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Abstract

:

Factors such as stress and anxiety often contribute to alcohol-dependent behavior and can trigger a relapse of alcohol addiction and use. Therefore, it is important to investigate potential pharmacological interventions that may alleviate the influence of stress on addiction-related behaviors. Previous studies have demonstrated that the neuropeptide oxytocin has promising anxiolytic potential in mammals and may offer a pharmacological target to diminish the emotional impact on reinstatement of alcohol-seeking. The purpose of the present study was to investigate the effect of oxytocin on stress-induced alcohol relapse and identify a neural structure mediating this effect through the use of an ethanol self-administration and yohimbine-induced reinstatement paradigm. While yohimbine administration resulted in the reinstatement of ethanol-seeking behavior, the concurrent administration of yohimbine and oxytocin attenuated this effect, suggesting that oxytocin may disrupt stress-induced ethanol-seeking behavior. The central amygdala (CeA) is a structure that drives emotional responses and robustly expresses oxytocin receptors. Intra-CeA oxytocin similarly attenuated the yohimbine-induced reinstatement of ethanol-seeking behavior. These results demonstrate that oxytocin has the potential to attenuate stress-induced relapse into ethanol-seeking behavior, and that this mechanism occurs specifically within the central amygdala.
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1. Introduction


Alcohol use disorder (AUD) is an urgent public health concern within the United States, with lifetime prevalence rates exceeding 29% among Americans [1]. Recovering addicts often cite negative emotions, such as stress and anxiety, as major contributing factors that facilitate the initiation and relapse of alcohol use after a period of abstinence [2]. Despite the well-documented effects of stress on alcohol-related behaviors, there are few clinically-relevant pharmacotherapies available to alleviate the negative impact of stress on these maladaptive processes.



Oxytocin (OXT) is a well-characterized neuroendocrine hormone produced within the hypothalamus, and has recently gained interest for its robust anxiolytic effects [3,4,5]. OXT administration has been found to reduce anxiety-related behaviors and the physiological consequences of stress and anxiety in rodents. Similarly, higher levels of oxytocin were correlated with lower levels of anxiety and the acute intranasal administration of OXT reduced anxiety symptoms in humans [6,7]. Animal studies involving rats demonstrated that the administration of OXT diminished behavioral responses in situations involving social stress [8] and unpredictable environmental threats [9]. OXT administration has also been shown to decrease stress-induced corticosterone release and anxiety-related behaviors in rats [10], and several studies have demonstrated a strong anxiolytic effect of OXT administration in rodents [5,11] and humans [3]. Early evidence also suggests that OXT effectively attenuates anxiety-induced reward-seeking behaviors [12,13], although the specific neural mechanism underlying this effect has not been fully characterized.



Magnocellular neurons of the paraventricular nucleus send extensive oxytocin projections to the central amygdala (CeA), which has been found to express oxytocin receptors (OXTRs) [14,15]. Several studies have demonstrated that oxytocin’s anxiolytic effect may be mediated by mechanisms within the CeA, with the intra-CeA administration of OXT resulting in diminished fear responses [16] and endogenous OXT into the CeA suppressing fear expression [17]. The CeA has also been found to be a key structure underlying stress-induced drug-seeking behavior, with several studies implicating the CeA as a key structure in driving stress-induced reinstatement for several drugs of abuse including cocaine [18,19], ethanol [20], and nicotine [21].



The operant self-administration and reinstatement model of addiction [22,23] is a useful translational animal model for addiction research, particularly for stress-induced relapse behaviors. In this paradigm, rats are trained to perform an instrumental/operant response (e.g., lever press) for the contingent self-administration of a drug (i.e., primary reinforcer). Rats are subsequently relieved of this operant response. Drug-seeking behavior can then be re-established following stress exposure. Here, we employed an ethanol self-administration and reinstatement paradigm, in which the reinstatement of ethanol-seeking behavior is driven by acute exposure to the anxiogenic drug yohimbine (YOH). In the present study, we established that systemically administered OXT may provide a viable pharmacological intervention to attenuate the effect of YOH-induced alcohol-seeking behavior. We also determined that this attenuating effect of OXT is driven by processes within the CeA, as the intra-CeA infusion of OXT similarly attenuated alcohol-seeking behavior driven by YOH administration.




2. Materials and Methods


2.1. Animals


Adult male (maintained at 275–300 g throughout study) Sprague-Dawley rats (Charles River Laboratories, n = 20) were used in this study. The rats were single-housed on a reverse 12:12 light-dark cycle in a set-temperature and humidity-controlled vivarium. During the experiment, the animals were food-restricted to 20 g of chow daily in order to maintain a weight compatible with surgical procedures. The animals were water-restricted for 4 h prior to behavioral training during the initial phases of self-administration until operant responding was established, after which they received water ad libitum. All the procedures were approved by the Institutional Animal Care and Use Committee (IACUC; 082621-KCL) of Trinity University.




2.2. Apparatus


All the self-administration, extinction, and reinstatement procedures were carried out in a metallic operant chamber (30.48 cm × 25.40 cm × 30.48 cm) containing a metal grid floor and an overhead activity counter (Coulbourn Instruments, Holliston, MA, USA). Each chamber contained a house light, two retractable levers (one active, one inactive) with cue lights above each lever, and an access-controlled optical lickometer behind a guillotine door. The lickometer was connected to a standard drinking tube and contained photocell sensors capable of measuring the number of licks each animal produces on the drinking tubes. The chamber was located inside a sound-attenuating cabinet with an ambient fan. All efforts were made to minimize any external smells or sounds and the subjects were only run during the dark phase of their 12 h opposite light–dark cycle.




2.3. Drugs


The oxytocin (Cell Sciences, Newburyport, MA, USA) was dissolved in 0.9% NaCl saline and administered intraperitoneally (i.p.; 1 mg/kg at a volume of 1 mL/kg) or infused intra-CeA (0.5 µg) at a volume of 0.5 µL. This volume was selected based on previously published studies showing localized pharmacological effects within the rat CeA [18,24]. The yohimbine (Acros Organics, Carlsbad, CA, USA) was dissolved in water and administered intraperitoneally (i.p.; 2 mg/kg) at a dose that has previously been shown to induce reinstatement behavior [20]. The ethanol was diluted in water to a concentration of 20% v/v.




2.4. Surgery


When required, the rats were implanted with guide cannulas extending to the CeA prior to behavioral training. Prior to intracranial surgery, the rats were injected with the antibiotic Cefazolin (0.03 mL/100 g; i.p.) as an anti-infective antecedent. One 2 mg tablet of the analgesic Rimadyl (bio-serv, Flemington, NJ, USA) was placed on the floor of each subject’s enclosure. The rats were then mounted on a stereotaxic platform following anesthetization with Isoflurane. Cannulae were bilaterally targeted for the CeA (−2.4 AP; ±4.0 ML; −6.9 DV from bregma) and were secured with jewelers’ screws and dental acrylic cement. Post-operative care comprising a Cefazolin injection and a single Rimadyl tablet was administered to the rats for 3 days following the surgical procedures. All the surgical methods were performed using aseptic techniques, and the rats were given 5–7 days of recovery before any experimentation was performed.




2.5. Procedure


2.5.1. Ethanol Habituation


Prior to the operant conditioning, all the animals underwent a period of ethanol habituation over a two-week period. During each week, for three consecutive days, animals would receive ethanol (10% v/v) via standard drinking bottles in their home cages for 10 h. No water was provided at this time. Following ethanol exposure, the animals would receive water ad libitum for two hours, after which they were water-deprived for 12 h. This was repeated for three consecutive days, with the animals receiving water ad libitum for the remaining four days of the week. The bottle and animal weights were recorded before and after ethanol exposure to determine the amount of ethanol consumed. The ethanol consumption across each day of ethanol habituation is presented in Table 1.




2.5.2. Ethanol Self-Administration


The operant conditioning was conducted in daily 1 h sessions, beginning with an FR1 for 7 sessions, then advancing to FR3 for 10 additional sessions or until the criteria were met. The response requirement to increase the FR value was set at a minimum of 15 daily active lever presses for two consecutive days. The criteria for completion of self-administration was set at 35 daily active lever presses for two consecutive days. During the self-administration sessions, a response on the active lever resulted in the opening of the lickometer guillotine door and access to the drinking tube containing the ethanol. The rats were provided access to this drinking tube for 30 s or until they began ethanol (20% v/v) consumption, whichever came first. Upon initial consumption, they were then given an additional 5 s before the door closed. Pressing of the inactive lever produced no consequence. Animals that did not meet the criteria after 21 sessions (n = 4) were removed from the study.



Following the self-administration, the lever press response was extinguished in daily 1 h sessions. During extinction, responding on the active or inactive lever had no scheduled consequence (i.e., no access to drug or stimulus). A minimum of 7 daily sessions and a criteria of less than 20 presses on two consecutive days was required before reinstatement testing, consistent with previous studies employing similar behavioral paradigms [25,26].



During the stress-induced reinstatement testing, all the animals received injections of the anxiogenic drug, yohimbine (YOH; 2 mg/kg; i.p.), 30 min prior to being placed in the operant chamber. During the reinstatement testing responding on the active or inactive lever continued to have no scheduled consequence. The test sessions lasted 1 h and each rat was tested twice, with at least two extinction sessions occurring between tests, or until the criteria were met. The test conditions were counterbalanced across all the animals. Previous studies have confirmed the absence of a test order effect [27,28,29]. The experimental paradigm and timeline is represented in Figure 1A.




2.5.3. Experiment 1


To determine whether OXT administration was effective at attenuating the YOH-induced reinstatement of ethanol-seeking behavior, all the rats underwent the self-administration, extinction, and reinstatement procedures described above. All the rats (n = 11) received two reinstatement tests, one in which they received concurrent injections of OXT (1 mg/kg; i.p.) and YOH (2 mg/kg; i.p.), and another in which they received vehicle (VEH) and YOH. All drug administration occurred 30 min prior to the reinstatement testing. The reinstatement test conditions were randomly counterbalanced across all the rats, with extinction trials between each reinstatement test.




2.5.4. Experiment 2


To establish the role of the CeA in mediating the attenuating effect of OXT on the YOH-induced reinstatement of ethanol-seeking behavior, the rats underwent all the self-administration, extinction, and reinstatement protocols described above. As in Experiment 1, the rats (n = 9) received two reinstatement tests, with extinction sessions occurring between each test. Here, the rats received either concurrent intra-CeA infusions of OXT (0.5 µg) and YOH (2 mg/kg; i.p.) or concurrent intra-CeA VEH infusions and YOH (2 mg/kg; i.p.). As with Experiment 1, all the drugs were administered 30 min prior to testing and all the reinstatement test conditions were counterbalanced across all the animals.





2.6. Tissue Collection and Histological Analysis


After the second reinstatement test, the rats were decapitated, and their brains were collected for histological assessment of the cannula placement. In brief, the rats were deeply anesthetized with phenytoin/pentobarbital and then transcardially perfused with 150–200 mL cold 0.9% PBS, followed by 200–300 mL of 10% formalin. The brains were removed and post-fixed in 10% formalin for 24 h, submerged in 20% sucrose for 48 h, and then sectioned on a cryostat at 40μm and collected on microscope slides. Tissue slices were stained with Cresyl Violet and a CeA internal cannula placement was confirmed using the Rat Brain in Stereotaxic Coordinates Atlas, 7th edition [30].




2.7. Data Analysis


A two-way repeated measures ANOVA was performed to determine the acquisition of operant lever-pressing behavior during self-administration. A one-way ANOVA was used to evaluate the effects of OXT administration on the YOH-induced reinstatement of ethanol-seeking behavior by analyzing the differences between the lever presses between OXT + YOH and VEH + YOH groups, compared to their lever-pressing behavior over the last two days of extinction. Pairwise comparisons were conducted using Dunnett’s multiple comparisons test. All the data were presented as the mean ± S.E.M., and α was set at p < 0.05.





3. Results


3.1. Experiment 1: Systemic OXT Attenuated Yohimbine-Induced Alcohol-Seeking Behavior


All the rats readily pressed the active lever for ethanol and increased their responses over the training period (Figure 1B). A two-way repeated measures ANOVA revealed a significant main effect of training days (F(13, 260) = 10.98, p < 0.01), and a post-hoc Dunnett’s multiple comparisons test determined that the rats showed a significant increase in active lever presses on the last day of training relative to their first day (p < 0.01). There was no significant difference in inactive lever pressing across all the days. When comparing the lever-pressing behavior of all the animals receiving YOH or YOH + OXT relative to the last two days of extinction (EXT), a one-way ANOVA revealed a significant main effect treatment (F(2, 26) = 20.83, p < 0.01). Post-hoc Dunnett’s multiple comparisons tests determined that there was a significant difference in lever presses in the animals that received YOH (M = 32.27) relative to EXT (M = 7.05; p < 0.01). There was no significant difference in lever presses in the animals that received YOH + OXT (M = 10.71) relative to EXT (M = 7.05; n.s.). These results suggest that YOH administration successfully reinstates ethanol-seeking behavior and that this effect of YOH is attenuated by the systemic administration of OXT (Figure 2A).




3.2. Experiment 2: Intra-CeA OXT Attenuated Yohimbine-Induced Alcohol-Seeking Behavior


All the rats readily pressed the active lever for ethanol across all the training days (Figure 1D). A two-way repeated measures ANOVA did not reveal a significant main effect of the training day (F(13, 208) = 1.52, n.s.), although there was a significant main effect of the lever (F(1, 16) = 52.60, p < 0.01), suggesting that the rats consistently pressed the active lever more than the inactive lever. A post-hoc Dunnett’s multiple comparisons test determined that the rats did display a significant increase in active lever presses on the last day of training relative to their first day (p < 0.05). There was no significant difference in inactive lever pressing across all the days. When comparing the lever-pressing behavior of all the animals receiving YOH or YOH + OXT (intra-CeA) relative to the last two days of extinction (EXT), a one-way ANOVA revealed a significant main effect of treatment (F(2, 21) = 24.41, p < 0.01). The post-hoc Dunnett’s multiple comparisons tests determined that there was a significant difference in lever presses between the animals that received YOH (M = 20.13) relative to EXT (M = 6.38; p < 0.01). There was no significant difference in lever presses between the animals that received YOH + OXT (M = 6.25) relative to EXT (M = 6.38; n.s.). These results suggest that, consistent with Experiment 1, YOH administration successfully reinstates ethanol-seeking behavior and that this effect of YOH is attenuated by the intra-CeA administration of OXT (Figure 2B). One animal was excluded from the study due to improper cannula implantation following histological analysis. Figure 2C depicts the terminal point of the injectors used to infuse the compounds into the CeA.





4. Discussion


The present study provides evidence that oxytocin, administered both systemically or directly into the CeA, attenuates yohimbine-induced alcohol-seeking behavior. These results provide further support for the interaction between OXT and anxiety-related behaviors. In this study, specifically, we identify that yohimbine effectively reinstated alcohol-seeking behavior as evidenced by an increase in active lever pressing following yohimbine administration. Yohimbine, concurrently administered with OXT, both peripherally and centrally, decreased lever responses, suggesting that OXT directly attenuates the effects of yohimbine on lever pressing behavior.



Most studies investigating the effect of OXT on addiction-related behaviors have often focused on OXT’s direct modulatory effect on the cue- or drug-primed reinstatement of drug-seeking behavior [25,26,31,32,33] (for review see 33) or OXT’s effect on other reward-associated conditioned place preferences [34,35]. A small number of other studies has demonstrated that OXT attenuates stress-induced methamphetamine-conditioned place preference reinstatement [13,36]. Here, we continue to provide evidence that OXT successfully attenuates stress-induced alcohol-seeking behavior. Our results are consistent with previous studies, showing that systemic administration of OXT (at the same dose used in this study; 1 mg/kg) successfully attenuates predator odor-induced and yohimbine-induced alcohol-seeking behavior in mice [37]. Here, we extend these findings to demonstrate that the CeA is an important structure mediating the effect of OXT on stress-induced alcohol-seeking behavior.



Previous studies have demonstrated that OXT acts as a potentially viable anxiolytic neuropeptide. For example, the administration of OXT suppressed stress-related behaviors following situations of social stress [38] and environmental threats [39] in rats. Similarly, the administration of OXT decreased stress-induced corticosterone release [10] and decreased the expression of anxiety-related behaviors in rodents [5,10,11,40] and humans [3]. The OXT-mediated attenuation of yohimbine-induced alcohol-seeking behavior presented here is likely to have been a consequence of the anxiolytic effect of OXT.



While this study did not directly examine the mechanism through which OXT exerts its effect within the CeA, previous studies have implicated the CeA as an important structure in mediating the stress-induced reinstatement of drug-seeking behavior [18,19,20]. Additionally, numerous studies have consistently shown that the CeA expresses high densities of OXT receptors (OXTRs) [15,41]. Specifically, GABAergic interneurons within the CeA express OXTRs. OXTRs are primarily excitatory Gq-coupled metabotropic receptors [41]; these OXTRs are primarily found on PKCδ-expressing GABAergic interneurons [42,43], which play a key role in the inhibition of GABAergic output of the CeA. These OXTR-expressing CeA neurons have been shown to play a critical role in mediating OXT’s anxiolytic effect. OXT acts within the CeA to diminish freezing responses [44] and stress-related behaviors [45]. Hypothalamic OXT neurons project to CeA neuronal populations to exert an OXTR-mediated anxiolytic effect [17] and it has also been established that these OXTR-expressing neurons influenced signaling between the CeA and the periaqueductal gray (PAG) to modulate fear expression [16]. Therefore, it stands to reason that OXT may attenuate yohimbine-induced alcohol-seeking behavior by binding on OXTRs located on these inhibitory GABAergic interneurons in the CeA to attenuate the effect of yohimbine on the reinstatement of alcohol-seeking behavior.



One possible consideration that should be taken into account is whether systemically administered OXT produces this attenuating effect on stress-induced alcohol reinstatement through central mechanisms. The present study demonstrates similar effects of systemic and intra-CeA OXT administration on stress-induced reinstatement of alcohol-seeking behavior, suggesting that systemic OXT may influence signaling in the CeA, either directly or indirectly. Previous studies have shown that the systemic administration of OXT results in the excitation of oxytocin neuronal subpopulations in the paraventricular nucleus (PVN) [29,46] and PVN OXT neurons project directly to the CeA [17], which may provide a mechanism through which systemic OXT may exert an influence on the CeA. Similar studies have demonstrated that peripherally administered OXT results in an increase in central OXT levels in rats [47], while intravenous OXT administration increased OXT levels in the cerebral spinal fluid in rhesus macaques [48].



While the present study highlights that OXT attenuates the stress-induced reinstatement of alcohol-seeking behavior via mechanisms within the CeA, a possible limitation is that it is not immediately clear whether OXT exerts this effect through interaction with OXTRs. Previous studies have demonstrated that OXT may also bind to vasopressin receptors (VPRs). The CeA has previously been shown to express VPRs on GABA projection neurons within the central medial region of the CeA [49,50]. However, VPRs on these subpopulations of GABA projections neurons of the central medial amygdala have previously been shown to drive anxiogenic responses to vasopressin [49] and promote fear expression [50], which is inconsistent with the behavioral effects of OXT shown in the present study, which were more likely to have been driven by the mediation of OXT’s anxiolytic effect by OXTRs [16]. Future studies should elucidate the effect of OXT through the relative contribution of CeA OXTRs and VPRs within the context of stress-induced alcohol-seeking reinstatement. In summary, we reveal several important characteristics related to OXTs’ interaction with stress-induced reinstatement of alcohol-seeking behavior. First, the administration of OXT sufficiently attenuated stress-induced alcohol-seeking behavior in male rats, which highlights a potential pharmacological target to diminish the effect of stress on addiction-related behaviors. Furthermore, we demonstrate that OXT infused directly into the CeA also attenuates the stress-induced reinstatement of alcohol-seeking, which highlights the CeA as a critical structure driving OXT’s effects.







Author Contributions


Conceptualization, K.-C.L. and H.S.B.; data Collection, H.S.B., S.M.W. and N.A.F.; statistical analysis and interpretation, K.-C.L. and H.S.B.; figure preparation, K.-C.L., H.S.B. and N.A.F.; writing—original draft preparation, H.S.B., S.M.W., N.A.F. and K.-C.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


This study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Institutional Animal Care and Use Committee (IACUC) of Trinity University (082621-KCL; 9 October 2021).




Data Availability Statement


The data presented in this study are available in the present article and on request from the corresponding author.




Acknowledgments


We would like to thank Zachary Young for his contribution in establishing experimental protocols and collecting pilot data. We would also like to thank Megana Sundar for the collection of additional data.




Conflicts of Interest


The authors report no conflict of interest and no affiliations with or involvement in any organization or entity with any financial or non-financial interest in the subject matter or materials discussed in this manuscript.




References


	



Grant, B.F.; Goldstein, R.B.; Saha, T.D.; Chou, S.P.; Jung, J.; Zhang, H.; Pickering, R.P.; Ruan, W.J.; Smith, S.M.; Huang, B.; et al. Epidemiology of DSM-5 alcohol use disorder: Results from the national epidemiologic survey on alcohol and related conditions III. JAMA Psychiatry 2015, 72, 757–766. [Google Scholar] [CrossRef]

	



Brady, K.T.; Sonne, S.C. The role of stress in alcohol use, alcoholism treatment, and relapse. Alcohol Res. Health 1999, 23, 263–271. [Google Scholar] [PubMed]

	



de Oliveira, D.C.; Zuardi, A.W.; Graeff, F.G.; Queiroz, R.H.; Crippa, J.A. Anxiolytic-like effect of oxytocin in the simulated public speaking test. J. Psychopharmacol. 2012, 26, 497–504. [Google Scholar] [CrossRef]

	



Lancaster, K.; Goldbeck, L.; Pournajafi-Nazarloo, H.; Connelly, J.J.; Carter, S.C.; Morris, J.P. The role of endogenous oxytocin in anxiolysis: Structural and functional correlates. Biol. Psychiatry Cogn. Neurosci. Neuroimaging 2018, 3, 618–625. [Google Scholar] [CrossRef] [PubMed]

	



Yoshida, M.; Takayanagi, Y.; Inoue, K.; Kimura, T.; Young, L.J.; Onaka, T.; Nishimori, K. Evidence that oxytocin exerts anxiolytic effects via oxytocin receptor expressed in serotonergic neurons in mice. J. Neurosci. 2009, 29, 2259–2271. [Google Scholar] [CrossRef] [PubMed]

	



Guastella, A.J.; Howard, A.L.; Dadds, M.R.; Mitchell, P.; Carson, D.S. A randomized controlled trial of intranasal oxytocin as an adjunct to exposure therapy for social anxiety disorder. Psychoneuroendocrinology 2009, 34, 917–923. [Google Scholar] [CrossRef]

	



Yoon, S.; Kim, Y.K. The Role of the Oxytocin System in Anxiety Disorders. Adv. Exp. Med. Biol. 2020, 1191, 103–120. [Google Scholar] [PubMed]

	



Vinogradova, E.P.; Zhukov, D.A. The effects of intranasal administration of oxytocin on the behavior of rats with different behavioral strategies subjected to chronic mild stress. Neurosci. Behav. Physiol. 2018, 48, 333–336. [Google Scholar] [CrossRef]

	



Ayers, L.W.; Missig, G.; Schulkin, J.; Rosen, J.B. Oxytocin reduces background anxiety in a fear-potentiated startle paradigm: Peripheral vs central administration. Neuropsychopharmacology 2011, 36, 2488–2497. [Google Scholar] [CrossRef] [PubMed]

	



Windle, R.J.; Shanks, N.; Lightman, S.L.; Ingram, C.D. Central oxytocin administration reduces stress-induced corticosterone release and anxiety behavior in rats. Endocrinology 1997, 138, 2829–2834. [Google Scholar] [CrossRef] [PubMed]

	



Ring, R.H.; Malberg, J.E.; Potestio, L.; Ping, J.; Boikess, S.; Luo, B.; Schechter, L.E.; Rizzo, S.; Rahman, Z.; Rosenzweig-Lipson, S. Anxiolytic-like activity of oxytocin in male mice: Behavioral and autonomic evidence, therapeutic implications. Psychopharmacology 2006, 185, 218–225. [Google Scholar] [CrossRef]

	



Ferland, C.L.; Reichel, C.M.; McGinty, J.F. Effects of oxytocin on methamphetamine-seeking exacerbated by predator odor pre-exposure in rats. Psychopharmacology 2016, 233, 1015–1024. [Google Scholar] [CrossRef]

	



Han, W.Y.; Du, P.; Fu, S.Y.; Wang, F.; Song, M.; Wu, C.F.; Yang, J.Y. Oxytocin via its receptor affects restraint stress-induced methamphetamine CPP reinstatement in mice: Involvement of the medial prefrontal cortex and dorsal hippocampus glutamatergic system. Pharmacol. Biochem. Behav. 2014, 119, 80–87. [Google Scholar] [CrossRef] [PubMed]

	



Li, K.; Nakajima, M.; Ibañez-Tallon, I.; Heintz, N. A cortical circuit for sexually dimorphic oxytocin-dependent anxiety behaviors. Cell 2016, 167, 60–72. [Google Scholar] [CrossRef] [PubMed]

	



Hu, B.; Boyle, C.A.; Lei, S. Oxytocin receptors excite lateral nucleus of central amygdala by phospholipase Cβ- and protein kinase C-dependent depression of inwardly rectifying K+ channels. J. Physiol. 2020, 598, 3501–3520. [Google Scholar] [CrossRef] [PubMed]

	



Viviani, D.; Charlet, A.; van den Burg, E.; Robinet, C.; Hurni, N.; Abatis, M.; Magara, F.; Stoop, R. Oxytocin selectively gates fear responses through distinct outputs from the central amygdala. Science 2011, 333, 104–107. [Google Scholar] [CrossRef]

	



Knobloch, H.S.; Charlet, A.; Hoffmann, L.C.; Eliava, M.; Khrulev, S.; Cetin, A.H.; Osten, P.; Schwarz, M.K.; Seeburg, P.H.; Stoop, R.; et al. Evoked axonal oxytocin release in the central amygdala attenuates fear response. Neuron 2012, 73, 553–566. [Google Scholar] [CrossRef] [PubMed]

	



Leri, F.; Flores, J.; Rodaros, D.; Stewart, J. Blockade of stress-induced but not cocaine-induced reinstatement by infusion of noradrenergic antagonists into the bed nucleus of the stria terminalis or the central nucleus of the amygdala. J. Neurosci. 2002, 22, 5713–5718. [Google Scholar] [CrossRef]

	



Schmeichel, B.E.; Herman, M.A.; Roberto, M.; Koob, G.F. Hypocretin neurotransmission within the central amygdala mediates escalated cocaine self-administration and stress-induced reinstatement in rats. Biol. Psychiatry 2017, 81, 606–615. [Google Scholar] [CrossRef] [PubMed]

	



Simms, J.; Haass-Koffler, C.; Bito-Onon, J. Mifepristone in the central nucleus of the amygdala reduces yohimbine stress-induced reinstatement of ethanol-seeking. Neuropsychopharmacology 2012, 37, 906–918. [Google Scholar] [CrossRef] [PubMed]

	



Yamada, H.; Bruijnzeel, A.W. Stimulation of α2-adrenergic receptors in the central nucleus of the amygdala attenuates stress-induced reinstatement of nicotine seeking in rats. Neuropharmacology 2011, 60, 303–311. [Google Scholar] [CrossRef]

	



de Wit, H.; Stewart, J. Reinstatement of cocaine-reinforced responding in the rat. Psychopharmacology 1981, 75, 134–143. [Google Scholar] [CrossRef]

	



Shaham, Y.; Shalev, U.; Lu, L.; de Wit, H.; Stewart, J. The reinstatement model of drug relapse: History, methodology and major findings. Psychopharmacology 2003, 168, 3–20. [Google Scholar] [CrossRef]

	



Gilpin, N.W.; Misra, K.; Koob, G.F. Neuropeptide Y in the central nucleus of the amygdala suppresses dependence-induced increases in alcohol drinking. Pharmacol. Biochem. Behav. 2008, 90, 475–480. [Google Scholar] [CrossRef] [PubMed]

	



Leong, K.C.; Zhou, L.; Ghee, S.M.; See, R.E.; Reichel, C.M. Oxytocin decreases cocaine taking, cocaine seeking, and locomotor activity in female rats. Exp. Clin. Psychopharmacol. 2016, 24, 55–61. [Google Scholar] [CrossRef] [PubMed]

	



Bernheim, A.; Leong, K.C.; Berini, C.; Reichel, C.M. Antagonism of mGlu2/3 receptors in the nucleus accumbens prevents oxytocin from reducing cued methamphetamine seeking in male and female rats. Pharmacol. Biochem. Behav. 2017, 161, 13–21. [Google Scholar] [CrossRef] [PubMed]

	



Reichel, C.M.; Chan, C.H.; Ghee, S.M.; See, R.E. Sex differences in escalation of methamphetamine self-administration: Cognitive and motivational consequences in rats. Psychopharmacology 2012, 223, 371–380. [Google Scholar] [CrossRef] [PubMed]

	



Cox, B.M.; Young, A.B.; See, R.E.; Reichel, C.M. Sex differences in methamphetamine seeking in rats: Impact of oxytocin. Psychoneuroendocrinology 2013, 10, 2343–2353. [Google Scholar] [CrossRef] [PubMed]

	



Leong, K.C.; Freeman, L.R.; Berini, C.R.; Ghee, S.M.; See, R.E.; Reichel, C.M. Oxytocin reduces cocaine cued fos activation in a regionally specific manner. Int. J. Neuropsychopharmacol. 2017, 20, 844–854. [Google Scholar] [CrossRef]

	



Paxinos, G.; Watson, C. The Rat Brain, in Stereotaxic Coordinates, 7th ed.; Academic Press: San Diego, CA, USA, 2013. [Google Scholar]

	



Baracz, S.J.; Everett, N.A.; McGregor, I.S.; Cornish, J.L. Oxytocin in the nucleus accumbens core reduces reinstatement of methamphetamine-seeking behaviour in rats. Addict. Biol. 2016, 21, 316–325. [Google Scholar] [CrossRef]

	



Cox, B.M.; Bentzley, B.S.; Regen-Tuero, H.; See, R.E.; Reichel, C.M.; Aston-Jones, G. Oxytocin acts in nucleus accumbens to attenuate methamphetamine seeking and demand. Biol. Psychiatry 2017, 11, 949–958. [Google Scholar] [CrossRef]

	



Leong, K.C.; Cox, S.; King, C.; Becker, H.; Reichel, C.M. Oxytocin and rodent models of addiction. Int. Rev. Neurobiol. 2018, 140, 201–247. [Google Scholar] [PubMed]

	



Patel, D.; Sundar, M.; Lorenz, E.; Leong, K.C. Oxytocin attenuates expression, but not acquisition, of sucrose conditioned place preference in rats. Front. Behav. Neurosci. 2020, 14, 603232. [Google Scholar] [CrossRef]

	



Baracz, S.J.; Rourke, P.I.; Pardey, M.C.; Hunt, G.E.; McGregor, I.S.; Cornish, J.L. Oxytocin directly administered into the nucleus accumbens core or subthalamic nucleus attenuates methamphetamine-induced conditioned place preference. Behav. Brain Res. 2012, 228, 185–193. [Google Scholar] [CrossRef] [PubMed]

	



Cai, J.; Che, X.; Xu, T.; Luo, Y.; Yin, M.; Lu, X.; Wu, C.; Yang, J. Repeated oxytocin treatment during abstinence inhibited context-or restraint stress-induced reinstatement of methamphetamine-conditioned place preference and promoted adult hippocampal neurogenesis in mice. Exp. Neurol. 2021, 347, 113907. [Google Scholar] [CrossRef]

	



King, C.E.; Becker, H.C. Oxytocin attenuates stress-induced reinstatement of alcohol seeking behavior in male and female mice. Psychopharmacology 2019, 236, 2613–2622. [Google Scholar] [CrossRef]

	



Ayers, L.; Agostini, A.; Schulkin, J.; Rosen, J.B. Effects of oxytocin on background anxiety in rats with high or low baseline startle. Psychopharmacology 2016, 233, 2165–2172. [Google Scholar] [CrossRef]

	



Neumann, I.D.; Wigger, A.; Torner, L.; Holsboer, F.; Landgraf, R. Brain oxytocin inhibits basal and stress-induced activity of the hypothalamo-pituitary-adrenal axis in male and female rats: Partial action within the paraventricular nucleus. J. Neuroendocrinol. 2000, 12, 235–243. [Google Scholar] [CrossRef] [PubMed]

	



Bale, T.L.; Davis, A.M.; Auger, A.P.; Dorsa, D.M.; McCarthy, M.M. CNS region-specific oxytocin receptor expression: Importance in regulation of anxiety and sex behavior. J. Neurosci. 2001, 21, 2546–2552. [Google Scholar] [CrossRef]

	



Gimpl, G.; Fahrenholz, F. The oxytocin receptor system: Structure, function, and regulation. Physiol. Rev. 2001, 81, 629–683. [Google Scholar] [CrossRef] [PubMed]

	



Haubensak, W.; Kunwar, P.S.; Cai, H.; Ciocchi, S.; Wall, N.R.; Ponnusamy, R.; Biag, J.; Dong, H.W.; Deisseroth, K.; Callaway, E.M.; et al. Genetic dissection of an amygdala microcircuit that gates conditioned fear. Nature 2010, 468, 270–276. [Google Scholar] [CrossRef] [PubMed]

	



Gozzi, A.; Jain, A.; Giovanelli, A.; Bertollini, C.; Crestan, V.; Schwarz, A.J.; Tsetsenis, T.; Ragozzino, D.; Gross, C.T.; Bifone, A. A neural switch for active and passive fear. Neuron 2010, 67, 656–666. [Google Scholar] [CrossRef] [PubMed]

	



Rickenbacher, E.; Perry, R.E.; Sullivan, R.M.; Moita, M.A. Freezing suppression by oxytocin in central amygdala allows alternate defensive behaviours and mother-pup interactions. Elife 2017, 6, 24080. [Google Scholar] [CrossRef]

	



Ebner, K.; Bosch, O.J.; Krömer, S.A.; Singewald, N.; Neumann, I.D. Release of oxytocin in the rat central amygdala modulates stress-coping behavior and the release of excitatory amino acids. Neuropsychopharmacology 2005, 30, 223–230. [Google Scholar] [CrossRef] [PubMed]

	



Carson, D.S.; Hunt, G.E.; Guastella, A.J.; Barber, L.; Cornish, J.L.; Arnold, J.C.; Boucher, A.A.; McGregor, I.S. Systemically administered oxytocin decreases methamphetamine activation of the subthalamic nucleus and accumbens core and stimulates oxytocinergic neurons in the hypothalamus. Addict. Biol. 2010, 15, 448–463. [Google Scholar] [CrossRef] [PubMed]

	



Neumann, I.D.; Maloumby, R.; Beiderbeck, D.I.; Lukas, M.; Landgraf, R. Increased brain and plasma oxytocin after nasal and peripheral administration in rats and mice. Psychoneuroendocrinology 2013, 38, 1985–1993. [Google Scholar] [CrossRef]

	



Freeman, S.M.; Samineni, S.; Allen, P.C.; Stockinger, D.; Bales, K.L.; Hwa, G.G.; Roberts, J.A. Plasma and CSF oxytocin levels after intranasal and intravenous oxytocin in awake macaques. Psychoneuroendocrinology 2016, 66, 185–194. [Google Scholar] [CrossRef]

	



Stoop, R.; Hegoburu, C.; van den Burg, E. New opportunities in vasopressin and oxytocin research: A perspective from the amygdala. Annu. Rev. Neurosci. 2015, 38, 369–388. [Google Scholar] [CrossRef] [PubMed]

	



Huber, D.; Veinante, P.; Stoop, R. Vasopressin and oxytocin excite distinct neuronal populations in the central amygdala. Science 2005, 308, 245–248. [Google Scholar] [CrossRef] [PubMed]








[image: Biomedicines 09 01919 g001 550] 





Figure 1. (A) Timeline depicting the experimental paradigm across Experiments 1 and 2. All animals underwent ethanol habituation followed by ethanol self-administration, extinction and reinstatement testing. Experiment 1: Active and inactive lever pressing during self-administration across FR1 and FR3 schedules of reinforcement (B) and extinction (C). Experiment 2: Active and inactive lever pressing during self-administration across FR1 and FR3 schedules of reinforcement (D) and extinction (E). * denotes significant difference in lever presses relative to Day 1 at p < 0.05. 
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Figure 2. (A) Systemic (1 mg/kg) and (B) intra-CeA (0.5 µg) administration of OXT attenuated YOH-induced reinstatement of alcohol-seeking. YOH administration results in reinstatement of lever pressing behavior. Concurrent administration of YOH and OXT (systemic or intra-CeA) results in diminished lever pressing behavior. * denotes significant difference in active lever presses relative to EXT (avg. lever presses across last 2 days of extinction) at p < 0.05. (C) Anatomical depiction of terminal point of the injectors used to infuse OXT into the CeA. EXT = extinction; YOH = yohimbine; OXY = oxytocin; CeA = central amygdala. 
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Table 1. Means and Standard Deviations for Ethanol Consumption during Ethanol Habituation.
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Ethanol Consumption

(g/kg)

	
Experiment 1

	
Experiment 2




	
M

	
SD

	
M

	
SD






	
Day 1

	
2.85

	
1.67

	
4.73

	
1.49




	
Day 2

	
4.17

	
1.87

	
5.70

	
1.96




	
Day 3

	
3.79

	
1.88

	
5.71

	
2.11




	
Day 4

	
5.32

	
1.45

	
5.13

	
0.84




	
Day 5

	
6.00

	
2.10

	
6.09

	
0.94




	
Day 6

	
6.02

	
2.20

	
6.31

	
1.05








Note. EtoH consumption recorded over 10 h sessions each day. All animals received 3 consecutive days of EtOH habituation per week over two weeks.
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