A.; Rizzi, D.; Bigoni, R.; Guerrini, R.; Marzola, G.; Marti, M.; McDonald, J.; Morari, M.; Lambert, D.G.; et al. [Nphe1,Arg14,Lys15 ]Nociceptin-NH2, a novel potent and selective antagonist of the nociceptin/orphanin FQ receptor. Br. J. Pharmacol. 2002, 136, 303–311. [Google Scholar] [CrossRef] [PubMed]

	



Bregola, G.; Candeletti, S.; Romualdi, P.; Simonato, M. Limbic seizures increase pronociceptin mRNA levels in the thalamic reticular nucleus. NeuroReport 1999, 10, 541–546. [Google Scholar] [CrossRef]

	



Vermehren-Schmaedick, A.; Khanjian, R.A.; Balkowiec, A. Cellular mechanisms of activity-dependent BDNF expression in primary sensory neurons. Neuroscience 2015, 310, 665–673. [Google Scholar] [CrossRef]

	



Laflamme, N.; Barden, N.; Rivest, S. Corticotropin-releasing factor and glucocorticoid receptor (GR) gene expression in the paraventricular nucleus of immune-challenged transgenic mice expressing type II GR antisense ribonucleic acid. J. Mol. Neurosci. 1997, 8, 165–179. [Google Scholar] [CrossRef] [PubMed]

	



Chomczynski, P.; Sacchi, N. Single-step method of RNA isolation by acid guanidinium thiocyanate-phenol-chloroform extraction. Anal. Biochem. 1987, 162, 156–159. [Google Scholar] [CrossRef]

	



Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 2001, 25, 402–408. [Google Scholar] [CrossRef] [PubMed]

	



Lyon, E. Mutation detection using fluorescent hybridization probes and melting curve analysis. Expert Rev. Mol. Diagn. 2001, 1, 92–101. [Google Scholar] [CrossRef]








[image: Ijms 22 02448 g001 550] 





Figure 1. Daily consumption of 10% (v/v) alcohol assessed by the two-bottle free choice drinking paradigm. Values are expressed as mean ± SEM of alcohol intake (g/kg) measured for Wistars (° p < 0.05, °° p < 0.01 and °°°° p < 0.0001) or msP rats (**** p < 0.0001) vs. their respective first drinking session); ANOVA followed by Tukey’s multiple comparison test. 
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Figure 2. Schematic representation of the areas (pink) punched for gene expression analyses [38] (see Materials and Methods section for details). 
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Figure 3. mRNA levels of pN/OFQ, NOP, pDYN and KOP (a–d) in the AMY of Wistar and msP rats after Vehicle or chronic intermittent EtOH (CIE) consumption. Data represent 2−DDCt values calculated by DDCt method and are expressed as mean ± SEM of six rats per group (** p < 0.01 and **** p < 0.0001 vs. their respective Vehicle; ## p < 0.01 and #### p < 0.0001 vs. Wistar Vehicle). See single values reported as dots in each group and Data Analysis for details. 






Figure 3. mRNA levels of pN/OFQ, NOP, pDYN and KOP (a–d) in the AMY of Wistar and msP rats after Vehicle or chronic intermittent EtOH (CIE) consumption. Data represent 2−DDCt values calculated by DDCt method and are expressed as mean ± SEM of six rats per group (** p < 0.01 and **** p < 0.0001 vs. their respective Vehicle; ## p < 0.01 and #### p < 0.0001 vs. Wistar Vehicle). See single values reported as dots in each group and Data Analysis for details.



[image: Ijms 22 02448 g003]







[image: Ijms 22 02448 g004 550] 





Figure 4. mRNA levels of CRF, CRF1R, BDNF and Trk-B (a–d) in the AMY of Wistar and msP rats after Vehicle or chronic intermittent EtOH consumption paradigm. Data represent 2−DDCt values calculated by DDCt method and are expressed as mean ± SEM of five/six rats per group (** p < 0.01 and *** p < 0.001 vs. their respective Vehicle; # p < 0.05 and ## p < 0.01 vs. Wistar Vehicle). One outlier ((a) Wistar vehicle group) and one outlier ((d) msP vehicle group) were not included in data analysis. 
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Figure 5. mRNA levels of pN/OFQ, NOP, pDYN and KOP (a–d) in the BNST of Wistar and msP rats after Vehicle or chronic intermittent EtOH consumption. Data represent 2−DDCt values calculated by DDCt method and are expressed as mean ± SEM of five/six rats per group (* p < 0.05 and ** p < 0.01 vs. their respective Vehicle; # p < 0.01 vs. Wistar Vehicle). One outlier ((a) msP vehicle group) and one outlier ((a) mSP EtOH group) were not included in data analysis. 
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Figure 6. mRNA levels of CRF, CRF1R, BDNF and Trk-B (a–d) in the BNST of Wistar and msP rats after Vehicle or chronic intermittent EtOH consumption. Data represent 2−DDCt values calculated by DDCt method and are expressed as mean ± SEM of five/six rats per group (* p < 0.05, ** p < 0.01 and **** p < 0.0001 vs. their respective Vehicle; # p < 0.05 and ## p < 0.01 vs. Wistar Vehicle). Three outliers ((a) Wistar EtOH group, msP vehicle group; out-panel c, Wistar EtOH group) were not included in data analysis. 
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Figure 7. mRNA levels of pN/OFQ, pDYN, BDNF and CRF (a–d) in the amygdala (AMY) of msP rats after icv injection of N/OFQ or UFP 101. Both the drugs were dissolved in sterile isotonic saline and were injected icv in a volume of 1 µL/rat. Data represent 2−DDCt values calculated by DDCt method and are expressed as mean ± standard error of the mean (SEM) of five/six rats per group (* p < 0.05, ** p < 0.01 vs. Vehicle). One outlier ((c) Vehicle group), one outlier ((d) Vehicle group) and one outlier ((d) N/OFQ group) were not included in data analysis. 
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Table 1. Summary table depicting the direction of gene expression changes detected in the AMY and the BNST of Wistar and mSP rats following water or CIE drinking. Increase (↑); decrease (↓); no changes (=).
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Brain Area

	
Genotype/Treatment

	
Gene




	
pN/OFQ

	
NOP

	
pDYN

	
KOP

	
CRF

	
CRFR1

	
BDNF

	
TrkB






	
AMY

	
Wistar EtOH vs.

Wistar vehicle

	
=

	
=

	
=

	
=

	
=

	
=

	
=

	
↑




	
msP vehicle vs.

Wistar vehicle

	
↑

	
↑

	
=

	
=

	
↑

	
=

	
=

	
↑




	
msP EtOH vs.

msP vehicle

	
↓

	
↓

	
↓

	
↓

	
↓

	
=

	
↑

	
=




	
BNST

	
Wistar EtOH vs.

Wistar vehicle

	
=

	
=

	
=

	
=

	
↓

	
=

	
=

	
=




	
msP vehicle vs.

Wistar vehicle

	
↑

	
↑

	
=

	
=

	
↑

	
↑

	
↑

	
=




	
msP EtOH vs.

msP vehicle

	
↓

	
↑

	
=

	
↑

	
↑

	
↑

	
=

	
=
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Table 2. Primer sequences used for real-time qPCR.
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	Gene
	Forward (5′–3′)
	Reverse (5′–3′)





	pN/OFQ
	TGCAGCACCTGAAGA GAATG
	CAACTTCCGGGCTGACTTC



	NOP
	AGCTTCTGAAGAGGCTGTGT
	GACCTCCCAGTATGGAGCAG



	CRF
	GCAGCGGGACTTCTGTTGA
	CGCAGCCGTTGAATTTCTTG



	Pdyn
	CCTGTCCTTGTGTTCCCTGT
	AGAGGCAGTCAGGGTGAGAA



	KOP
	TTGGCTACTGGCATCATCTG
	ACACTCTTCAAGCGCAGGAT



	CRF1R
	TGCCAGGAGATTCTCAACGAA
	AAAGCCGAGATGAGGTTCCAG



	BDNF
	AAGTCTGCATTACATTCCTCGA
	GTTTTCTGAAAGAGGGACAGTTTAT



	TrkB
	AAGTTCTACGGTGTCTGTGTG
	TTCTCTCCTACCAAGCAGTTC



	GAPDH
	AGACAGCCGCATCTTCTTGT
	CTTGCCGTGGGTAGAGTCAT
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