

  nutrients-12-03304




nutrients-12-03304







Nutrients 2020, 12(11), 3304; doi:10.3390/nu12113304




Review



Glucagon-Like Peptide-1 (GLP-1) in the Integration of Neural and Endocrine Responses to Stress



Yolanda Diz-Chaves 1,*,†[image: Orcid], Salvador Herrera-Pérez 2,†[image: Orcid], Lucas C. González-Matías 1[image: Orcid], José Antonio Lamas 2[image: Orcid] and Federico Mallo 1,*[image: Orcid]





1



CINBIO, Universidade de Vigo, Grupo FB3A, Laboratorio de Endocrinología, 36310 Vigo, Spain






2



CINBIO, Universidade de Vigo, Grupo FB3B, Laboratorio de Neurociencia, 36310 Vigo, Spain









*



Correspondence: yolandadiz@uvigo.es (Y.D.-C.); fmallo@uvigo.es (F.M.); Tel.: +34-(986)-130226 (Y.D.-C.); +34-(986)-812393 (F.M.)






†



These authors contributed equally to this work.









Received: 10 September 2020 / Accepted: 27 October 2020 / Published: 28 October 2020



Abstract

:

Glucagon like-peptide 1 (GLP-1) within the brain is produced by a population of preproglucagon neurons located in the caudal nucleus of the solitary tract. These neurons project to the hypothalamus and another forebrain, hindbrain, and mesolimbic brain areas control the autonomic function, feeding, and the motivation to feed or regulate the stress response and the hypothalamic-pituitary-adrenal axis. GLP-1 receptor (GLP-1R) controls both food intake and feeding behavior (hunger-driven feeding, the hedonic value of food, and food motivation). The activation of GLP-1 receptors involves second messenger pathways and ionic events in the autonomic nervous system, which are very relevant to explain the essential central actions of GLP-1 as neuromodulator coordinating food intake in response to a physiological and stress-related stimulus to maintain homeostasis. Alterations in GLP-1 signaling associated with obesity or chronic stress induce the dysregulation of eating behavior. This review summarized the experimental shreds of evidence from studies using GLP-1R agonists to describe the neural and endocrine integration of stress responses and feeding behavior.
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1. Introduction


Population-based and clinical studies data point out a significant and positive association of chronic stress states and big uncontrollable stressful events with body mass index (BMI) and weight gain [1]. In both people and animals, regardless of total caloric intake does not increase with stress; a shift toward choosing more pleasurable or palatable calories occurs [2]. Foods rich in sugars and fat are potent rewards, interacting to potentiate reward and engagement of neural circuits involved in habit formation and reward value [3] and trigger learned associations between the stimulus and the reward (conditioning) [4]. In this respect, stress becomes a critical risk factor affecting both the development of addictive disorders and relapse to addictive behaviors [1].



It has become increasingly clear the existence of brain networks’ integrated activity in controlling feeding behavior. The homeostatic control of feeding is regulated by hormones that control hunger, satiety, and adiposity levels and act on hypothalamic and brainstem circuits to maintain appropriate energy balance [5,6]. The brain reward systems also play an essential role in feeding behavior, and the mesocortical dopamine system is crucial in these reward-related processes [2]. In this regard, the ventral tegmental area (VTA), and the adjacent substancia nigra pars compacta, receive energy-balance information via orexin-containing projections from the lateral hypothalamus (LH) [7,8]. From VTA/SNc arise dopamine signals that innervate the nucleus accumbens (NAc) and dorsal striatum, areas that regulate the motivational and incentive properties of food [9]. Nevertheless, dopamine projections into the dorsal striatum, cortical, and limbic regions encode information related to food’s reward value [10]. Moreover, the lateral hypothalamus is critically involved in food-seeking behavior, integrating essential metabolic signals with upstream and downstream behavioral effector circuits [4].



Satiation signals such as gastrointestinal peptides released by food ingestion, emerge as promising therapeutically tools in controlling feeding and obesity. For decades it has been known that glucagon-like peptide-1 (GLP-1) reduces food intake, acting as a short-term prandial signal [11]. However, also GLP-1 produced in the brain is involved in a satiation/satiety circuit controlling food intake and body weight [12,13]. GLP-1 is a member of the glucagon peptide superfamily, continuously secreted by the enteroendocrine L-cells at low basal levels in the fasting or interprandial state [14,15]. Meal intake promotes a rapid increase in L-cell secretion [11] depending on the meal’s magnitude and strongly correlated to gastric emptying [16]. GLP-1 is released by nutritional components stimulation, such as simple carbohydrates (glucose, fructose, and galactose), amino acids, protein, and fatty acids [17]. GLP-1 is synthesized from the proglucagon (Gcg) gene, after cell-specific post-translational processing [18] in L-cells, pancreatic islet α-cells, and brain, by two members of the convertase subtilisin/kexin family [19,20].



The primary source of endogenous GLP-1 within the brain is a population of preproglucagon-neurons (PPG) in the caudal portion of the nucleus of the solitary tract (NTS) [21,22]. Ablation of these neurons in mice reduces active GLP-1 by 60% in the brainstem and almost 80% in the hypothalamus and spinal cord [13,21,23]. Cell bodies of PPG neurons also have been described in the adjacent medullary reticular formation, both in rodents, non-human primates, and humans [21,22,23,24,25,26], as well as in a small population of glutamatergic olfactory bulb interneurons that express PPG that can modulate the firing pattern of the mitral cells in rodents [13,22,23,27,28]. Axons of these neurons are widespread throughout the NTS, the dorsal vagal nucleus, and the reticular nucleus (except for the parvicellular region) [22]. Their axons extend to the area postrema (AP) and the dorsal vagal nucleus [22]. Also, rostral to the medulla, in the Barrington’s nucleus and the locus coeruleus, there are many axons from PPG-neurons [22]



Immunohistochemical, hybridization in situ studies in rats and mice, and likewise non-human primates and the use also of selective fluorescent protein expression by a cre-dependent adeno-associated virus in mice have shown that PPG neurons project widely to regions that express the GLP-1 receptor (GLP-1R) in the central and autonomic nervous systems [21,22,29,30,31]. The hypothalamus receives a massive input from PPG-neurons, the majority to either the paraventricular (PVN) or the dorsomedial (DMH) hypothalamic nuclei [21,30,32,33]. However, GLP-1R nerve fibers are observed throughout the hypothalamus in rodents with a notable difference in the arcuate nucleus (ARC) versus primates. This area receives the densest innervation of GLP-1 immunoreactivity input in the primate brain [32,33].



Furthermore, these PPG-neurons project to other brainstem areas, in which different autonomic neurons have been identified, including catecholamine and serotonin neurons [29]. Also, the limbic forebrain regions [22,29,34], and areas of the mesolimbic reward system related to control of feeding and motivation to feed, such as the VTA, the NAc, the parabrachial nucleus (PBN), or the suprammammillary nucleus [23,31,35,36,37], or structures implicated in the regulation of the stress response and the hypothalamic-pituitary-adrenal (HPA) axis are innervated by NTS PPG-neurons [38]. In this regard, substantial numbers of PPG axons are present in mesolimbic areas of the forebrain, with the highest density of PPG axons observed in the bed nucleus of the stria terminalis (BNST) [33], at low to moderate density of these axons are identified in the dorsal and ventral parts of the lateral septum (LS) proximal to the lateral ventricles, the medial septum (MS) and occasionally the septohippocampal nucleus (SHi) [33]. The central nucleus (CeA), medial nucleus (MeA), and extended amygdala (EA), however, revealed a low to moderate density of PPG axon innervation [33]. Moreover, sympathetic preganglionic neurons are also innervated by PPG-neurons [39].



GLP-1 has a broader range of pleiotropic physiological effects, including the inhibition of the glucagon secretion [40] and gastrointestinal secretion and motility. However, it also displays other heart and blood vessels’ actions, lung, ovaries, gut, liver, immune cells, kidney, white adipose tissue, skeletal muscle, and brain [41,42,43,44,45,46]. GLP-1 regulates brain areas that modulate food reward with particular physiological relevance in controlling feeding behavior [47]. Moreover, GLP-1 plays a major role in overall physiological processes in response to stress [48,49], and this peptide is critical in maintaining energy homeostasis controlling satiety and hedonic aspects of food intake concerning stress [13,50,51,52]. GLP-1R agonists (GLP-1RAs), such as exenatide, liraglutide, albiglutide, dulaglutide, and recently semaglutide, approved for the treatment of type 2 diabesity and obesity, have become a promising pharmacological tool for reducing food intake and body weight [53,54] and new as yet unrecognized therapeutic indications could be developed.



In this review, we summarized what is currently known about the involvement of GLP-1 in the HPA axis regulation, food intake control, stress responses, modulation of sympathetic activity, and especially the ionic events in the hypothalamic neurons that might explain some of the most relevant biological actions of GLP-1 (Figure 1).




2. GLP-1 Receptor and Signaling Pathways


GLP-1R has sequence homology with the receptors for secretin, calcitonin, and parathyroid hormone, forming class B, a family of G-coupled receptors [55,56]. GLP-1R mRNA is expressed in pancreatic islets; predominantly in β-cells (~80% of the islet population), non β-cells (~20%) also express GLP1R (α-and (~12%) and δ-cells), lung, stomach, heart, ovary, kidney, 3T3-L1 preadipocytes and in mouse and human mature adipocytes, also in human epicardial fat and in visceral and subcutaneous adipose tissue [46,57,58,59,60,61,62,63,64,65,66]. Despite this, there may be differences in GLP-1 effects among species since dogs express its receptor in muscle and adipose tissue and mice also in the liver [67,68]. In the rodent brain, regardless of the appearance of some differences in receptor expression between rats and mice, depending on the technique of analysis employed, several studies using chemical biology, recombinant genetics, and super-resolution compatible labeling probes methods had described high content of GLP-1R in the hypothalamus (preoptic area, PVN, supraoptic, arcuate, DMH, lateral and ventromedial nuclei), also in the circumventricular organs such as the AP, and the choroid plexus (CP). In the arcuate, AP, and CP, super-resolution snapshots show that GLP-1R appears organized as nanodomains at the membrane of GLP-1R positive neuron cell bodies, as well as dendrites, in mice [66]. Also, GLP-1R expression appears in cells in the posterior thalamus, medulla oblongata, and pituitary, LS, amygdala (mainly in mice), NAc (the core, the shell), BNST, VTA, dorsal nucleus of the vagus; lateral reticular nucleus, and spinal cord, olfactory bulb, or supramammillary nucleus (SuM), among others [23,66,69,70,71,72,73,74].



Similarly, in non-human primates, the GLP-1R mRNA and protein expression present similar distribution in the CNS to rodents [75]. Also, in the human brain, mRNA was found in the cerebral cortex (especially in the occipital and frontal cortex), hypothalamus (mainly the ventromedial and arcuate nuclei), hippocampus, thalamus, caudate-putamen, and globus pallidum [40]. The GLP-1 receptor is expressed in neurons and glial cells [41,76,77,78]. In this regard, immunohistochemical studies demonstrated that GLP-1Rs are expressed in the CA region’s pyramidal cell layer and the granule cell layer of the dentate gyrus in the hippocampus pyramidal neurons in the neocortex and Purkinje cell in the cerebellum. Preferably in the dendrites of larger neurons, indicating its expression near synapses [76]. Moreover, astrocytes [42,79] and microglia [77,80] express GLP-1R.



Furthermore, the receptor of GLP-1 is expressed by the vagal afferent neurons that innervate the abdominal organs (gastrointestinal tract), including the hepatoportal region [45,46], and also within the nodose ganglion (NG) [46]. It should consider that the use of antibodies for visualizing the GLP-1R has limits of detection and possesses variable specificity and tissue penetration. Moreover, fixation techniques in different cells and tissues can affect the epitopes, that also can be hidden, leading to the ambiguous identification of GLP-1R-expressing cells in humans and animal species [81].



The activation of GLP-1R both centrally and peripherally induces an increase in intracellular calcium (Ca2+)i [27,82], and evoke an increase in cAMP production [83]. GLP-1 effects are generally slow (minutes range), supporting the hypothesis of an indirect activation through second messenger pathways [11,82,84,85]. Since forskolin, an activator of adenylate cyclase, also increases intracellular calcium and Rp-8-Br-cAMP, a protein kinase A (PKA) inhibitor, prevents the effect of GLP-1 in β-cells [86] and channels expressed in cell lines (heterologous systems) [87], it has been suggested that GLP-1 induces the activation of the cAMP pathway [82,88,89]. Therefore, PKA’s subsequent activation appears as the canonical signaling pathway accepted for inducing insulin secretion [90]. However, there exist other cAMP mediators, namely Epac [91,92] and other pathways like the inositol 1,4,5-trisphosphate (IP3), that also could be involved in the GLP-1 action [89,92,93,94]. However, each of these putative pathways’ contribution remains poorly characterized, which is essential for understanding GLP-1 effects. For example, and as see below, the understanding of the pro-GABAergic action of the activation of GLP-1R is necessary to explain how GLP-1 exerts different functions in the peripheral organs and the central nervous system.



2.1. Molecular Effects of GLP1 in the Hypothalamic Area


Most of the central actions of GLP-1 analogs in the nervous system are linked to changes in the activation of different groups of neurons, some of which are housed in the hypothalamus. Just like in pancreatic cells [87,95], the activation of GLP-1 also modulates the electrical properties in hypothalamic neurons. Many hypothalamic neurons are specialized in the secretion of neuropeptides involved in regulating the neuroendocrine axis, modulating the pituitary’s hormonal secretion. The studies in these neurons have extensively focused on intracellular second messenger signaling cascades, as discussed above. However, in addition to the activation of these second messenger pathways, the presence of GLP-1 causes changes in resting membrane potential (RMP) in these neurons. Specifically, the presence of GLP1 or analogs exerts significant depolarization making them more excitable [96] in hypothalamic neurons, including an increment in the firing rate in gonadotropin-releasing neurons (GnRH) at the hypothalamus [97]. Partly because of the reduction of the afterhyperpolarization current [96] (Table 1).



Since the RMP depolarization can be produced both by activation of the inward current (Na+ or Ca2+) and by blocking of outward current (K+), in the hypothalamus, several ionic channels may be involved in the depolarizing effect observed in the presence of GLP-1 and analogs. Table 1 summarize these effects.



2.1.1. Voltage-Gated Na+ Channels


The substitution of sodium for choline in the culture media avoids the depolarizing effect of Exendin-4 (Ex4) in hypothalamic neurons, indicating that GLP-1 induced depolarization may be due, at least in part, to an effect on voltage-gated sodium channels (Nav) [96]. However, the depolarizing effect in the hypocretin (Orexin-A)-releasing neurons can be suppressed by glutamate and GABA receptor blockers [96], suggesting the participation of G-proteins rather than a direct effect on Nav channels [98] by GLP-1R agonists.




2.1.2. Voltage-Gated Ca2+ Channels and Nonselective Cationic Current


GLP-1 increases intracellular calcium in NG neurons [82], and the influx of Ca2+ has been ascribed to the activation of L-Type voltage-gated Ca2+ channels [99,100,101]. Additionally, in hypothalamic slices, the application of Ex-4 results in an inward barium current (IBa) with a reversal potential around −30 mV, and thus supports the hypothesis of GLP-1 modulating a nonselective cationic current in the hypothalamus [96].



Even though the evidence comes from non-neuronal cells, the contribution of intracellular Ca2+ storages is unclear [102], but GLP-1 contributes to increasing IP3 levels [92,93,94], and this could contribute to the rise in cytosolic calcium that occurs in the presence of GLP-1 [103].




2.1.3. K+ Channels


When the levels of glucose in the blood are low, the ATP-dependent potassium channels (KATP) of pancreatic β-cells remain open and keep the membrane potential at a hyperpolarized level (around −70 mV) and hence in a non-secreting state (rest) [104]. Several types of voltage-dependent potassium channels are affected by GLP-1. Although GLP-1 inhibits an A-type potassium current (IA) in peripheral cells [105], Goycolea et al. failed to block IA in the presence of GLP-1 and other analogs in hypothalamic slices [96].



TREK channels are members of the two-pore domain potassium channels (K2P) superfamily and widely expressed in several tissues such as the hypothalamus, among others. This family of K2P channels comprises three members, TREK-1, TREK-2, and TRAAK [106]. These channels are blocked by cAMP [107,108,109]. Knockout mice for TREK-1 (TREK-1−/−) have a phenotype resistant to depression and stress, and the activation of the HPA axis in response to induced stress results in a lower corticosterone level, indicating a close relationship between TREK and stress in this mice model [110]. Since GLP-1R activation results in increased cAMP levels [104,111] and glucocorticoids also increase the cAMP level in mice and humans in β-cells [112], it could speculate that the increase in cAMP might modulate the hypothalamic TREK channels and make hypothalamic cells more excitable.



On the other hand, anxiolytic and antidepressant compounds (such as fluoxetine, ostruthin, and spadin) are useful inhibitors of TREK channels [113,114,115,116]; similarly, it has been suggested that GLP-1 and its analogs (such as Ex-4 and Liraglutide) had anxiolytic and antidepressant effects [117,118,119]. Incretins are related to the activation of the HPA axis [120,121] too. Altogether, it is tempting to hypothesize that the positive (anxiolytic) effect of GLP-1 on stress responses may be related to the inhibition of TREK-1, and thus the interaction between TREK channels and the GLP-1 receptor must be investigated in deep. However, this fact could be controversial since some studies have shown how the activation of GLP-1R can have anxiogenic effects [37,120,122]. Therefore, this should be studied more thoroughly.






3. GLP-1 and the Stress Responses


Living organisms can survive because they maintain dynamic homeostasis, continuously challenged by internal or external adverse effects, termed stressors [123]. Different aversive physiological stimuli such as hypoglycemia, hypotension, hypoxia, hypovolemia, hypothermia, infection, and also psychological stressors, elicit a response that is characterized by the activation of the autonomic sympathetic nervous system (“fight or flight” response), that facilitates the secretion of noradrenaline and adrenaline by the adrenal medulla [124]. This response elicits rapid modifications in physiological states through neural innervation of end organs (increasing heart rate and blood glucose among others), and it is counter regulated and compensated by the parasympathetic (“rest and digest”) nervous system [38,125]. Moreover, the stressors also activate the HPA axis and stimulate de synthesis and secretion of glucocorticoids from the adrenal cortex [124,125,126]. In the context, GLP-1 emerges as a critical neuromodulator that mediates the response to stressors [120].



Although the stress response is critical for survival in the short term, dysfunctional stress responses are linked to several somatic and psychiatric diseases, affective disorders, and neurodegenerative diseases, emphasizing the importance of precise neuronal control of effector pathways [124,125,127].



3.1. GLP-1 Activates Hypothalamic-Pituitary-Adrenal Axis


Activation of the hypothalamus-pituitary-adrenocortical axis represents a primary hormonal response to homeostatic challenge [128]. The HPA axis response’s direct-drive is mainly neuronal, initiated via excitatory neurotransmission at the PVN corticotropin-releasing factor (CRF)-neurons [128,129] by multiple circuits in forebrain limbic regions, hypothalamus, and brainstem [38]. The NTS is a crucial region in the processing of autonomic and HPA axis stress response both in the acute and chronic domains [38,129]. Catecholaminergic neuron fibers from the A2/C2 region in the NTS innervate CRF-neurons in the medial parvocellular part of the PVN [130]. These cells represent only a subset of stress-activated PVN-projecting neurons since non-catecholaminergic GLP-1 producing PPG-neurons also project to the PVN [21,131]. GLP-1-IR nerve endings or fibers and mRNA expression of GLP-1 receptor also exist in the PVN [132,133]. Similarly, mRNA for arginine vasopressin (AVP) and oxytocin is colocalizing in the supraoptic and PVN [134].



GLP-1 is involved in the HPA axis activation. The intracerebroventricular injection of GLP-1 induces c-fos expression in the supraoptic nucleus (SON) in the medial parvicellular subregion, and the magnocellular neurons of the PVN, predominantly in CRF-positive neurons [135,136]. Moreover, the administration of GLP-1 into the third ventricle, or the GLP-1 (7-36)-amide (iv), activate the HPA axis by increasing adrenocorticotropic hormone (ACTH) [120], AVP [135], and corticosterone (CORT) plasma levels [120,135], in a time-dependent manner, in conscious freely moving and anesthetized rats [121]. This effect was observed in humans, too, with an increase in cortisol secretion [121]. Likewise, central i.c.v. or peripheral administration of the GLP-1R agonist, Ex-4, actively elevate circulating ACTH and corticosterone levels in rats, potently activating the HPA axis [137,138]. Additionally, conditional deletion of GLP-1 receptor signaling in the PVN reduces HPA axis response to acute and chronic stress [139]. Accordingly, the reduction of stress response after GLP-1 antagonism or PVN deletion [129]. In this regard, i.c.v. administration of a GLP-1 antagonist, before placement of the rat in an isolated open arm of the elevated plus-maze (EPM), blocks the effect of the EPM to increase plasma ACTH and CORT and decreases the anxiety-like behaviors in response to stress in this task [120].



PVN and CRF could emerge as the principal mediators of GLP-1 effects on the HPA axis. The central blockade of CRF receptor type 1 with the nonselective CRF receptor antagonist, astressin, attenuates GLP-1-induced elevations of ACTH and corticosterone in plasma [120]. On this point, the mechanism of action of Ex-4 in the stimulation of the HPA axis activity depends on the route of administration, since astressin completely abrogate the effect of centrally administrated Ex-4 on the secretion of ACTH, but only slightly reduced ACTH to Ex-4 peripheral administration [140]. Moreover, GLP-1R knockdown in the PVN reduces HPA axis responses to acute and chronic stress [139].




3.2. GLP-1 Activates the Sympathetic Nervous System (SNS)


Using transgenic mice in which the glucagon promoter controls yellow fluorescent protein (YFP), varicose axons from PPG-neurons in central sites involved regulating autonomic functions have been observed [29]. The AP that densely express GLP-1 receptors could be one of the links for peripheral GLP-1 action to activate central autonomic regulatory sites since intravenous GLP-1 agonist (Ex-4) induce fos-IR in GLP-1-expressing neurons [29,141]. The NTS plays a crucial role in processing visceral afferent information and transmission to other nuclei in the brainstem, forebrain, and spinal cord [142]. In mice, medial NTS PPG-neurons receive monosynaptic input from vagal sensory neurons in the NG [24,143,144]. The chemogenetic activation of GLP-1R-positive vagal afferents induces Fos expression in this region [145]. Moreover, PPG-innervations are substantial direct to spinal sympathetic nuclei of the spinal cord that contain immunoreactivity for the enzymes that synthesize acetylcholine and nitric oxide. These neurons may regulate gut function but also affect cardiovascular control [39].



Moreover, YPF-PPG-neurons innervate ventral medullopontine catecholaminergic groups, including A1, A5, and C1 neurons, essential for regulating blood pressure and cardiovascular homeostasis [29,146,147]. Additionally, in the ventral medulla, serotonin (5-HT) neurons are widely innervated by YPF-PPG-neurons [29]. 5-HT-neurons regulate life-sustaining respiratory and thermoregulatory networks [148].



The sympathetic nervous system (SNS) innervates the adrenal cortex and influences plasma corticosterone production [149]. Sympathetic innervation of the gland modulates the diurnal rhythm in plasma corticosterone by increasing adrenal responsivity to ACTH and augmenting steroidogenesis [150]. In this sense, bilateral enucleation of rats and previous treatment with guanethidine attenuate the robust corticosterone response to Ex4, without affecting ACTH response, indicating the SNS’s role glucocorticoid effect of this GLP-1R agonist [140]. Moreover, Ex4 also increased the circulating levels of catecholamines by inducing the adrenal medulla [151].



Some of the firstly described effects of GLP-1R agonists were those affecting the SNS [121,151]. The activation of the GLP-1 receptor induces c-fos expression in neurons in autonomic control sites in the rat brain and the adrenal medulla, providing inputs to sympathetic preganglionic neurons [146]. Mice lacking the GLP-1R in the PVN show attenuated stress-induced cardiovascular responses accompanied by a decreased sympathetic drive to the heart [139]. GLP-1R activation by mechanisms dependent on the SNS can increase blood pressure and heart rate (HR) independently of the administration path (intravenous or intracerebroventricular) in rats [152,153] and in freely behaving and anesthetized mice [154,155]. Furthermore, a single injection of liraglutide or lixisenatide increases heart rate (HR) acutely in control and diminishes in Glp1rCM-/-mice (with selective cardiomyocyte disruption GLP-1R). This effect is abolished by co-administration of the β-adrenergic antagonists like propranolol or atenolol in freely moving and anesthetized mice [155,156] without further enhanced by attenuation of cholinergic signaling using the muscarinic receptor antagonist atropine [155,156]. Furthermore, the direct application of GLP-1 within the middle thoracic spinal cord’s subarachnoid space, a primary projection target of PPG-neurons, increases HR, suggesting direct activation of the SNS [155]. Other studies assume that the positive chronotropic effects of central GLP-1 receptor stimulation in mice result from depression of the heart rate’s parasympathetic modulation by inhibiting the neurotransmission to preganglionic parasympathetic cardiac vagal neurons [154].



Data in humans are conflictive since, although it has been demonstrated that GLP-1R agonist increases HR in healthy volunteers, obese subjects, and Type 2 diabetes mellitus (T2DM) patient, the role of the SNS it is not clear since some trials suggest an increase in SNS activity [157,158], but other studies found no effect [158,159].



Moreover, the activation of the SNS also appears to be related to pharmacological doses of Ex4 on blood glucose levels in rats, since acutely or centrally administered Ex4 induces hyperglycemia [151,160], independently of the insulinotropic and HPA activating actions. An effect mediated by GLP-1R [151] and abolished with the sympathetic blockade and adrenal medulloctomy [151].



The activation of thermogenesis in the brown adipose tissue (BAT) controls body weight homeostasis. In this regard, the SNS is essential for the control of BAT metabolism by the CNS [161]. GLP-1 emerges as a crucial modulator of BAT thermogenesis in mice by increasing SNS activity without altering peripheral insulin responsiveness [162]. Central administration of GLP-1R agonist induces BAT thermogenesis and facilitates adipocyte browning in white adipose tissue (WAT) through AMPK in the ventromedial hypothalamus (VMH) in rats [163]. Nevertheless, other hypothalamic areas are involved, such as DMH, since Glp1r knockdown increases body weight gain and adiposity, with a concomitant reduction in energy expenditure, BAT temperature, and uncoupling protein 1 (UCP1) expression [164].




3.3. GLP-1 Mediates Multiple Responses to Stressors


GLP-1 plays a critical role in the modulation of brain mechanisms regulating stress adaptation and mood. Many studies describe acute anxiogenic effects of GLP-1, which engage multiple structures to generate a coordinated response. The central administration of a GLP-1R antagonist blocks the plasma increase of ACTH and corticosterone induced by the EPM and decreases anxiety-like behaviors in the EPM, indicating that central nervous system (CNS) GLP-1 mediates anxiety responses [120]. As well, Glp1r knockdown in neurons expressing single-minded 1, a transcription factor abundantly expressed in the PVN in mice, reduced anxiety-like behavior [139]. However, chemogenetically activation of hindbrain GLP1 neurons shows no effect on anxiety-like behaviors, neither plasma corticosterone levels, showing the importance of hypothalamic GLP1R signaling for behavioral stress responses in mice [165]. However, the CeA, a brain region essential for the initiation of the stress response [166], appears critical for generating the anxiogenic effects of GLP-1 since the administration of the peptide in CeA does not modify plasma corticosterone levels but decreases the time spent in the open arms of the EMP [120]. Another neural substrate for GLP-1 control of anxiety-like behavior is the SuM. Selective activation of SuM, with Ex-4, decreases the time spent in the center of the open field arena in both male and female rats [37]. Otherwise, initiation of fear and sustained anxiety responses requires the recruitment of the BNST [137], knocking down the translation of GLP1-R mRNA in the anterolateral BNST in rats, decreases anxiety-like behavior in the open field test, including a loss of light-enhanced acoustic startle [52].



Moreover, the central administration of GLP-1 induces anxiety-like behavior in rats [138]. Also, central GLP-1 produces a proconflict effect in the punished drinking test while leaving activity and nociception measures unaffected, supporting an anxiogenic effect [167]. Besides, acute intraperitoneal, central or intra-dorsal raphe GLP-1 of or Ex-4 administration increases anxiety-like behavior using three different measuring tests in rats [117]. In contrast, chronic daily central treatment with the Ex-4 does not affect anxiety-like behavior but instead reduces depression-like behavior in the force swim test (FST) [117]. Contrarily, in humans, intravenously administered GLP-1 does not appear to have anxiogenic or panicogenic properties, even in patients with panic disorder [137].



Significantly, GLP-1 not just modulates the acute stress response, but can regulate HPA responsiveness to chronic stress. Exposure to chronic stress reduces PPG mRNA expression in a glucocorticoid-dependent manner, indicating that glucocorticoids produce long-term PPG downregulation and long-lasting reduction in PPG action [168], pointing out a role of GLP-1 in stress adaptation. Moreover, GLP-1 is involved in chronic stress-induced facilitation of corticosterone responses to a novel stressor, since the role of GLP-1 appears to be manifest following different stress exposure [169].



GLP-1 activity may amplify the effects of chronic stress on the organism. The i.c.v chronic administration decreases body weight in animals exposed to chronic stress, even though the GLP-1 administration itself does not precipitate chronic stress-like effects or long term HPA hyperactivity [169]. In contrast, sub-chronic Ex4 administration (subcutaneous bolus) produces several effects that resemble chronic stress. Overactivates, the HPA axis disrupts circadian glucocorticoid secretion, induces hypertrophy of the adrenal gland, decreases its sensitivity, impairs pituitary-adrenal stress responses induces reductions in both food intake and body weight [170]. Moreover, all those effects were abolished by adrenalectomy [140]. The regulation of the HPA axis by GLP-1 or Ex4 is independent of the metabolic state in rats [121]. In fasting, during which basal corticosterone levels are high, these peptides induce marked elevations of corticosterone levels, acting in conditions of metabolic stress, and independently of glycemic changes insulinotropic properties [121].



Challenges in the homeostasis induced by interoceptive stress activate central GLP-1 pathways [171]. The intraperitoneal treatment with the toxin lithium chloride (LiCl) activates c-Fos expression of GLP-1 neurons, including those with axonal projections to PVN in rats [172]. The administration of LiCl induces a pool of specific symptoms and behaviors in rats that have been used as indications of visceral illness [173]. Several of these responses also were caused by GLP-1, such as reduction of food intake [173,174] or conditioned taste aversion (CTA) [173,175]. The GLP-1R antagonist blocks the effect of LiCl to reduce food intake, induces pica, and produces a CTA in rats [173]. Like the rat, LiCl activates PPG-neurons, induces anorexia, and CTA formation in wild-type mice, but LiCl does not evoke aversive effects in mice lacking GLP-1Rs, indicating species differences [176]. GLP-1R activation in the CeA appears to mediate some of the responses to peripheral illness, CeA GLP-1 infusion, but not the inactive GLP-1(9–36), results in a strong CTA, without inducing anorexia [177]. Furthermore, intra-amygdala administration of des-His1, Glu9-exendin-4, the GLP-1R antagonist, prevents taste aversion learning in response to i.p. injections of the LiCl [177].



Moreover, gastric distension stimulates vagal mechanoreceptors, predominantly located in the proximal and distal stomach, and lastly, increases c-Fos levels in NTS neurons expressing GLP-1 and GLP-2 in rats [178]. Furthermore, central GLP-1 is a physiological modulator of stress-induced colonic motility in the rat, since centrally but not peripherally administered GLP-1 increase fecal output after immobilization stress, an effect reverted by exendin (9–39), a competitive antagonist at GLP-1R [179].





4. GLP-1 in the Control of Food Intake. Crosstalk with the Stress System


The effects of GLP-1 on food intake have been of considerable attention in clinical and basic studies and described in different species, including rats [74], mice [12], or humans [180]. Peripherally, intestinal GLP-1 acts as a shorter-term prandial satiation signal [181,182,183], it is secreted in the response of food ingestion [17], reduces meal size in rats and humans [181,184], and increases intermeal intervals, accounting for its suppressive effect on food intake [181]. Moreover, GLP-1R blocking with Ex9 increases food intake in rats [181]. The peripheral administration of native GLP-1 requires a postprandial state to express biological activity to inhibit food intake [185]. Accordingly, oral, but not intra-3rd-ventricular (i3vt) or IP glucose potentiated GLP-1s anorectic action [186]. The physiological doses of GLP-1 that inhibit eating do not induce avoidance in rats [187] or gastrointestinal malaise in humans [184].



GLP-1′s peripheral effects on food intake point towards a role for vagal afferents by the vagus nerve. The vagal afferents neurons (VANs) of the NG express GLP-1R [188] and innervate the gastrointestinal tract, liver, and portal vein [189]. Endogenous GLP-1 acts in a paracrine fashion to stimulate adjacent GLP-1R on the dendritic terminals of the celiac and gastric branches of VANs that innervate the gut, reducing food intake via vagal-NTS glutamatergic signaling and also mediate insulin release via vago-vagal reflex [190]. Knocking down GLP-1Rs in VANs by injecting a lentiviral vector in the NG increases meal size, accelerates gastric emptying, increases postmeal glycemia, and blunts insulin release [191]. Also, subdiaphragmatic vagotomy reduces the anorexic effect of peripherally GLP-1 administration [192]. Indeed, GLP-1R on VANs is modulated by feeding, since GLP-1Rs expressed on vagal afferent neurons are trafficked to the membrane in response to a meal in 18 h fasted and then re-feed rats, giving a possible explanation of the observation exogenously administered GLP-1 only inhibits food intake after feeding [185]. All were together, suggesting that GLP-1 receptors in VANs contributed to the incretin-linked effects after a meal [191]. However, there is also evidence showing that other additional mechanisms may be involved in GLP-1 peripheral effects contributing to food intake reduction. Thus in the rat [193] or mice with visceral nerve-specific deletion of GLP-1R [194], the vagotomy does not modify food intake. Moreover, subdiaphragmatic vagal afferent deafferentation does not prevent lowering food-intake after long-lasting liraglutide treatment [195]. In this regard, the activation of areas outside the blood-brain barrier (BBB) could have relevant effects on eating, since peripherally injected 125I-labeled GLP-1 binds to the subfornical organ and the AP, which both have close neuroanatomical connections with hypothalamic areas involved in water and appetite homeostasis [196]. Besides, GLP-1R agonist reaches regions shielded by the BBB such as arcuate, PVN, or SOP nuclei of which most were intersected by projections from neurons in the lateral PBN. [197]. For example, liraglutide can access the brain either by diffusion from the circumventricular organs (CVOs) or by uptake through specialized cell structures intercepting the BBB protected brain regions with the CVOs [197], indicating that neuronal targets of applied pharmacological GLP-1R agonism can differ from engaged by NTS-derived GLP-1. Moreover, exogenous administration of GLP-1R agonists failed to reduce food intake (and gastric emptying) in Glp1rΔWnt1-/- mice or Glp1r conditional KO mice, reflecting the importance of neural GLP-1R populations for the pharmacological control of GLP-1-regulated feeding [194,198].



Rodent PPG-neurons are sensitive to satiety peripheral signals, including leptin [24] or cholecystokinin (CCK) in fed state [199,200]; also, gastric distension increases c-Fos-expression in NTS neurons [178] but is unaffected by GLP-1, PYY, or ghrelin [24], bringing out the potential role of these neurons as central integrators of several satiety signals in the NTS. In this regard, PPG-neurons do not express GLP-1R but receive direct synaptic input from sensory vagal neurons [24] and express functional leptin receptors [24,201]. However, the effects differ between species since PPG neurons in mice but not in rats, are responsive to leptin [202]. Leptin systemically administered elicits robust pSTAT3-ir within the NTS, but outside of GLP-1 neurons in rats [203]. It seems that in mice, PPG cells are mostly second-order neurons, receiving direct input from vagal afferent fibers [24]. Recently it has been described that GLP1 cells in the NTS represent a subset of LepRbNTS cells in mice, while in NTS rats, GLP-1- and LepRb-containing cells are distinct [204]. In mice, the activation of LepRbNTS neurons mediates a robust and durable suppression of food intake independently of GLP-1 signaling [204], bringing out NTS PPG system differences between species



Centrally administrated GLP-1 reduces food intake in fasted rats [205] and reduces water intake [174]. The effect induced by the central administration of the GLP-1 or the GLP-1 analog, liraglutide is short-lasting compared to large doses of CCK, just observed on the first day of treatment [163,206], and remission at 48 h [163,207]. Similarly, the GLP-1R agonist’s peripheral administration, Ex4, reduces food intake in 24 h-fasted rats [151] and after the onset of the dark phase, reducing meal size and increasing intermeal interval [181]. Conversely, blocking endogenous GLP-1R with Exendin 9-39 (Ex9) increases rats’ food intake [181]. However, disruption of GLP1/GLP1R signaling in the central nervous system is not associated with perturbation of feeding behavior or obesity in mice, showing species-specific differences [208]. The dose, pharmacokinetics, or the antagonist’s selectivity may be implicated in the discrepancies observed between studies [12].



GLP-1R activation, in rat, increases AMAPA/Kainate-mediated glutamatergic signaling in the NAc and VTA. This activity is, at least in part, responsible for reduced food intake and weight loss GLP-1-induced [209,210]. Glutamate is considered the primary excitatory neurotransmitter in the CNS by exerting depolarization in the postsynaptic neurons. It has been suggested that Ex-4 improves the levels of glutamatergic receptors (GluN1) and transporters (EAAT-2) [211,212] hence improving glutamatergic tone. The involvement of AMPA/Kainate receptors in response to GLP-1 at the central level has been further confirmed [213]. It has also been reported an increment of GLT-1 (primary glutamate transporter in the hippocampus) mRNA in mice treated with Ex-4 [211]. Similar results are found in cultured primary astrocytes [212] and hypothalamic slices [96]. On the other hand, in vivo, liraglutide induces weight loss and reduction in food intake [214], and it has been proposed that the glutamatergic hypothalamic neurons were required for the liraglutide-induced effect [215].



PPG-neurons in the NTS respond to abroad array of interoceptive signals that can suppress food intake, including hormonal, thermal, osmotic, gastrointestinal, cardiovascular, respiratory, and inflammatory signals in both rats and mice, bringing out the role of GLP-1 PPG-neurons in modulating food intake in response to mainly intense or stressful stimuli [13,48,122,216,217,218,219].



In this context, it is clear that GLP-1 released from the gastrointestinal tract after a meal plays a critical physiological role in satiety [181]. However, GLP-1 from NTS-PPG-neurons projecting throughout the brain to many hypothalamic areas emerges as a critical modulator involved in controlling energy homeostasis and reward [22,207]. Moreover, cells from these areas project to nuclei associated with reward and motivation [47]. In this context, GLP-1 could act as a coordination link between homeostatic and hedonic pathways in the control of food intake preferentially in response to stress (Figure 1).



4.1. GLP-1 Anorectic Action and HPA Activation


The neural circuits that regulate energy intake converge on the PVN, in which there are CRF containing neurons implicated in the regulation of the HPA axis, thereby providing overlap between the stress and feeding systems [220]. The amount and type of food eaten can be influenced by stress. Many types of stress are associated with reduced food intake [221]. However, although 20% of people do not change eating behaviors during stress periods, it has been reported an increase in total calories eating under stress experiences [2,222], emphasizing eating a more significant proportion of calories from highly–palatable foods [223]. Under these conditions, chronically stressed individuals are more susceptible to weight gain, obesity, type II diabetes, or cardiovascular diseases [2].



The initial component of the HPA axis, the CRF, is located in neurons in the PVN of the hypothalamus, but also in extra-hypothalamic limbic structures like the extended amygdala (included the BNST and the CeA), as well as in hindbrain structures like the Barrington´s nucleus adjacent to the locus coeruleus and dorsal raphe nuclei [224,225], playing a role in addiction and several psychiatric disorders [224,226]. This peptide acts through two significant receptors; the CRF1 activation is associated with increased stress responsiveness, while CRF2 receptor activation suppresses food intake and decreases stress responsiveness [227]. There is increasing evidence that CRF neuronal activation in the PVN by GLP-1 likely contributes to food intake suppression. Using optogenetics and chemogenenetic approaches, and slice physiology, it has been described that 50% of CRF-neurons receive direct projections from NTS PPG-neurons and exist a direct synaptic connection between these neurons. Moreover, GLP-1R activation increases the excitatory synaptic strength to CRF-neurons in mice, through enhancement of AMPA receptor subunit membrane trafficking and the inhibition of CRF neuronal activity blocks GLP-1 induced satiety in the PVN. [213]. CRF also mediates the anorexic effect of GLP-1 in chicks and mediates the inhibition of gastric emptying induced by GLP-1 in rats [228].



At several concentrations, such as pico- and nano-mol/L, both GLP-1, and Ex4 are capable of enhancing a transient Cl- inward current in neurons from different brain areas, including the hypothalamus and the hippocampus [97,229,230]. In this regard, GABA mainly mediates the inhibitory transmission, and Ex-4 applied in the micromolar range increases hippocampal inhibitory transmission by activating GABAA receptors at pre-, post- and extra-synaptic sites [230,231]. Besides, the addition of GLP-1 to rat hippocampal slices results in GABA release, and this effect is abolished in the presence of bicuculline (a GABAA receptor antagonist) [230]. Interestingly, dipeptidyl peptidase-4 (DPP4) inhibitors enhance the endogenous GLP-1 levels and enhance GABAergic transmission in rat hippocampal neurons in vivo [232]. In the same way, in experiments using microdialysis, it has been verified that the application of GLP-1 increases the GABA concentration in the rat PVN [229].



Besides, GLP-1 mediates illness or stress-induced anorexia. The previous injection of GLP-1R antagonist blunts the potent LiCl-related suppression of food intake, inducing pica, and producing CTA [172,173]. This effect supports the functional role of endogenous GLP-1-containing neural pathways as mediators of aversive behaviors in rats [176]. Also, the central administration of the GLP-1R antagonist (exendin 9-39) reduces in a 60% the anorexic response to lipopolysaccharide (LPS) [233]. Likewise, rats’ metabolic state is an essential factor contributing to acute stress, since caloric restriction reduces HPA axis activity [234] with lower baseline and stress-evoked plasma ACTH levels [235]. In this regard, acute restraint stress suppresses dark-onset food intake in rats fed ad libitum. This effect is reverted by the central infusion of GLP-1R antagonists, which blocks restraint stress-induced hypophagia and reduces anxiety-like behavior. These data suggest an underlying mechanism by which short-term negative energy balance attenuates neuroendocrine and behavioral responses to acute stress that involves GLP-1 signaling [122].



Furthermore, dexamethasone suppression of the HPA axis augments the Ex4 induced anorexia [149], illustrating Ex-4 and dexamethasone’s synergistic effects co-administration. In other brain regions, such as the BNST, the center of integration for limbic information regulates the affective and physiological components of anxiety [137], GLP-1R blockade attenuates stress-induced hypophagia in mice [33]. In this region, the GLP-1R mRNA is expressed by a subset of GABAergic neurons, and some of these GLP-1R-expressing neurons also express CRF mRNA [28].




4.2. GLP-1 Anorectic Effect: Hypothalamic Actions


Subcutaneous administration of native the GLP-1 induces c-fos activation in the hypothalamus and hindbrain [236], indicating that peripheral administration can activate central circuits. The peripheral administration of liraglutide labeled with a fluorescent probe was observed in hypothalamic regions protected by BBB, such as the arcuate, the PVN, the SON, and supraoptic decussation [195].



Likewise, activation of central GLP-1R by icv or i.p. administration of GLP-1 or its analogs induces satiation [195,237]. In the brain, the PVN contains different neuronal populations related to appetite regulation, stress response, and other neuroendocrine functions [132,238], one of the neuronal populations linked to satiety signaling express GLP-1 receptors [132]. By fiber photometry, it has been described that food discovery modulates this neuronal population in an anticipatory manner, and its stimulation orchestrates feeding behavior [132]. Moreover, the postnatal ablation of PVN GLP-1R causes increased food intake, body weight gain, and obesity [213] (Figure 2).



Also, in the hypothalamus, the administration of liraglutide in the ARC reduces food intake 24 h after injection [163]. In the ARC, numerous cells express GLP-1R mRNA, and many of them also co-express proopiomelanocortin (POMC) neurons mRNA. Approximately an average of 68% of POMC-neurons was found predominantly in the ARC mediolateral part, co-express GLP-1R mRNA, and about half of the GLP-1R-expressing cells, preferably in the caudal part of ARC, do not express either POMC or neuropeptide Y (NPY) mRNA [240]. Furthermore, liraglutide peripherally injected targets GLP-1Rs located in the ARC, and it is internalized by POMC/transcript regulated by cocaine and amphetamine (CART) neurons, adjusting the neuronal activity [195]. This effect was observed in brain slices from Pomc-EGFP mice after stimulation with GLP-1(7-36)amide, that dose-dependently depolarizes POMC-neurons and increases the frequency of action potentials [195]. Interestingly, GLP-1(7-36)amide stimulation increased the frequency of GABAergic currents onto POMC-neurons, suggesting that GLP-1 activates POMC/CART-neurons directly at the level of the cell body and that the NPY/agouti-related peptide(AgRP) pathway is inhibited at the NPY/AgRP neurons via GABAergic interneurons [195].



Other hypothalamic nuclei are innervated by hindbrain GLP-1 neurons and express GLP-1 receptors [39,71] such as the LH, involved in motivation feeding behavior [241]. In this regard, specific activation of GLP-1R in this region decreases food intake [163], the intra-LH microinjection of Ex-4 reduces food-motivated behavior, and knocking down the GLP-1R increases food reinforcement and body weight [242]. The microinjection of GLP-1 into the VMH and DMH reduces food intake by 30% and 48%, respectively, after 20 min of administration in fasted rats [243]. In fed rats, specific activation of the GLP-1R by liraglutide in the ARC, LHA, and PVH decreased rats’ food intake and body weight [163]. In contrast, no effects were described when liraglutide was injected in the DMH; however, the treatment in the VMH decreases body weight in food intake–independent manner related to increased thermogenesis in the brown adipose tissue in rats [163]. Also, pharmacological activation of the GLP-1R in the VMH by Ex-4 reduces food intake, activating mTOR signaling, indicating that glucose metabolism and inhibition of AMPK are both required for this effect [244]. In contrast to the clear acute pharmacological impact on food intake, knockdown of the VMH Glp1r conferred no changes in energy balance in either chow- or high-fat-diet-fed mice, glucose homeostasis, or the response to peripherally administered GLP-1R agonist [244,245], suggesting therefore that classic homeostatic control regions are sufficient but not individually necessary for the effects of GLP-1R on nutrient homeostasis [244,245].




4.3. GLP-1 Anorectic Effect: Forebrain/Hindbrain/Mesolimbic Actions


Beyond the hypothalamus, other brain areas, such as the paraventricular thalamic nucleus (PVT), the PBN, VTA, medial prefrontal cortex, amygdala, NAc, or hippocampus, involved in the control of food intake presents GLP-1 signaling [190]. Many of these sites are activated by food pleasures but not all brain activations that code food pleasure necessarily causes or generate the pleasure, since other brain activations are likely to be secondary or consequent to the pleasure, and in turn, could cause motivation, learning, cognition or other functions [246].



The PBN contains several subpopulations of neurons that regulate taste [239], integrate neural signals associated with satiety from neuronal populations on the PVN, and receive inhibitory projections from AgRP neurons [247]. PBN receives excitatory glutamate signaling from NTS neurons’ subpopulation responsible for integrating visceral and gustatory inputs [248]. GLP-1 producing neurons from the NTS projects to the lateral PBN [35,249] and local activation with Ex-4 inhibits food intake of chow and palatable food, the motivation to work for palatable food, and decreases body weight gain [35,249], thereby implicating this brain region in the hedonic aspect of feeding [190]. Moreover, Ex-4 increases neuronal firing, and the expression of calcitonin gene-related peptide (CGRP) in this nucleus resulted in anorexia [249]. This anorectic effect is not related to nausea/malaise since Ex-4 does not induce pica response [35].



The PVT neurons receive projections from hindbrain regions and substantial inputs from the hypothalamus and project to forebrain sites such as the core and shell of the NAc, involved in reward and motivation function [250]. Neurons in PVT express GLP-1R and receive monosynaptic inputs from NTS preproglucagon neurons activated by food intake [23,36]. PVT GLP-1R agonism by intra-injections of Ex-4, reduces food intake, food-motivation, and food-seeking, while blocking GLP-1R signaling with PVT Ex-9 injection, increases meal size and food intake [36]. Moreover, PVT cells that express the GLP-1R project to the NAc and electrophysiological results reveal that PVT GLP-1R signaling reduces PVT-to NAc projecting neurons’ excitability, contributing to the motivational aspects of feeding control [36].



Reward-related regions such as VTA and the NAc, the core and the shell subregion, receive NTS GLP-1 neuronal projections [22,31,251]. Pharmacological treatment with Ex-4 delivered to the VTA in overnight food-deprived rats reduces one-hour sucrose intake, 24 h chow intake, and 24 h body weight. Also, Ex-4 treatment in the VTA, NAc core and NAc shell can reduce high-fat diet intake in not food-deprived rats [31]. However, if the animals are maintained on chow, Ex-4 injections into the VTA, NAc core, or shell does not suppress food intake, suggesting a role of GLP-1 signaling in motivation to feed [31]. In this regard, Ex-4 reduces food-reward behavior in the conditioned place preference and progressive ratio operant-conditioning, since peripheral Ex-4 treatment of rats blocks preference for chocolate pellets and decrease motivated behavior for sucrose [252]. Moreover, post dark onset intra-NAc core treatment with GLP-1 also reduces food intake 24 h after injection without affecting body weight. However, no effect was described after NAc-shell injection [251]. Furthermore, the NAc core injection of Ex-9 increases food intake two hours after posttreatment [251]. This negative energy balance induces by GLP-1R activation in NAc is, in part, thought a glutamatergic, AMPA/kainite receptor-mediated mechanism [210].



However, manipulations related to NAc affect reward-motivated behavior and can affect feeding by changes in food palatability [207]. Blocking NAc GLP-1R signaling with Exe9 enhances sucrose solutions’ palatability in meal patterns and microstructure studies of ingestive behavior in rats [253]. Also, NAc Ex9 did not affect licking for nonnutritive saccharin (0.1%), suggesting that the presence of nutrients in the gut may be required for endogenous stimulation of NAc [253]. So, at this site, GLP-1 R stimulation reduces the reward associated with food palatability and contributes to satiety reducing meal size, with no effect on meal frequency when rats consume sweetened condensed milk or sucrose [207,253].



In this regard, GABA neurons in NAc regulate homeostasis, especially feeding behavior [254]. GABAergic medium spiny neurons transmit signals to the ventral pallidum and susbstantia nigra of the basal ganglia after NAc has integrated the information, regulating motivation-related behavior. So neural projections of these cells from the zona incerta act on NAc to enhance gastric function and food intake via GLP-1R signaling as an essential effector [255].



Moreover, the SuM nestles between the LH and the VTA, which regulates ingestive and motivated behavior, express GLP-1R [74]. Knocking down the GLP-1R in this nucleus increases food-seeking and adiposity in obese male rats without altering food intake, body weight, or food motivation in lean or obese females [74] and induces anxiolytic responses in female rats [37].



Another brain region that is important to take into consideration related to food intake is the hippocampus. This forebrain structure is neuroanatomically interconnected with several regions before mentioned, such as the PBN, VTA, NAc, or amygdala [256]. Besides, hippocampal neurons integrate learned experience with the external and internal context to influence decisions about when, where, what, and how much to eat [256]. It has recently been described that gastrointestinal-derived vagal sensory signaling endogenously promotes hippocampal-dependent learning and memory function in rats [257]. Endocrine pathways involve the interaction between different satiation signals and the hippocampus, such as leptin [257], ghrelin [258,259], and also GLP-1 [260]. The GLP-1R is mostly expressed in neurons in ventral CA1 and CA3 pyramidal layers [23]. The activation of GLP-1R by Ex-4 in the ventral hippocampal formation induces hypophagia and reduces body weight in rats, through a specific reduction in meal size with no effect on meal frequency by mechanisms other than nausea [260]. Furthermore, this HPFv GLP-1 signaling is relevant for feeding since the administration of Ex (9-39) increased food intake by 30%, six hours after its administration [260]. In this regard, a novel hippocampus-hypothalamus-hindbrain pathway regulating meal size control has been described in which ventral hippocampus ghrelin signaling counteracts the food intake–reducing effects produced by the GLP-1R agonist, Ex-4, and also other gut-derived satiation signals, including CCK, amylin, and mechanical distension via downstream orexin signaling to the hindbrain laterodorsal tegmental nucleus [259].




4.4. Stress in Obesity: GLP-1 and the Motivation to Feed


It has been shown that chronic stress, mild hypercortisolemia, and prolonged SNS activation contribute to the clinical presentation of visceral obesity and type 2 diabetes [228]. Considerable evidence demonstrates that feeding behavior is influenced by stress, and this relationship also seems to be strongest among individuals who are overweight and those who binge eat [1,261]. In humans and animals, a shift toward choosing more pleasurable or palatable calories occurs whether or not total caloric intake increases with stress [2].



Metabolic systems and brain reward systems play a significant role in feeding behavior [5]. Similar brain regions are activated by palatable food in the rat and humans, such as the dorsal and ventral striatum, VTA, LH, NAc, CeA, and basolateral nuclei of the amygdala, the hippocampus, and reward-related cortical structures, as well as the neurotransmitter system (dopamine, serotonin, opioids, and endocannabinoids) [4,5]. Many foods of intense sweetness and fat are potent rewards [3], promote eating, and trigger learned associations between the stimulus and the reward (conditioning) [4], but also induce changes in carbohydrate and fat metabolism, insulin sensitivity, and appetite hormones, increasing salience and motivation for food intake that may alter energy homeostasis [262]. Overconsumption of high palatable foods reduces reward thresholds along with an upregulation of extrahypothalamic CRF in the amygdala and limbic striatal pathways involved in the regulation of stress response [262,263]. It may also promote food craving, increasing overeating risk, and stress-induced high palatable food-seeking [262,263]. The loss of control and overeating results in compulsive eating behavior, certain forms of obesity, and the recently proposed term of “food addiction” [264]. Recently, it has been demonstrated that binge-like eating over several weeks in a model of intermittent fat feeding in rats affects the GLP-1 system, decreasing PPG mRNA expression in the NTS, suggesting downregulation of central GLP-1 signaling [265], accordingly with dysfunction in satiation processes that generally serve to limit food intake observed in different animal models [265]. Moreover, rats with intermittent access to a high-fat diet show large meals [266] and reduced responsiveness to intragastric nutrients and amylin, supporting the idea of reduced sensitivity to satiation signals under these conditions [266]. A possible loss of sensitivity to GLP-1 is not yet proven and could also explain the lack of inhibition of large meals observed in this animal model.



Moreover, there seems to exist a strong link between obesity and impaired function of the reward network. In rodents, extended access to palatable food induces weight gain and a worsening brain reward deficit, characterized by a decrease in reward responsiveness in the LH [5]. Furthermore, feeding is associated with dopamine release in the dorsal striatum [267], and it has been described in obese individuals and obese rats, a decreased expression of striatal dopamine-receptor D2R [5,268], similar to those found in patients under drug addiction [269]. Interestingly, knocking down striatal D2R increases the emergence of compulsive-like eating in rats with access to palatable food [268], and this compulsive behavior continues in the presence of an aversive conditioned stimulus pointing out also the role of CeA [270]. Amygdala D2 dopamine-receptor activation reduces food intake and operant behavior for sucrose, whereas D2 receptor blockade increased food intake, reducing operant behavior [271]. However, the amygdala plays also a role in stress-related hedonic eating, in which a decreased expression of CRF was observed under a palatable diet, and withdrawal from such a diet can produce a heightened emotional state and maladaptive coping responses that increase the drive to obtain palatable food as a rewarding source in an aversive environment [272].



Different studies in diet-induced obesity mice and obese humans suggest central resistance to different metabolic hormones that control food intake, such as leptin or GLP-1 [273]. Gut-brain communication is altered by high-fat consumption [274], and impairs the anorectic response to Ex-4 [275], altering the anorectic response to peripheral administration of GLP-1R agonists, delaying the onset but also prolonged the action on the depression of food intake [276]. Moreover, GLP-1 deficiency may play a critical role in developing the pathophysiology of obesity, since this hormone decreases food intake and body weight, as was described previously in this review. Furthermore, in monogenic obesity (1% of total cases of obesity), the PCSK1 gene encoding the PC1/3 enzyme losses its function, or it is mutated [277]. However, obesity-related to environmental and societal changes are related to this gene since single-nucleotide polymorphisms at three loci of PCK1 are related to an increased risk of obesity [277]. In this regard, a reduction in GLP-1 secretion has been described in obesity with altered L-cell responsiveness to carbohydrates [278], accompanied by insulin resistance [279]. Ghrelin and leptin are potent modulators of GLP-1 secretion by L-cells [280,281]; both hormone systems are impaired occurring secondary to obesity [282,283], causing functional deficits in GLP-1 signaling [277]. Moreover, the incretin effect of GLP-1 is altered in obesity [271], and it is inversely correlated with BMI [284]. Furthermore, in obesity, an accelerated gastric emptying could be observed that could be related to reduced GLP-1 signal, which could predispose to an earlier onset of the next meal, contributing to overeating [285].



Using functional MRI (fMRI), it has been demonstrated that brain regions involved in reward processing are altered in obese individuals [286]. The acute treatment with a single dose of the GLP-1 receptor agonist, exenatide, reduces brain responses to food cues in normoglycemic obese and T2DM patients, also correlated with reductions in food intake, but without effect in weight loss [286]. Moreover, these effects are blocked by exendin 9-39 [287]. After ten days of treatment with liraglutide, an increase in the activation of the right insula and caudate nucleus related to chocolate milk was observed in obese T2DM patients compared to lean individuals. This effect was not achieved after 12 weeks when apparent effects on body weight were observed [288]. Also, the administration of liraglutide at the dose approved for obesity treatment reduces body weight at five weeks but does not show differential activations in response to food cues. However, with control for the change in body weight, an increase in orbitofrontal cortex activation was achieved, indicating the beginning of counter-regulatory changes in response to weight loss [289], which could be related to the eventual weight-loss plateau observed with this and other weight-loss medication.





5. Conclusions


Acute or chronic exposure to stress evokes different physiological and behavioral responses that considerably alter metabolic and behavioral status in humans and experimental animals [223]. The activation of the HPA axis and SNS, in response to stress, increases glucocorticoid and catecholamines synthesis, facilitating glucose availability to fuel the metabolic demands of other physiological and behavioral stress responses [125,126,222,290]. Glucocorticoids regulate body fat accumulation and increase appetite, food intake, and body weight gain [290,291]. Chronic stress and obesity are closely related to disordered eating syndromes, including bingeing or night predominant intake [223].



In the brain, GLP-1 acts as a neuromodulator. Produced by PPG-neurons in the NTS [21], modulate and process peripheral and central signals to maintain the homeostasis. PPG-neurons innervate numerous brain regions responsible for modulating many physiological functions such as metabolism, reward-seeking behavior, and stress response. This neuropeptide modulates the stress response, driving the HPA axis, and regulating the SNS and mediating the limbic system eliciting responses to homeostatic and psychogenic stressors [29,47,120,121,292]. Moreover, GLP-1 controls food intake, modulating the energetic balance, acting on GLP-1R in a multitude of energy balance-relevant nuclei in the hypothalamus [21,205], but also in other mesolimbic brain areas involved in reward [23].



In conclusion, GLP-1 in the brain appears as a neuromodulator that coordinate food intake in response to the physiological and stress-related stimulus, since GLP-1 signaling affects different brain areas that control diverse aspects of feeding to maintain homeostasis. However, when this equilibrium is disrupted (obesity, diabetes, chronic stress [168,285]), the GLP-1 signaling is dampened, and dysregulation in eating behavior may appear. Future studies should address how satiety activities, observed under HPA axis activation, depend directly or indirectly on GLP-1 since it is known that CRF has potent anorexic effects [293] and how the nature and duration of the stressors affect food intake and behavior involving GLP-1. It is still unknown how stress influences central GLP-1R signaling in metabolic pathologies, such as obesity or diabetes. Neither how the HPA axis and GLP-1 interact with the control of feeding under these metabolic diseases. Answer these questions that will open new relevant pharmacological actions of GLP-1 analogs in the control of obesity.







Author Contributions


Y.D.-C., S.H.-P., J.A.L., F.M. conceptualization; J.A.L. and F.M. Validation; Y.D.-C., S.H.-P., J.A.L. and F.M. investigation; J.A.L. and F.M. resources; Y.D.-C., S.H.-P., J.A.L. and F.M. writing of original draft; Y.D.-C., S.H.-P., L.C.G.-M., J.A.L. and F.M. review and editing of manuscript; Y.D.-C., S.H.-P., L.C.G.-M., J.A.L. and F.M. visualization; J.A.L. and F.M. supervision; J.A.L. and F.M. funding acquisition. All authors have read and agreed to the published version of the manuscript.




Funding


Financial support from the Xunta de Galicia (Centro singular de Investigación de Galicia accreditation 2016–2019, ED431G/02; Modalidad Grupos con Potencial Crecimiento GPC2015/022 and Agrupaciones Estratégicas CN2012/273), MINECO BFU2014-58999-P and the European Union (European Regional Development Fund-ERDF) is gratefully acknowledged.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Sinha, R.; Jastreboff, A.M. Stress as a common risk factor for obesity and addiction. Biol. Psychiatry 2013, 73, 827–835. [Google Scholar]

	



Dallman, M.F. Stress-induced obesity and the emotional nervous system. Trends Endocrinol. Metab. 2010, 21, 159–165. [Google Scholar]

	



Lenoir, M.; Serre, F.; Cantin, L.; Ahmed, S.H. Intense sweetness surpasses cocaine reward. PLoS ONE 2007, 2, e698. [Google Scholar] [CrossRef]

	



Volkow, N.D.; Wang, G.J.; Baler, R.D. Reward, dopamine and the control of food intake: Implications for obesity. Trends Cogn. Sci. 2011, 15, 37–46. [Google Scholar]

	



Kenny, P.J. Reward Mechanisms in obesity: New insights and future directions. Neuron 2011, 69, 664–679. [Google Scholar] [PubMed]

	



Lutter, M.; Nestler, E.J. Homeostatic and hedonic signals interact in the regulation of food intake. J. Nutr. 2009, 139, 629–632. [Google Scholar] [PubMed]

	



Vainik, U.; García-García, I.; Dagher, A. Uncontrolled eating: A unifying heritable trait linked with obesity, overeating, personality and the brain. Eur. J. Neurosci. 2019, 50, 2430–2445. [Google Scholar] [PubMed]

	



Sweeney, P.; Yang, Y. Neural circuit mechanisms underlying emotional regulation of homeostatic feeding. Trends Endocrinol. Metab. 2017, 28, 437–448. [Google Scholar] [PubMed]

	



Wise, R.A. Role of brain dopamine in food reward and reinforcement. Philos. Trans. R. Soc. B Biol. Sci. 2006, 361, 1149–1158. [Google Scholar]

	



Kelley, A.E.; Baldo, B.A.; Pratt, W.E. A proposed hypothalamic-thalamic-striatal axis for the integration of energy balance, arousal, and food reward. J. Comp. Neurol. 2005, 493, 72–85. [Google Scholar] [PubMed]

	



Holst, J.J. The physiology of glucagon-like peptide 1. Physiol. Rev. 2007, 87, 1409–1439. [Google Scholar] [PubMed]

	



Baggio, L.L.; Drucker, D.J. Glucagon-like peptide-1 receptors in the brain: Controlling food intake and body weight. J. Clin. Investig. 2014, 124, 4223–4226. [Google Scholar] [PubMed]

	



Holt, M.K.; Richards, J.E.; Cook, D.R.; Brierley, D.I.; Williams, D.L.; Reimann, F.; Gribble, F.M.; Trapp, S. Preproglucagon neurons in the nucleus of the solitary tract are the main source of brain GLP-1, mediate stress-induced hypophagia, and limit unusually large intakes of food. Diabetes 2019, 68, 21–33. [Google Scholar] [PubMed]

	



Drucker, D.J. Mechanisms of action and therapeutic application of glucagon-like peptide-1. Cell Metab. 2018, 27, 740–756. [Google Scholar]

	



Eissele, R.; Göke, R.; Willemer, S.; Harthus, H.-P.; Vermeer, H.; Arnold, R.; Göke, B. Glucagon-like peptide-1 cells in the gastrointestinal tract and pancreas of rat, pig and man. Eur. J. Clin. Investig. 1992, 22, 283–291. [Google Scholar]

	



Larsen, P.J.; Holst, J.J. Glucagon-related peptide 1 (GLP-1): Hormone and neurotransmitter. Regul. Pept. 2005, 128, 97–107. [Google Scholar]

	



Kuhre, R.E.; Holst, J.J.; Kappe, C. The regulation of function, growth and survival of GLP-1-producing L-cells. Clin. Sci. 2015, 130, 79–91. [Google Scholar]

	



Mojsov, S.; Heinrich, G.; Wilson, I.B.; Ravazzola, M.; Orci, L.; Habener, J.F. Preproglucagon gene expression in pancreas and intestine diversifies at the level of post-translational processing. J. Biol. Chem. 1986, 261, 11880–11889. [Google Scholar]

	



Ugleholdt, R.; Zhu, X.; Deacon, C.F.; Ørskov, C.; Steiner, D.F.; Holst, J.J. Impaired intestinal proglucagon processing in mice lacking prohormone convertase 1. Endocrinology 2004, 145, 1349–1355. [Google Scholar]

	



Rouillé, Y.; Martin, S.; Steiner, D.F. Differential processing of proglucagon by the subtilisin-like prohormone convertases PC2 and PC3 to generate either glucagon or glucagon-like peptide. J. Biol. Chem. 1995, 270, 26488–26496. [Google Scholar]

	



Larsen, P.J.; Tang-Christensen, M.; Holst, J.J.; Ørskov, C. Distribution of glucagon-like peptide-1 and other preproglucagon-derived peptides in the rat hypothalamus and brainstem. Neuroscience 1997, 77, 257–270. [Google Scholar]

	



Llewellyn-Smith, I.J.; Reimann, F.; Gribble, F.M.; Trapp, S. Preproglucagon neurons project widely to autonomic control areas in the mouse brain. Neuroscience 2011, 180, 111–121. [Google Scholar]

	



Merchenthaler, I.; Lane, M.; Shughrue, P. Distribution of pre-pro-glucagon and glucagon-like peptide-1 receptor messenger RNAs in the rat central nervous system. J. Comp. Neurol. 1999, 403, 261–280. [Google Scholar] [PubMed]

	



Hisadome, K.; Reimann, F.; Gribble, F.M.; Trapp, S. Leptin directly depolarizes preproglucagon neurons in the nucleus tractus dolitarius electrical properties of glucagon-like peptide 1 neurons. Diabetes 2010, 59, 1890–1898. [Google Scholar] [PubMed]

	



Vrang, N.; Grove, K. The brainstem preproglucagon system in a non-human primate (Macaca mulatta). Brain Res. 2011, 1397, 28–37. [Google Scholar] [PubMed]

	



Zheng, H.; Cai, L.; Rinaman, L. Distribution of glucagon-like peptide 1-immunopositive neurons in human caudal medulla. Brain Struct. Funct. 2015, 220, 1213–1219. [Google Scholar] [CrossRef] [PubMed]

	



Thiebaud, N.; Llewellyn-Smith, I.J.; Gribble, F.; Reimann, F.; Trapp, S.; Fadool, D.A. The incretin hormone glucagon-like peptide 1 increases mitral cell excitability by decreasing conductance of a voltage-dependent potassium channel. J. Physiol. 2016, 594, 2607–2628. [Google Scholar] [PubMed]

	



Thiebaud, N.; Gribble, F.; Reimann, F.; Trapp, S.; Fadool, D.A. A unique olfactory bulb microcircuit driven by neurons expressing the precursor to glucagon-like peptide 1. Sci. Rep. 2019, 9, 1–16. [Google Scholar]

	



Llewellyn-Smith, I.J.; Gnanamanickam, G.J.E.; Reimann, F.; Gribble, F.M.; Trapp, S. Preproglucagon (PPG) neurons innervate neurochemicallyidentified autonomic neurons in the mouse brainstem. Neuroscience 2013, 229, 130–143. [Google Scholar]

	



Vrang, N.; Hansen, M.; Larsen, P.J.; Tang-Christensen, M. Characterization of brainstem preproglucagon projections to the paraventricular and dorsomedial hypothalamic nuclei. Brain Res. 2007, 1149, 118–126. [Google Scholar]

	



Alhadeff, A.L.; Rupprecht, L.E.; Hayes, M.R. GLP-1 neurons in the nucleus of the solitary tract project directly to the ventral tegmental area and nucleus accumbens to control for food intake. Endocrinology 2012, 153, 647–658. [Google Scholar] [PubMed]

	



Vrang, N.; Larsen, P.J. Preproglucagon derived peptides GLP-1, GLP-2 and oxyntomodulin in the CNS: Role of peripherally secreted and centrally produced peptides. Prog. Neurobiol. 2010, 92, 442–462. [Google Scholar] [PubMed]

	



Williams, D.L.; Lilly, N.A.; Edwards, I.J.; Yao, P.; Richards, J.E.; Trapp, S. GLP-1 action in the mouse bed nucleus of the stria terminalis. Neuropharmacology 2018, 131, 83–95. [Google Scholar] [PubMed]

	



Zheng, H.; Stornetta, R.L.; Agassandian, K.; Rinaman, L. Glutamatergic phenotype of glucagon-like peptide 1 neurons in the caudal nucleus of the solitary tract in rats. Brain Struct. Funct. 2015, 220, 3011–3022. [Google Scholar] [PubMed]

	



Alhadeff, A.L.; Baird, J.-P.; Swick, J.C.; Hayes, M.R.; Grill, H.J. Glucagon-like peptide-1 receptor signaling in the lateral parabrachial nucleus contributes to the control of food intake and motivation to feed. Neuropsychopharmacology 2014, 39, 2233–2243. [Google Scholar] [PubMed]

	



Ong, Z.Y.; Liu, J.J.; Pang, Z.P.; Grill, H.J. Paraventricular thalamic control of food intake and reward: Role of glucagon-like peptide-1 receptor signaling. Neuropsychopharmacology 2017, 42, 2387–2397. [Google Scholar] [PubMed]

	



López-Ferreras, L.; Eerola, K.; Shevchouk, O.T.; Richard, J.E.; Nilsson, F.H.; Jansson, L.E.; Hayes, M.R.; Skibicka, K.P. The supramammillary nucleus controls anxiety-like behavior; key role of GLP-1R. Psychoneuroendocrinology 2020, 119, 104720. [Google Scholar]

	



Ulrich-Lai, Y.M.; Herman, J.P. Neural regulation of endocrine and autonomic stress responses. Nat. Rev. Neurosci. 2009, 10, 397–409. [Google Scholar] [CrossRef] [PubMed]

	



Llewellyn-Smith, I.J.; Marina, N.; Manton, R.N.; Reimann, F.; Gribble, F.M.; Trapp, S. Spinally projecting preproglucagon axons preferentially innervate sympathetic preganglionic neurons. Neuroscience 2015, 284, 872–887. [Google Scholar]

	



Alvarez, E.; Martinez, M.D.; Roncero, I.; Chowen, J.A.; Garcia-Cuartero, B.; Gispert, J.D.; Sanz, C.; Vazquez, P.; Maldonado, A.; de Caceres, J.; et al. The expression of GLP-1 receptor mRNA and protein allows the effect of GLP-1 on glucose metabolism in the human hypothalamus and brainstem. J. Neurochem. 2005, 92, 798–806. [Google Scholar]

	



Chowen, J.A.; de Fonseca, F.R.; Alvarez, E.; Navarro, M.; García-Segura, L.M.; Blázquez, E. Increased glucagon-like peptide-1 receptor expression in glia after mechanical lesion of the rat brain. Neuropeptides 1999, 33, 212–215. [Google Scholar] [PubMed]

	



Reiner, D.J.; Mietlicki-Baase, E.G.; McGrath, L.E.; Zimmer, D.J.; Bence, K.K.; Sousa, G.L.; Konanur, V.R.; Krawczyk, J.; Burk, D.H.; Kanoski, S.E.; et al. Astrocytes regulate GLP-1 receptor-mediated effects on energy balance. J. Neurosci. 2016, 36, 3531–3540. [Google Scholar]

	



Fandiño, J.; Vaz, A.A.; Toba, L.; Romaní-Pérez, M.; González-Matías, L.; Mallo, F.; Diz-Chaves, Y. Liraglutide enhances the activity of the ACE-2/Ang(1–7)/Mas receptor pathway in lungs of male pups from food-restricted mothers and prevents the reduction of SP-A. Int. J. Endocrinol. 2018, 2018, 6920620. [Google Scholar]

	



Diz-Chaves, Y.; Toba, L.; Fandiño, J.; González-Matías, L.C.; Garcia-Segura, L.M.; Mallo, F. The GLP-1 analog, liraglutide prevents the increase of proinflammatory mediators in the hippocampus of male rat pups submitted to maternal perinatal food restriction. J. Neuroinflamm. 2018, 15, 337. [Google Scholar] [PubMed]

	



Romaní-Pérez, M.; Outeiriño-Iglesias, V.; Gil-Lozano, M.; González-Matías, L.C.; Mallo, F.; Vigo, E. Pulmonary GLP-1 receptor increases at birth and exogenous GLP-1 receptor agonists augmented surfactant-protein levels in litters from normal and nitrofen-treated pregnant rats. Endocrinology 2013, 154, 1144–1155. [Google Scholar] [CrossRef]

	



Outeiriño-Iglesias, V.; Romaní-Pérez, M.; González-Matías, L.C.; Vigo, E.; Mallo, F. GLP-1 increases preovulatory LH source and the number of mature follicles, as well as synchronizing the onset of puberty in female rats. Endocrinology 2015, 156, 4226–4237. [Google Scholar] [CrossRef]

	



Skibicka, K.P. The central GLP-1: Implications for food and drug reward. Front. Neurosci. 2013, 7. [Google Scholar] [CrossRef]

	



Ghosal, S.; Myers, B.; Herman, J.P. Role of central glucagon-like peptide-1 in stress regulation. Physiol. Behav. 2013, 122, 201–207. [Google Scholar] [CrossRef] [PubMed]

	



Holt, M.K.; Trapp, S. The physiological role of the brain GLP-1 system in stress. Cogent Biol. 2016, 2, 1229086. [Google Scholar]

	



Terrill, S.J.; Maske, C.B.; Williams, D.L. Endogenous GLP-1 in lateral septum contributes to stress-induced hypophagia. Physiol. Behav. 2018, 192, 17–22. [Google Scholar]

	



Terrill, S.J.; Holt, M.K.; Maske, C.B.; Abrams, N.; Reimann, F.; Trapp, S.; Williams, D.L. Endogenous GLP-1 in lateral septum promotes satiety and suppresses motivation for food in mice. Physiol. Behav. 2019, 206, 191–199. [Google Scholar] [CrossRef]

	



Zheng, H.; Reiner, D.J.; Hayes, M.R.; Rinaman, L. Chronic suppression of glucagon-like peptide-1 receptor (GLP1R) mRNA translation in the rat bed nucleus of the stria terminalis reduces anxiety-like behavior and stress-induced hypophagia, but prolongs stress-induced elevation of plasma corticosterone. J. Neurosci. 2019, 39, 2649–2663. [Google Scholar] [CrossRef] [PubMed]

	



Holst, J.J. From the incretin concept and the discovery of GLP-1 to today’s diabetes therapy. Front. Endocrinol. 2019, 10, 260. [Google Scholar] [CrossRef] [PubMed]

	



Madsbad, S. Review of head-to-head comparisons of glucagon-like peptide-1 receptor agonists. Diabetes Obes. Metab. 2016, 18, 317–332. [Google Scholar] [CrossRef] [PubMed]

	



Hoare, S.R.J. Mechanisms of peptide and nonpeptide ligand binding to Class B G-protein-coupled receptors. Drug Discov. Today 2005, 10, 417–427. [Google Scholar] [CrossRef]

	



Thorens, B. Expression cloning of the pancreatic beta cell receptor for the gluco-incretin hormone glucagon-like peptide 1. Proc. Natl. Acad. Sci. USA 1992, 89, 8641–8645. [Google Scholar] [CrossRef]

	



Bullock, B.P.; Heller, R.S.; Habener, J.F. Tissue distribution of messenger ribonucleic acid encoding the rat glucagon-like peptide-1 receptor. Endocrinology 1996, 137, 2968–2978. [Google Scholar] [CrossRef]

	



Romaní-Pérez, M.; Outeiriño-Iglesias, V.; Moya, C.M.; Santisteban, P.; González-Matías, L.C.; Vigo, E.; Mallo, F. Activation of the GLP-1 receptor by liraglutide increases ACE2 expression, reversing right ventricle hypertrophy, and improving the production of SP-A and SP-B in the lungs of type 1 diabetes rats. Endocrinology 2015, 156, 3559–3569. [Google Scholar] [CrossRef]

	



Chen, J.; Zhao, H.; Ma, X.; Zhang, Y.; Lu, S.; Wang, Y.; Zong, C.; Qin, D.; Wang, Y.; Yingfeng Yang, Y.; et al. GLP-1/GLP-1R Signaling in Regulation of Adipocyte Differentiation and Lipogenesis. Cell. Physiol. Biochem. 2017, 42, 1165–1176. [Google Scholar] [CrossRef]

	



Iacobellis, G.; Camarena, V.; Sant, D.; Wang, G. Human epicardial fat expresses glucagon-like peptide 1 and 2 receptors genes. Horm. Metab. Res. 2017, 49, 625–630. [Google Scholar] [CrossRef]

	



Ejarque, M.; Guerrero-Pérez, F.; de la Morena, N.; Casajoana, A.; Virgili, N.; López-Urdiales, R.; Maymó-Masip, E.; Pujol Gebelli, J.; Garcia Ruiz de Gordejuela, A.; Perez-Maraver, M.; et al. Role of adipose tissue GLP-1R expression in metabolic improvement after bariatric surgery in patients with type 2 diabetes. Sci. Rep. 2019, 9, 6274. [Google Scholar] [CrossRef] [PubMed]

	



Vendrell, J.; El Bekay, R.; Peral, B.; García-Fuentes, E.; Megia, A.; Macias-Gonzalez, M.; Real, J.F.; Jimenez-Gomez, Y.; Escoté, X.; Pachón, G.; et al. Study of the potential association of adipose tissue GLP-1 receptor with obesity and insulin resistance. Endocrinology 2011, 152, 4072–4079. [Google Scholar] [CrossRef]

	



Segerstolpe, Å.; Palasantza, A.; Eliasson, P.; Andersson, E.M.; Andréasson, A.C.; Sun, X.; Picelli, S.; Sabirsh, A.; Clausen, M.; Bjursell, M.K.; et al. Single-cell transcriptome profiling of human pancreatic islets in health and type 2 diabetes. Cell Metab. 2016, 24, 593–607. [Google Scholar] [CrossRef]

	



Zhang, Y.; Parajuli, K.R.; Fava, G.E.; Gupta, R.; Xu, W.; Nguyen, L.U.; Zakaria, A.F.; Fonseca, V.A.; Wang, H.; Mauvais-Jarvis, F.; et al. GLP-1 receptor in pancreatic A-cells regulates glucagon secretion in a glucose-dependent bidirectional manner. Diabetes 2019, 68, 34–44. [Google Scholar] [CrossRef]

	



Ast, J.; Arvaniti, A.; Fine, N.H.F.; Nasteska, D.; Ashford, F.B.; Stamataki, Z.; Koszegi, Z.; Bacon, A.; Jones, B.J.; Lucey, M.A.; et al. Super-resolution microscopy compatible fluorescent probes reveal endogenous glucagon-like peptide-1 receptor distribution and dynamics. Nat. Commun. 2020, 11, 467. [Google Scholar] [CrossRef] [PubMed]

	



Richards, P.; Parker, H.E.; Adriaenssens, A.E.; Hodgson, J.M.; Cork, S.C.; Trapp, S.; Gribble, F.M.; Reimann, F. Identification and characterization of GLP-1 receptor-expressing cells using a new transgenic mouse model. Diabetes 2014, 63, 1224–1233. [Google Scholar] [CrossRef] [PubMed]

	



Sandhu, H.; Wiesenthal, S.R.; MacDonald, P.E.; McCall, R.H.; Tchipashvili, V.; Rashid, S.; Satkunarajah, M.; Irwin, D.M.; Shi, Z.Q.; Brubaker, P.L.; et al. Glucagon-like peptide 1 increases insulin sensitivity in depancreatized dogs. Diabetes 1999, 48, 1045–1053. [Google Scholar] [CrossRef] [PubMed]

	



Campos, R.V.; Lee, Y.C.; Drucker, D.J. Divergent tissue-specific and developmental expression of receptors for glucagon and glucagon-like peptide-1 in the mouse. Endocrinology 1994, 134, 2156–2164. [Google Scholar] [CrossRef]

	



Uttenthal, L.O.; Toledano, A.; Blázquez, E. Autoradiographic localization of receptors for glucagon-like peptide-1(7-36) amide in rat brain. Neuropeptides 1992, 21, 143–146. [Google Scholar] [CrossRef]

	



Shimizu, I.; Hirota, M.; Ohboshi, C.; Shima, K. Identification and localization of glucagon-like peptide-1 and its receptor in rat Brain. Endocrinology 1987, 121, 1076–1082. [Google Scholar] [CrossRef]

	



Cork, S.C.; Richards, J.E.; Holt, M.K.; Gribble, F.M.; Reimann, F.; Trapp, S. Distribution and characterisation of Glucagon-like peptide-1 receptor expressing cells in the mouse brain. Mol. Metab. 2015, 4, 718–731. [Google Scholar] [CrossRef] [PubMed]

	



Göke, R.; Larsen, P.J.; Mikkelsen, J.D.; Sheikh, S.P. Identification of specific binding sites for glucagon-like peptide-1 on the posterior lobe of the rat pituitary. Neuroendocrinology 1995, 62, 130–134. [Google Scholar] [CrossRef] [PubMed]

	



Graham, D.L.; Durai, H.H.; Trammell, T.S.; Noble, B.L.; Mortlock, D.P.; Galli, A.; Stanwood, G.D. A novel mouse model of glucagon-like peptide-1 receptor expression: A look at the brain. J. Comp. Neurol. 2020, 528, 2445–2470. [Google Scholar] [CrossRef]

	



López-Ferreras, L.; Eerola, K.; Mishra, D.; Shevchouk, O.T.; Richard, J.E.; Nilsson, F.H.; Hayes, M.R.; Skibicka, K.P. GLP-1 modulates the supramammillary nucleus-lateral hypothalamic neurocircuit to control ingestive and motivated behavior in a sex divergent manner. Mol. Metab. 2019, 20, 178–193. [Google Scholar] [CrossRef] [PubMed]

	



Heppner, K.M.; Kirigiti, M.; Secher, A.; Paulsen, S.J.; Buckingham, R.; Pyke, C.; Knudsen, L.B.; Vrang, N.; Grove, K.L. Expression and distribution of glucagon-like peptide-1 receptor mRNA, protein and binding in the male nonhuman primate (Macaca mulatta) brain. Endocrinology 2015, 156, 255–267. [Google Scholar] [CrossRef] [PubMed]

	



Hamilton, A.; Hölscher, C. Receptors for the incretin glucagon-like peptide-1 are expressed on neurons in the central nervous system. Neuroreport 2009, 20, 1161–1166. [Google Scholar] [CrossRef]

	



Yoon, G.; Kim, Y.K.; Song, J. Glucagon-like peptide-1 suppresses neuroinflammation and improves neural structure. Pharmacol. Res. 2020, 152, 104615. [Google Scholar] [CrossRef] [PubMed]

	



Yun, S.P.; Kam, T.I.; Panicker, N.; Kim, S.; Oh, Y.; Park, J.S.; Kwon, S.H.; Park, Y.J.; Karuppagounder, S.S.; Park, H.; et al. Block of A1 astrocyte conversion by microglia is neuroprotective in models of Parkinson’s disease. Nat. Med. 2018, 24, 931–938. [Google Scholar] [CrossRef]

	



Timper, K.; del Río-Martín, A.; Cremer, A.L.; Bremser, S.; Alber, J.; Giavalisco, P.; Varela, L.; Heilinger, C.; Nolte, H.; Trifunovic, A.; et al. GLP-1 receptor signaling in astrocytes regulates fatty acid oxidation, mitochondrial integrity, and function. Cell Metab. 2020, 31, 1189–1205. [Google Scholar] [CrossRef]

	



Wu, H.-Y.; Tang, X.-Q.; Mao, X.-F.; Wang, Y.-X. Autocrine interleukin-10 mediates glucagon-like peptide-1 receptor-induced spinal microglial β-endorphin expression. J. Neurosci. 2017, 37, 11701–11714. [Google Scholar] [CrossRef]

	



Pyke, C.; Knudsen, L.B. The Glucagon-like peptide-1 receptor—Or not? Endocrinology 2013, 154, 4–8. [Google Scholar] [CrossRef] [PubMed]

	



Kakei, M.; Yada, T.; Nakagawa, A.; Nakabayashi, H. Glucagon-like peptide-1 evokes action potentials and increases cytosolic Ca2+in rat nodose ganglion neurons. Auton. Neurosci. Basic Clin. 2002, 102, 39–44. [Google Scholar] [CrossRef]

	



Perry, T.; Haughey, N.J.; Mattson, M.P.; Egan, J.M.; Greig, N.H. Protection and reversal of excitotoxic neuronal damage by glucagon-like peptide-1 and exendin-4. J. Pharmacol. Exp. Ther. 2002, 302, 881–888. [Google Scholar] [CrossRef] [PubMed]

	



MacDonald, P.E.; Wang, X.; Xia, F.; El-kholy, W.; Targonsky, E.D.; Tsushima, R.G.; Wheeler, M.B. Antagonism of rat β-cell voltage-dependent K + currents by exendin 4 requires dual activation of the cAMP/Protein kinase A and phosphatidylinositol 3-kinase signaling pathways. J. Biol. Chem. 2003, 278, 52446–52453. [Google Scholar] [CrossRef] [PubMed]

	



Drucker, D.J.; Philippe, J.; Mojsov, S.; Chick, W.L.; Habener, J.F. Glucagon-like peptide I stimulates insulin gene expression and increases cyclic AMP levels in a rat islet cell line. Proc. Natl. Acad. Sci. USA 1987, 84, 3434–3438. [Google Scholar] [CrossRef]

	



Wang, C.; Mao, R.; Van De Casteele, M.; Pipeleers, D.; Ling, Z. Glucagon-like peptide-1 stimulates GABA formation by pancreatic β-cells at the level of glutamate decarboxylase. Am. J. Physiol. Metab. 2007, 292, E1201–E1206. [Google Scholar] [CrossRef] [PubMed]

	



Light, P.E.; Manning Fox, J.E.; Riedel, M.J.; Wheeler, M.B. Glucagon-like peptide-1 inhibits pancreatic ATP-sensitive potassium channels via a protein kinase A- and ADP-dependent mechanism. Mol. Endocrinol. 2002, 16, 2135–2144. [Google Scholar] [CrossRef]

	



Psichas, A.; Glass, L.L.; Sharp, S.J.; Reimann, F.; Gribble, F.M. Galanin inhibits GLP-1 and GIP secretion via the GAL 1 receptor in enteroendocrine L and K cells. Br. J. Pharmacol. 2016, 173, 888–898. [Google Scholar] [CrossRef]

	



Gromada, J.; Anker, C.; Bokvist, K.; Knudsen, L.B.; Wahl, P. Glucagon-like peptide-1 receptor expression in Xenopus oocytes stimulates inositol trisphosphate-dependent intracellular Ca2+ mobilization. FEBS Lett. 1998, 425, 277–280. [Google Scholar] [CrossRef]

	



Shigeto, M.; Cha, C.Y.; Rorsman, P.; Kaku, K. A role of PLC/PKC-dependent pathway in GLP-1-stimulated insulin secretion. J. Mol. Med. 2017, 95, 361–368. [Google Scholar] [CrossRef]

	



Bos, J.L. Epac proteins: Multi-purpose cAMP targets. Trends Biochem. Sci. 2006, 31, 680–686. [Google Scholar] [CrossRef]

	



Kang, G.; Joseph, J.W.; Chepurny, O.G.; Monaco, M.; Wheeler, M.B.; Bos, J.L.; Schwede, F.; Genieser, H.-G.; Holz, G.G. Epac-selective cAMP analog 8-pCPT-2′- O -Me-cAMP as a stimulus for Ca2+ -induced Ca2+ release and exocytosis in pancreatic β-Cells. J. Biol. Chem. 2003, 278, 8279–8285. [Google Scholar] [CrossRef] [PubMed]

	



Jacobo, S.M.P.; Guerra, M.L.; Hockerman, G.H. Cav1.2 and Cav1.3 are differentially coupled to glucagon-like peptide-1 potentiation of glucose-stimulated insulin secretion in the pancreatic β-Cell line INS-1. J. Pharmacol. Exp. Ther. 2009, 331, 724–732. [Google Scholar] [CrossRef] [PubMed]

	



Hällbrink, M.; Holmqvist, T.; Olsson, M.; Östenson, C.G.; Efendic, S.; Langel, Ü. Different domains in the third intracellular loop of the GLP-1 receptor are responsible for Gαs and Gαi/Gαo activation. Biochim. Biophys. Acta Protein Struct. Mol. Enzymol. 2001, 1546, 79–86. [Google Scholar] [CrossRef]

	



Gromada, J.; Ding, W.G.; Barg, S.; Renström, E.; Rorsman, P. Multisite regulation of insulin secretion by cAMP-increasing agonists: Evidence that glucagon-like peptide 1 and glucagon act via distinct receptors. Pflug. Arch. Eur. J. Physiol. 1997, 434, 515–524. [Google Scholar] [CrossRef] [PubMed]

	



Acuna-Goycolea, C.; van den Pol, A. Glucagon-like peptide 1 excites hypocretin/orexin neurons by direct and indirect mechanisms: Implications for viscera-mediated arousal. J. Neurosci. 2004, 24, 8141–8152. [Google Scholar] [CrossRef] [PubMed]

	



Farkas, I.; Vastagh, C.; Farkas, E.; Bálint, F.; Skrapits, K.; Hrabovszky, E.; Fekete, C.; Liposits, Z. Glucagon-like peptide-1 excites firing and increases GABAergic miniature postsynaptic currents (mPSCs) in gonadotropin-releasing hormone (GnRH) neurons of the male mice via activation of nitric oxide (NO) and suppression of endocannabinoid signaling pathways. Front. Cell. Neurosci. 2016, 10, 214. [Google Scholar]

	



Holz, G.G., IV; Leech, C.A.; Habener, J.F. Activation of a cAMP-regulated Ca2+-signaling pathway in pancreatic β-cells by the insulinotropic hormone glucagon-like peptide-1. J. Biol. Chem. 1995, 270, 17749–17757. [Google Scholar] [CrossRef]

	



McIntosh, C.H.S.; Widenmaier, S.; Kim, S.J. Pleiotropic actions of the incretin hormones. Vitam. Horm. 2010, 84, 21–79. [Google Scholar]

	



Shigeto, M.; Ramracheya, R.; Tarasov, A.I.; Cha, C.Y.; Chibalina, M.V.; Hastoy, B.; Philippaert, K.; Reinbothe, T.; Rorsman, N.; Salehi, A.; et al. GLP-1 stimulates insulin secretion by PKC-dependent TRPM4 and TRPM5 activation. J. Clin. Investig. 2015, 125, 4714–4728. [Google Scholar] [CrossRef]

	



Gromada, J.; Holst, J.J.; Rorsman, P. Cellular regulation of islet hormone secretion by the incretin hormone glucagon-like peptide 1. Pflügers Arch. Eur. J. Physiol. 1998, 435, 583–594. [Google Scholar] [CrossRef] [PubMed]

	



Leech, C.A.; Holz, G.G.; Habener, J.F. Signal transduction of PACAP and GLP-1 in pancreatic beta cells. Ann. N. Y. Acad. Sci. 1996, 805, 81–92. [Google Scholar] [CrossRef] [PubMed]

	



Gromada, J.; Dissing, S.; Bokvist, K.; Renström, E.; Frøkjser-Jensen, J.; Wulff, B.S.; Rorsman, P. Glucagon-like peptide I increases cytoplasmic calcium in insulin-secreting βTC3-cells by enhancement of intracellular calcium mobilization. Diabetes 1995, 44, 767–774. [Google Scholar] [CrossRef] [PubMed]

	



Müller, T.D.; Finan, B.; Bloom, S.R.; D’Alessio, D.; Drucker, D.J.; Flatt, P.R.; Fritsche, A.; Gribble, F.; Grill, H.J.; Habener, J.F.; et al. Glucagon-like peptide 1 (GLP-1). Mol. Metab. 2019, 30, 72–130. [Google Scholar] [CrossRef] [PubMed]

	



Gaisano, G.G.; Park, S.J.; Daly, D.M.; Beyak, M.J. Glucagon-like peptide-1 inhibits voltage-gated potassium currents in mouse nodose ganglion neurons. Neurogastroenterol. Motil. 2010, 22, 470-e111. [Google Scholar] [CrossRef]

	



Lamas, J.A. Mechanically gated channels and their regulation. In Mechanically Gated Channels and Their Regulation; Kamkin, A., Lozinsky, I., Eds.; Springer Science+Business Media: Dordrecht, The Netherlands, 2012; pp. 35–68. ISBN 978-94-007-5072-2. [Google Scholar]

	



Lesage, F.; Terrenoire, C.; Romey, G.; Lazdunski, M. Human TREK2, a 2P domain mechano-sensitive K+ channel with multiple regulations by polyunsaturated fatty acids, lysophospholipids, and Gs, Gi, and Gq protein-coupled receptors. J. Biol. Chem. 2000, 275, 28398–28405. [Google Scholar] [CrossRef]

	



Patel, A.J.; Honoré, E.; Maingret, F.; Lesage, F.; Fink, M.; Duprat, F.; Lazdunski, M. A mammalian two pore domain mechano-gated S-like K+ channel. EMBO J. 1998, 17, 4283–4290. [Google Scholar] [CrossRef]

	



Koh, S.D.; Monaghan, K.; Sergeant, G.P.; Ro, S.; Walker, R.L.; Sanders, K.M.; Horowitz, B. TREK-1 regulation by nitric oxide and cGMP-dependent protein kinase. J. Biol. Chem. 2001, 276, 44338–44346. [Google Scholar] [CrossRef]

	



Heurteaux, C.; Lucas, G.; Guy, N.; El Yacoubi, M.; Thümmler, S.; Peng, X.-D.; Noble, F.; Blondeau, N.; Widmann, C.; Borsotto, M.; et al. Deletion of the background potassium channel TREK-1 results in a depression-resistant phenotype. Nat. Neurosci. 2006, 9, 1134–1141. [Google Scholar] [CrossRef]

	



Mayo, K.E.; Miller, L.J.; Bataille, D.; Dalle, S.; Göke, B.; Thorens, B.; Drucker, D.J. The glucagon receptor family. Pharmacol. Rev. 2003, 55, 167–194. [Google Scholar] [CrossRef]

	



Fine, N.H.F.; Doig, C.L.; Elhassan, Y.S.; Vierra, N.C.; Marchetti, P.; Bugliani, M.; Nano, R.; Piemonti, L.; Rutter, G.A.; Jacobson, D.A.; et al. Glucocorticoids reprogram β-Cell signaling to preserve insulin secretion. Diabetes 2018, 67, 278–290. [Google Scholar] [CrossRef] [PubMed]

	



Kennard, L.E.; Chumbley, J.R.; Ranatunga, K.M.; Armstrong, S.J.; Veale, E.L.; Mathie, A. Inhibition of the human two-pore domain potassium channel, TREK-1, by fluoxetine and its metabolite norfluoxetine. Br. J. Pharmacol. 2005, 144, 821–829. [Google Scholar] [CrossRef] [PubMed]

	



Cadaveira-Mosquera, A.; Ribeiro, S.J.; Reboreda, A.; Perez, M.; Lamas, J.A. Activation of TREK currents by the neuroprotective agent riluzole in mouse sympathetic neurons. J. Neurosci. 2011, 31, 1375–1385. [Google Scholar] [CrossRef]

	



Joseph, A.; Thuy, T.T.T.; Thanh, L.T.; Okada, M. Antidepressive and anxiolytic effects of ostruthin, a TREK-1 channel activator. PLoS ONE 2018, 13, e0201092. [Google Scholar] [CrossRef] [PubMed]

	



Mazella, J.; Pétrault, O.; Lucas, G.; Deval, E.; Béraud-Dufour, S.; Gandin, C.; El-Yacoubi, M.; Widmann, C.; Guyon, A.; Chevet, E.; et al. Spadin, a sortilin-derived peptide, targeting rodent TREK-1 channels: A new concept in the antidepressant drug design. PLoS Biol. 2010, 8, e1000355. [Google Scholar] [CrossRef] [PubMed]

	



Anderberg, R.H.; Richard, J.E.; Hansson, C.; Nissbrandt, H.; Bergquist, F.; Skibicka, K.P. GLP-1 is both anxiogenic and antidepressant; divergent effects of acute and chronic GLP-1 on emotionality. Psychoneuroendocrinology 2016, 65, 54–66. [Google Scholar] [CrossRef]

	



Liu, W.; Liu, J.; Huang, Z.; Cui, Z.; Li, L.; Liu, W.; Qi, Z. Possible role of GLP-1 in antidepressant effects of metformin and exercise in CUMS mice. J. Affect. Disord. 2019, 246, 486–497. [Google Scholar] [CrossRef]

	



Sharma, A.N.; Ligade, S.S.; Sharma, J.N.; Shukla, P.; Elased, K.M.; Lucot, J.B. GLP-1 receptor agonist liraglutide reverses long-term atypical antipsychotic treatment associated behavioral depression and metabolic abnormalities in rats. Metab. Brain Dis. 2015, 30, 519–527. [Google Scholar] [CrossRef]

	



Kinzig, K.P.; D’Alessio, D.A.; Herman, J.P.; Sakai, R.R.; Vahl, T.P.; Figueiredo, H.F.; Murphy, E.K.; Seeley, R.J. CNS glucagon-like peptide-1 receptors mediate endocrine and anxiety responses to interoceptive and psychogenic stressors. J. Neurosci. 2003, 23, 6163–6170. [Google Scholar] [CrossRef]

	



Gil-Lozano, M.; Pérez-Tilve, D.; Alvarez-Crespo, M.; Martís, A.; Fernandez, A.M.; Catalina, P.A.F.; Gonzalez-Matias, L.C.; Mallo, F. GLP-1(7-36)-amide and exendin-4 stimulate the HPA axis in rodents and humans. Endocrinology 2010, 151, 2629–2640. [Google Scholar] [CrossRef]

	



Maniscalco, J.W.; Zheng, H.; Gordon, P.J.; Rinaman, L. Negative energy balance blocks neural and behavioral responses to acute stress by “silencing” central glucagon-like peptide 1 signaling in rats. J. Neurosci. 2015, 35, 10701–10714. [Google Scholar] [CrossRef] [PubMed]

	



Chrousos, G.P. Stress and disorders of the stress system. Nat. Rev. Endocrinol. 2009, 5, 374–381. [Google Scholar] [CrossRef] [PubMed]

	



de Kloet, E.R.; Joëls, M.; Holsboer, F. Stress and the brain: From adaptation to disease. Nat. Rev. Neurosci. 2005, 6, 463–475. [Google Scholar] [CrossRef] [PubMed]

	



McEwen, B.S. Physiology and neurobiology of stress and adaptation: Central role of the brain. Physiol. Rev. 2007, 87, 873–904. [Google Scholar] [CrossRef]

	



de Kloet, E.R.; Vreugdenhil, E.; Oitzl, M.S.; Joëls, M. Brain corticosteroid receptor balance in health and disease. Endocr. Rev. 1998, 19, 269–301. [Google Scholar] [CrossRef]

	



Lupien, S.J.; McEwen, B.S.; Gunnar, M.R.; Heim, C. Effects of stress throughout the lifespan on the brain, behaviour and cognition. Nat. Rev. Neurosci. 2009, 10, 434–445. [Google Scholar] [CrossRef]

	



Herman, J.P.; McKlveen, J.M.; Ghosal, S.; Kopp, B.; Wulsin, A.; Makinson, R.; Scheimann, J.; Myers, B. Regulation of the hypothalamic-pituitary-adrenocortical stress response. Compr. Physiol. 2016, 6, 603–621. [Google Scholar]

	



Herman, J.P. Regulation of hypothalamo-pituitary-adrenocortical responses to stressors by the nucleus of the solitary tract/dorsal vagal complex. Cell. Mol. Neurobiol. 2018, 38, 25–35. [Google Scholar] [CrossRef]

	



Cunningham, E.T.; Sawchenko, P.E. Anatomical specificity of noradrenergic inputs to the paraventricular and supraoptic nuclei of the rat hypothalamus. J. Comp. Neurol. 1988, 274, 60–76. [Google Scholar] [CrossRef]

	



Katsurada, K.; Maejima, Y.; Nakata, M.; Kodaira, M.; Suyama, S.; Iwasaki, Y.; Kario, K.; Yada, T. Endogenous GLP-1 acts on paraventricular nucleus to suppress feeding: Projection from nucleus tractus solitarius and activation of corticotropin-releasing hormone, nesfatin-1 and oxytocin neurons. Biochem. Biophys. Res. Commun. 2014, 451, 276–281. [Google Scholar] [CrossRef]

	



Li, C.; Navarrete, J.; Liang-Guallpa, J.; Lu, C.; Funderburk, S.C.; Chang, R.B.; Liberles, S.D.; Olson, D.P.; Krashes, M.J. Defined paraventricular hypothalamic populations exhibit differential responses to food contingent on caloric State. Cell Metab. 2019, 29, 681–694.e5. [Google Scholar] [CrossRef] [PubMed]

	



Tauchi, M.; Zhang, R.; D’Alessio, D.A.; Stern, J.E.; Herman, J.P. Distribution of glucagon-like peptide-1 immunoreactivity in the hypothalamic paraventricular and supraoptic nuclei. J. Chem. Neuroanat. 2008, 36, 144–149. [Google Scholar] [CrossRef] [PubMed]

	



Zueco, J.A.; Esquifino, A.I.; Chowen, J.A.; Alvarez, E.; Castrillón, P.O.; Blázquez, E. Coexpression of glucagon-like peptide-1 (GLP-1) receptor, vasopressin, and oxytocin mRNAs in neurons of the rat hypothalamic supraoptic and paraventricular nuclei: Effect of GLP-1(7-36)amide on vasopressin and oxytocin release. J. Neurochem. 1999, 72, 10–16. [Google Scholar] [CrossRef] [PubMed]

	



Larsen, P.J.; Tang-Christensen, M.; Jessop, D. Central administration of glucagon-like peptide-1 activates hypothalamic neuroendocrine neurons in the rat. Endocrinology 1997, 138, 4445–4455. [Google Scholar] [CrossRef]

	



Rowland, N.E.; Crews, E.C.; Gentry, R.M. Comparison of Fos induced in rat brain by GLP-1 and amylin. Regul. Pept. 1997, 71, 171–174. [Google Scholar] [CrossRef]

	



Ghosal, S.; Packard, A.E.B.; Mahbod, P.; McKlveen, J.M.; Seeley, R.J.; Myers, B.; Ulrich-Lai, Y.; Smith, E.P.; D’Alessio, D.A.; Herman, J.P. Disruption of glucagon-like peptide 1 signaling in Sim1 neurons reduces physiological and behavioral reactivity to acute and chronic stress. J. Neurosci. 2017, 37, 184–193. [Google Scholar] [CrossRef]

	



Gil-Lozano, M.; Romaní-Pérez, M.; Outeiriño-Iglesias, V.; Vigo, E.; González-Matías, L.C.; Brubaker, P.L.; Mallo, F. Corticotropin-releasing hormone and the sympathoadrenal system are major mediators in the effects of peripherally administered exendin-4 on the hypothalamic-pituitary-adrenal axis of male rats. Endocrinology 2014, 155, 2511–2523. [Google Scholar] [CrossRef]

	



Yamamoto, H.; Kishi, T.; Lee, C.E.; Choi, B.J.; Fang, H.; Hollenberg, A.N.; Drucker, D.J.; Elmquist, J.K. Glucagon-like peptide-1-responsive catecholamine neurons in the area postrema link peripheral glucagon-like peptide-1 with central autonomic control sites. J. Neurosci. 2003, 23, 2939–2946. [Google Scholar] [CrossRef]

	



Zoccal, D.B.; Furuya, W.I.; Bassi, M.; Colombari, D.S.A.; Colombari, E.; Hildreth, C.; Putnam, R.W. The nucleus of the solitary tract and the coordination of respiratory and sympathetic activities. Front. Physiol. 2014, 5, 238. [Google Scholar] [CrossRef]

	



Holt, M.K.; Pomeranz, L.E.; Beier, K.T.; Reimann, F.; Gribble, F.M.; Rinaman, L. Synaptic inputs to the mouse dorsal vagal complex and its resident preproglucagon neurons. J. Neurosci. 2019, 39, 9767–9781. [Google Scholar] [CrossRef]

	



Williams, E.K.K.; Chang, R.B.B.; Strochlic, D.E.E.; Umans, B.D.D.; Lowell, B.B.B.; Liberles, S.D.D. Sensory neurons that detect stretch and nutrients in the digestive system. Cell 2016, 166, 209–221. [Google Scholar] [CrossRef] [PubMed]

	



Bai, L.; Mesgarzadeh, S.; Ramesh, K.S.; Huey, E.L.; Liu, Y.; Gray, L.A.; Aitken, T.J.; Chen, Y.; Beutler, L.R.; Ahn, J.S.; et al. Genetic identification of vagal sensory neurons that control feeding. Cell 2019, 179, 1129–1143. [Google Scholar] [CrossRef] [PubMed]

	



Abbott, S.B.G.; Stornetta, R.L.; Socolovsky, C.S.; West, G.H.; Guyenet, P.G. Photostimulation of channelrhodopsin-2 expressing ventrolateral medullary neurons increases sympathetic nerve activity and blood pressure in rats. J. Physiol. 2009, 587, 5613–5631. [Google Scholar] [CrossRef] [PubMed]

	



Guyenet, P.G. The sympathetic control of blood pressure. Nat. Rev. Neurosci. 2006, 7, 335–346. [Google Scholar] [CrossRef]

	



Ray, R.S.; Corcoran, A.E.; Brust, R.D.; Kim, J.C.; Richerson, G.B.; Nattie, E.; Dymecki, S.M. Impaired respiratory and body temperature control upon acute serotonergic neuron inhibition. Science 2011, 333, 637–642. [Google Scholar] [CrossRef]

	



Lee, S.J.; Diener, K.; Kaufman, S.; Krieger, J.-P.; Pettersen, K.G.; Jejelava, N.; Arnold, M.; Watts, A.G.; Langhans, W. Limiting glucocorticoid secretion increases the anorexigenic property of Exendin-4. Mol. Metab. 2016, 5, 552–565. [Google Scholar] [CrossRef]

	



Ulrich-Lai, Y.M.; Arnhold, M.M.; Engeland, W.C. Adrenal splanchnic innervation contributes to the diurnal rhythm of plasma corticosterone in rats by modulating adrenal sensitivity to ACTH. Am. J. Physiol. Integr. Comp. Physiol. 2006, 290, R1128–R1135. [Google Scholar] [CrossRef]

	



Pérez-Tilve, D.; González-Matías, L.; Aulinger, B.A.; Alvarez-Crespo, M.; Gil-Lozano, M.; Alvarez, E.; Andrade-Olivie, A.M.; Tschöp, M.H.; D’Alessio, D.A.; Mallo, F. Exendin-4 increases blood glucose levels acutely in rats by activation of the sympathetic nervous system. Am. J. Physiol. Endocrinol. Metab. 2010, 298, E1088–E1096. [Google Scholar] [CrossRef]

	



Barragán, J.M.; Eng, J.; Rodríguez, R.; Blázquez, E. Neural contribution to the effect of glucagon-like peptide-1-(7-36) amide on arterial blood pressure in rats. Am. J. Physiol. 1999, 277, E784–E791. [Google Scholar] [CrossRef]

	



Yamamoto, H.; Lee, C.E.; Marcus, J.N.; Williams, T.D.; Overton, J.M.; Lopez, M.E.; Hollenberg, A.N.; Baggio, L.; Saper, C.B.; Drucker, D.J.; et al. Glucagon-like peptide-1 receptor stimulation increases blood pressure and heart rate and activates autonomic regulatory neurons. J. Clin. Investig. 2002, 110, 43–52. [Google Scholar] [CrossRef]

	



Griffioen, K.J.; Wan, R.; Okun, E.; Wang, X.; Lovett-Barr, M.R.; Li, Y.; Mughal, M.R.; Mendelowitz, D.; Mattson, M.P. GLP-1 receptor stimulation depresses heart rate variability and inhibits neurotransmission to cardiac vagal neurons. Cardiovasc. Res. 2011, 89, 72–78. [Google Scholar] [CrossRef] [PubMed]

	



Holt, M.K.; Cook, D.R.; Brierley, D.I.; Richards, J.E.; Reimann, F.; Gourine, A.V.; Marina, N.; Trapp, S. PPG neurons in the nucleus of the solitary tract modulate heart rate but do not mediate GLP-1 receptor agonist-induced tachycardia in mice. Mol. Metab. 2020, 39, 101024. [Google Scholar] [CrossRef] [PubMed]

	



Baggio, L.L.; Ussher, J.R.; McLean, B.A.; Cao, X.; Kabir, M.G.; Mulvihill, E.E.; Mighiu, A.S.; Zhang, H.; Ludwig, A.; Seeley, R.J.; et al. The autonomic nervous system and cardiac GLP-1 receptors control heart rate in mice. Mol. Metab. 2017, 6, 1339–1349. [Google Scholar] [CrossRef]

	



Smits, M.M.; Muskiet, M.H.A.; Tonneijck, L.; Hoekstra, T.; Kramer, M.H.H.; Diamant, M.; Van Raalte, D.H. Exenatide acutely increases heart rate in parallel with augmented sympathetic nervous system activation in healthy overweight males. Br. J. Clin. Pharmacol. 2016, 81, 613–620. [Google Scholar] [CrossRef] [PubMed]

	



Heuvelman, V.D.; Van Raalte, D.H.; Smits, M.M. Cardiovascular effects of glucagon-like peptide 1 receptor agonists: From mechanistic studies in humans to clinical outcomes. Cardiovasc. Res. 2020, 116, 916–930. [Google Scholar] [CrossRef]

	



Smits, M.M.; Tonneijck, L.; Muskiet, M.H.A.; Hoekstra, T.; Kramer, M.H.H.; Diamant, M.; Van Raalte, D.H. Heart rate acceleration with GLP-1 receptor agonists in type 2 diabetes patients: An acute and 12-week randomised, double-blind, placebo-controlled trial. Eur. J. Endocrinol. 2017, 176, 77–86. [Google Scholar] [CrossRef]

	



Baraboi, E.-D.; St-Pierre, D.H.; Shooner, J.; Timofeeva, E.; Richard, D. Brain activation following peripheral administration of the GLP-1 receptor agonist exendin-4. Am. J. Physiol. Integr. Comp. Physiol. 2011, 301, R1011–R1024. [Google Scholar] [CrossRef]

	



Cannon, B.; Nedergaard, J. Brown adipose tissue: Function and physiological significance. Physiol. Rev. 2004, 84, 277–359. [Google Scholar] [CrossRef]

	



Lockie, S.H.; Heppner, K.M.; Chaudhary, N.; Chabenne, J.R.; Morgan, D.A.; Veyrat-Durebex, C.; Ananthakrishnan, G.; Rohner-Jeanrenaud, F.; Drucker, D.J.; Dimarchi, R.; et al. Direct control of brown adipose tissue thermogenesis by central nervous system glucagon-like Peptide-1 receptor signaling. Diabetes 2012, 61, 2753–2762. [Google Scholar] [CrossRef]

	



Beiroa, D.; Imbernon, M.; Gallego, R.; Senra, A.; Herranz, D.; Villarroya, F.; Serrano, M.; Fernø, J.; Salvador, J.; Escalada, J.; et al. GLP-1 agonism stimulates brown adipose tissue thermogenesis and browning through hypothalamic AMPK. Diabetes 2014, 63, 3346–3358. [Google Scholar] [CrossRef]

	



Lee, S.J.; Sanchez-Watts, G.; Krieger, J.P.; Pignalosa, A.; Norell, P.N.; Cortella, A.; Pettersen, K.G.; Vrdoljak, D.; Hayes, M.R.; Kanoski, S.; et al. Loss of dorsomedial hypothalamic GLP-1 signaling reduces BAT thermogenesis and increases adiposity. Mol. Metab. 2018, 11, 33–46. [Google Scholar] [CrossRef] [PubMed]

	



Gaykema, R.P.; Newmyer, B.A.; Ottolini, M.; Raje, V.; Warthen, D.M.; Lambeth, P.S.; Niccum, M.; Yao, T.; Huang, Y.; Schulman, I.G.; et al. Activation of murine pre-proglucagon-producing neurons reduces food intake and body weight. J. Clin. Investig. 2017, 127, 1031–1045. [Google Scholar] [CrossRef] [PubMed]

	



Adhikari, A. Distributed circuits underlying anxiety. Front. Behav. Neurosci. 2014, 8, 112. [Google Scholar] [CrossRef]

	



Calhoon, G.G.; Tye, K.M. Resolving the neural circuits of anxiety. Nat. Neurosci. 2015, 18, 1394–1404. [Google Scholar] [CrossRef] [PubMed]

	



Gulec, G.; Isbil-Buyukcoskun, N.; Kahveci, N. Effects of centrally-injected glucagon-like peptide-1 on pilocarpine-induced seizures, anxiety and locomotor and exploratory activity in rat. Neuropeptides 2010, 44, 285–291. [Google Scholar] [CrossRef]

	



Möller, C.; Sommer, W.; Thorsell, A.; Rimondini, R.; Heilig, M. Anxiogenic-like action of centrally administered glucagon-like peptide-1 in a punished drinking test. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2002, 26, 119–122. [Google Scholar] [CrossRef]

	



Zhang, R.; Jankord, R.; Flak, J.N.; Solomon, M.B.; D’Alessio, D.A.; Herman, J.P. Role of glucocorticoids in tuning hindbrain stress integration. J. Neurosci. 2010, 30, 14907–14914. [Google Scholar] [CrossRef]

	



Tauchi, M.; Zhang, R.; D’Alessio, D.A.; Seeley, R.J.; Herman, J.P. Role of central glucagon-like peptide-1 in hypothalamo-pituitary-adrenocortical facilitation following chronic stress. Exp. Neurol. 2008, 210, 458–466. [Google Scholar] [CrossRef]

	



Gil-Lozano, M.; Romaní-Pérez, M.; Outeiriño-Iglesias, V.; Vigo, E.; Brubaker, P.L.; González-Matías, L.C.; Mallo, F. Effects of prolonged exendin-4 administration on hypothalamic-pituitary-adrenal axis activity and water balance. Am. J. Physiol. Endocrinol. Metab. 2013, 304, E1105–E1117. [Google Scholar] [CrossRef]

	



Rinaman, L. Interoceptive stress activates glucagon-like peptide-1 neurons that project to the hypothalamus. Am. J. Physiol. 1999, 277, R582–R590. [Google Scholar] [CrossRef]

	



Rinaman, L. A functional role for central glucagon-like peptide-1 receptors in lithium chloride-induced anorexia. Am. J. Physiol. Integr. Comp. Physiol. 1999, 277, R1537–R1540. [Google Scholar] [CrossRef] [PubMed]

	



Seeley, R.J.; Blake, K.; Rushing, P.A.; Benoit, S.; Eng, J.; Woods, S.C.; D’Alessio, D. The role of CNS glucagon-like peptide-1 (7-36) amide receptors in mediating the visceral illness effects of lithium chloride. J. Neurosci. 2000, 20, 1616–1621. [Google Scholar] [CrossRef] [PubMed]

	



Tang-Christensen, M. Central administration of GLP-1(7[ndash]36)amide inhibits food and water intake in rats. Am. J. Phys. 1996, 271, 848–856. [Google Scholar]

	



Thiele, T.E. Central infusion of GLP-1, but not leptin, produces conditioned taste aversions in rats. Am. J. Physiol. 1997, 272, R726–R730. [Google Scholar] [CrossRef] [PubMed]

	



Lachey, J.L.; D’Alessio, D.A.; Rinaman, L.; Elmquist, J.K.; Drucker, D.J.; Seeley, R.J. The role of central glucagon-like peptide-1 in mediating the effects of visceral illness: Differential effects in rats and mice. Endocrinology 2005, 146, 458–462. [Google Scholar] [CrossRef]

	



Kinzig, K.P.; D’Alessio, D.A.; Seeley, R.J. The diverse roles of specific GLP-1 receptors in the control of food intake and the response to visceral illness. J. Neurosci. 2002, 22, 10470–10476. [Google Scholar] [CrossRef]

	



Vrang, N.; Phifer, C.B.; Corkern, M.M.; Berthoud, H.-R. Gastric distension induces c-Fos in medullary GLP-1/2-containing neurons. Am. J. Physiol. Integr. Comp. Physiol. 2003, 285, R470–R478. [Google Scholar] [CrossRef]

	



Gülpinar, M.A.; Bozkurt, A.; Coşkun, T.; Ulusoy, N.B.; Yeǧen, B.Ç. Glucagon-like peptide (GLP-1) is involved in the central modulation of fecal output in rats. Am. J. Physiol. Liver Physiol. 2000, 278, G924–G929. [Google Scholar] [CrossRef]

	



Steinert, R.E.; Feinle-Bisset, C.; Asarian, L.; Horowitz, M.; Beglinger, C.; Geary, N. Ghrelin, CCK, GLP-1, and PYY(3-36): Secretory controls and physiological roles in eating and glycemia in health, obesity, and after RYGB. Physiol. Rev. 2017, 97, 411–463. [Google Scholar] [CrossRef]

	



Williams, D.L.; Baskin, D.G.; Schwartz, M.W. Evidence that intestinal glucagon-like peptide-1 plays a physiological role in satiety. Endocrinology 2009, 150, 1680–1687. [Google Scholar] [CrossRef]

	



Krieger, J.P. Intestinal glucagon-like peptide-1 effects on food intake: Physiological relevance and emerging mechanisms. Peptides 2020, 131. [Google Scholar] [CrossRef]

	



Flint, A.; Raben, A.; Astrup, A.; Holst, J.J. Glucagon-like peptide 1 promotes satiety and suppresses energy intake in humans. J. Clin. Investig. 1998, 101, 515–520. [Google Scholar] [CrossRef] [PubMed]

	



Gutzwiller, J.P.; Göke, B.; Drewe, J.; Hildebrand, P.; Ketterer, S.; Handschin, D.; Winterhalder, R.; Conen, D.; Beglinger, C. Glucagon-like peptide-1: A potent regulator of food intake in humans. Gut 1999, 44, 81–86. [Google Scholar] [CrossRef]

	



Ronveaux, C.C.; de Lartigue, G.; Raybould, H.E. Ability of GLP-1 to decrease food intake is dependent on nutritional status. Physiol. Behav. 2014, 135, 222–229. [Google Scholar] [CrossRef] [PubMed]

	



Sandoval, D.; Barrera, J.G.; Stefater, M.A.; Sisley, S.; Woods, S.C.; D’Alessio, D.D.; Seeley, R.J. The Anorectic effect of GLP-1 in rats is nutrient dependent. PLoS ONE 2012, 7, e51870. [Google Scholar] [CrossRef] [PubMed]

	



Punjabi, M.; Arnold, M.; Rüttimann, E.; Graber, M.; Geary, N.; Pacheco-López, G.; Langhans, W. Circulating glucagon-like peptide-1 (GLP-1) inhibits eating in male rats by acting in the hindbrain and without inducing avoidance. Endocrinology 2014, 155, 1690–1699. [Google Scholar] [CrossRef]

	



Cabou, C.; Campistron, G.; Marsollier, N.; Leloup, C.; Cruciani-Guglielmacci, C.; Penicaud, L.; Drucker, D.J.; Magnan, C.; Burcelin, R. Brain glucagon-like peptide-1 regulates arterial blood flow, heart rate, and insulin sensitivity. Diabetes 2008, 57, 2577–2587. [Google Scholar] [CrossRef]

	



Berthoud, H.-R.; Neuhuber, W.L. Functional and chemical anatomy of the afferent vagal system. Auton. Neurosci. 2000, 85, 1–17. [Google Scholar] [CrossRef]

	



Kanoski, S.E.; Hayes, M.R.; Skibicka, K.P. GLP-1 and weight loss: Unraveling the diverse neural circuitry. Am. J. Physiol. Integr. Comp. Physiol. 2016, 310, R885–R895. [Google Scholar] [CrossRef]

	



Krieger, J.-P.; Arnold, M.; Pettersen, K.G.; Lossel, P.; Langhans, W.; Lee, S.J. Knockdown of GLP-1 receptors in vagal afferents affects normal food intake and glycemia. Diabetes 2016, 65, 34–43. [Google Scholar] [CrossRef]

	



Abbott, C.R.; Monteiro, M.; Small, C.J.; Sajedi, A.; Smith, K.L.; Parkinson, J.R.C.; Ghatei, M.A.; Bloom, S.R. The inhibitory effects of peripheral administration of peptide YY3–36 and glucagon-like peptide-1 on food intake are attenuated by ablation of the vagal–brainstem–hypothalamic pathway. Brain Res. 2005, 1044, 127–131. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Ritter, R.C. Circulating GLP-1 and CCK-8 reduce food intake by capsaicin-insensitive, nonvagal mechanisms. Am. J. Physiol. Integr. Comp. Physiol. 2012, 302, R264–R273. [Google Scholar] [CrossRef] [PubMed]

	



Sisley, S.; Gutierrez-Aguilar, R.; Scott, M.; D’Alessio, D.A.; Sandoval, D.A.; Seeley, R.J. Neuronal GLP1R mediates liraglutide’s anorectic but not glucose-lowering effect. J. Clin. Investig. 2014, 124, 2456–2463. [Google Scholar] [CrossRef] [PubMed]

	



Secher, A.; Jelsing, J.; Baquero, A.F.; Hecksher-Sørensen, J.; Cowley, M.A.; Dalbøge, L.S.; Hansen, G.; Grove, K.L.; Pyke, C.; Raun, K.; et al. The arcuate nucleus mediates GLP-1 receptor agonist liraglutide-dependent weight loss. J. Clin. Investig. 2014, 124, 4473–4488. [Google Scholar] [CrossRef] [PubMed]

	



Orskov, C.; Poulsen, S.S.; Møller, M.; Holst, J.J. Glucagon-like peptide I receptors in the subfornical organ and the area postrema are accessible to circulating glucagon-like peptide I. Diabetes 1996, 45, 832–835. [Google Scholar] [CrossRef]

	



Kastin, A.J.; Akerstrom, V.; Pan, W. Interactions of glucagon-like peptide-1 (GLP-1) with the blood-brain barrier. J. Mol. Neurosci. 2002, 18, 7–14. [Google Scholar] [CrossRef]

	



Varin, E.M.; Mulvihill, E.E.; Baggio, L.L.; Koehler, J.A.; Cao, X.; Seeley, R.J.; Drucker, D.J. Distinct neural sites of GLP-1R expression mediate physiological versus pharmacological control of incretin action. Cell Rep. 2019, 27, 3371–3384. [Google Scholar] [CrossRef]

	



Hisadome, K.; Reimann, F.; Gribble, F.M.; Trapp, S. CCK stimulation of GLP-1 neurons involves α 1-adrenoceptor- mediated increase in glutamatergic synaptic inputs. Diabetes 2011, 60, 2701–2709. [Google Scholar] [CrossRef]

	



Maniscalco, J.W.; Edwards, C.M.; Rinaman, L. Ghrelin signaling contributes to fasting-induced attenuation of hindbrain neural activation and hypophagic responses to systemic cholecystokinin in rats. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2020, 318, R1014–R1023. [Google Scholar] [CrossRef]

	



Goldstone, A.P.; Mercer, J.G.; Gunn, I.; Moar, K.M.; Edwards, C.M.B.; Rossi, M.; Howard, J.K.; Rasheed, S.; Turton, M.D.; Small, C.; et al. Leptin interacts with glucagon-like peptide-1 neurons to reduce food intake and body weight in rodents. FEBS Lett. 1997, 415, 134–138. [Google Scholar] [CrossRef]

	



Huo, L.; Gamber, K.M.; Grill, H.J.; Bjørbæk, C. Divergent leptin signaling in proglucagon neurons of the nucleus of the solitary tract in mice and rats. Endocrinology 2008, 149, 492–497. [Google Scholar] [CrossRef] [PubMed]

	



Maniscalco, J.W.; Rinaman, L. Systemic leptin dose-dependently increases STAT3 phosphorylation within hypothalamic and hindbrain nuclei. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2014, 306, R576–R585. [Google Scholar] [CrossRef]

	



Cheng, W.; Ndoka, E.; Hutch, C.; Roelofs, K.; MacKinnon, A.; Khoury, B.; Magrisso, J.; Kim, K.S.; Rhodes, C.J.; Olson, D.P.; et al. Leptin receptor–expressing nucleus tractus solitarius neurons suppress food intake independently of GLP1 in mice. JCI Insight 2020, 5. [Google Scholar] [CrossRef]

	



Turton, M.D. A role for glucagon-like peptide-1 in the central regulation of feeding. Nature 1996, 379, 69–72. [Google Scholar] [CrossRef] [PubMed]

	



Donahey, J.C.; van Dijk, G.; Woods, S.C.; Seeley, R.J. Intraventricular GLP-1 reduces short- but not long-term food intake or body weight in lean and obese rats. Brain Res. 1998, 779, 75–83. [Google Scholar] [CrossRef]

	



Williams, D.L. Neural integration of satiation and food reward: Role of GLP-1 and orexin pathways. Physiol. Behav. 2014, 136, 194–199. [Google Scholar] [CrossRef] [PubMed]

	



Scrocchi, L.A.; Brown, T.J.; MacLusky, N.; Brubaker, P.L.; Auerbach, A.B.; Joyner, A.L.; Drucker, D.J. Glucose intolerance but normal satiety in mice with a null mutation in the glucagon-like peptide 1 receptor gene. Nat. Med. 1996, 2, 1254–1258. [Google Scholar] [CrossRef] [PubMed]

	



Mietlicki-Baase, E.G.; Ortinski, P.I.; Rupprecht, L.E.; Olivos, D.R.; Alhadeff, A.L.; Christopher Pierce, R.; Hayes, M.R. The food intake-suppressive effects of glucagon-like peptide-1 receptor signaling in the ventral tegmental area are mediated by AMPA/kainate receptors. Am. J. Physiol. Endocrinol. Metab. 2013, 305, E1367–E1374. [Google Scholar] [CrossRef] [PubMed]

	



Mietlicki-Baase, E.G.; Ortinski, P.I.; Reiner, D.J.; Sinon, C.G.; McCutcheon, J.E.; Pierce, R.C.; Roitman, M.F.; Hayes, M.R. Glucagon-like peptide-1 receptor activation in the nucleus accumbens core suppresses feeding by increasing glutamatergic AMPA/kainate signaling. J. Neurosci. 2014, 34, 6985–6992. [Google Scholar] [CrossRef] [PubMed]

	



Kobayashi, K.; Iwai, T.; Sasaki-Hamada, S.; Kamanaka, G.; Oka, J.I. Exendin (5-39), an antagonist of GLP-1 receptor, modulates synaptic transmission via glutamate uptake in the dentate gyrus. Brain Res. 2013, 1505, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Zanotto, C.; Hansen, F.; Galland, F.; Batassini, C.; Federhen, B.C.; da Silva, V.F.; Leite, M.C.; Nardin, P.; Gonçalves, C.A. Glutamatergic alterations in STZ-induced diabetic rats are reversed by exendin-4. Mol. Neurobiol. 2018, 1–14. [Google Scholar] [CrossRef]

	



Liu, J.; Conde, K.; Zhang, P.; Lilascharoen, V.; Xu, Z.; Lim, B.K.; Seeley, R.J.; Zhu, J.J.; Scott, M.M.; Pang, Z.P. Enhanced AMPA receptor trafficking mediates the anorexigenic effect of endogenous glucagon-like peptide-1 in the paraventricular hypothalamus. Neuron 2017, 96, 897–909. [Google Scholar] [CrossRef] [PubMed]

	



McKay, N.J.; Kanoski, S.E.; Hayes, M.R.; Daniels, D. Glucagon-like peptide-1 receptor agonists suppress water intake independent of effects on food intake. Am. J. Physiol. Integr. Comp. Physiol. 2011, 301, R1755–R1764. [Google Scholar] [CrossRef] [PubMed]

	



Adams, J.M.; Pei, H.; Sandoval, D.A.; Seeley, R.J.; Chang, R.B.; Liberles, S.D.; Olson, D.P. Liraglutide modulates appetite and body weight through glucagon-like peptide 1 receptor-expressing glutamatergic neurons. Diabetes 2018, 67, 1538–1548. [Google Scholar] [CrossRef] [PubMed]

	



Maniscalco, J.W.; Kreisler, A.D.; Rinaman, L. Satiation and stress-induced hypophagia: Examining the role of hindbrain neurons expressing prolactin-releasing peptide or glucagon-like peptide 1. Front. Neurosci. 2013, 6, 199. [Google Scholar] [CrossRef] [PubMed]

	



Kreisler, A.D.; Rinaman, L. Hindbrain glucagon-like peptide-1 neurons track intake volume and contribute to injection stress-induced hypophagia in meal-entrained rats. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2016, 310, R906–R916. [Google Scholar] [CrossRef] [PubMed]

	



Maniscalco, J.W.; Rinaman, L. Interoceptive modulation of neuroendocrine, emotional, and hypophagic responses to stress. Physiol. Behav. 2017, 176, 195–206. [Google Scholar] [CrossRef]

	



Anesten, F.; Holt, M.K.; Schéle, E.; Pálsdóttir, V.; Reimann, F.; Gribble, F.M.; Safari, C.; Skibicka, K.P.; Trapp, S.; Jansson, J.O. Preproglucagon neurons in the hindbrain have IL-6 receptor-α and show Ca2+ influx in response to IL-6. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2016, 311, R115–R123. [Google Scholar] [CrossRef]

	



Nieuwenhuizen, A.G.; Rutters, F. The hypothalamic-pituitary-adrenal-axis in the regulation of energy balance. Physiol. Behav. 2008, 94, 169–177. [Google Scholar] [CrossRef]

	



Morton, G.J.; Meek, T.H.; Schwartz, M.W. Neurobiology of food intake in health and disease. Nat. Rev. Neurosci. 2014, 15, 367–378. [Google Scholar] [CrossRef]

	



Ulrich-Lai, Y.M.; Fulton, S.; Wilson, M.; Petrovich, G.; Rinaman, L. Stress exposure, food intake and emotional state. Stress 2015, 18, 381–399. [Google Scholar] [PubMed]

	



Dallman, M.F.; Pecoraro, N.; Akana, S.F.; La Fleur, S.E.; Gomez, F.; Houshyar, H.; Bell, M.E.; Bhatnagar, S.; Laugero, K.D.; Manalo, S. Chronic stress and obesity: A new view of “comfort food”. Proc. Natl. Acad. Sci. USA 2003, 100, 11696–11701. [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] [PubMed]

	



Peng, J.; Long, B.; Yuan, J.; Peng, X.; Ni, H.; Li, X.; Gong, H.; Luo, Q.; Li, A. A quantitative analysis of the distribution of CRH neurons in whole mouse brain. Front. Neuroanat. 2017, 11. [Google Scholar] [CrossRef]

	



Koob, G.F. The role of CRF and CRF-related peptides in the dark side of addiction. Brain Res. 2010, 1314, 3–14. [Google Scholar] [CrossRef]

	



Zorrilla, E.P.; Logrip, M.L.; Koob, G.F. Corticotropin releasing factor: A key role in the neurobiology of addiction. Front. Neuroendocrinol. 2014, 35, 234–244. [Google Scholar] [CrossRef]

	



Diz-Chaves, Y.; Gil-Lozano, M.; Toba, L.; Fandiño, J.; Ogando, H.; González-Matías, L.C.; Mallo, F. Stressing diabetes? The hidden links between insulinotropic peptides and the HPA axis. J. Endocrinol. 2016, 230, R77–R94. [Google Scholar] [CrossRef] [PubMed]

	



Tachi, M.; Kondo, F.; Gosho, M.; Okada, S.; Fukayama, M.; Yoshikawa, K. Changes in hypothalamic neurotransmitter and prostanoid levels in response to NMDA, CRF, and GLP-1 stimulation. Anal. Bioanal. Chem. 2015, 407, 5261–5272. [Google Scholar]

	



Korol, S.V.; Jin, Z.; Babateen, O.; Birnir, B. GLP-1 and exendin-4 transiently enhance gabaa receptor-mediated synaptic and tonic currents in rat hippocampal ca3 pyramidal neurons. Diabetes 2015, 64, 79–89. [Google Scholar] [CrossRef]

	



Korol, S.V.; Jin, Z.; Birnir, B. The GLP-1 receptor agonist exendin-4 and diazepam differentially regulate GABAA receptor-mediated tonic currents in rat hippocampal CA3 pyramidal neurons. PLoS ONE 2015, 10, e0124765. [Google Scholar] [CrossRef]

	



Zhang, Y.; Liu, Y.; Xu, J.; Sun, Q.; Yu, F.; Cheng, J.; Peng, B.; Liu, W.; Xiao, Z.; Yin, J.; et al. Inhibition of DPP4 enhances inhibitory synaptic transmission through activating the GLP-1/GLP-1R signaling pathway in a rat model of febrile seizures. Biochem. Pharmacol. 2018, 156, 78–85. [Google Scholar] [CrossRef] [PubMed]

	



Grill, H.J.; Carmody, J.S.; Amanda Sadacca, L.; Williams, D.L.; Kaplan, J.M. Attenuation of lipopolysaccharide anorexia by antagonism of caudal brain stem but not forebrain GLP-1-R. Am. J. Physiol. Integr. Comp. Physiol. 2004, 287, R1190–R1193. [Google Scholar] [CrossRef] [PubMed]

	



Dallman, M.F.; Akana, S.F.; Bhatnagar, S.; Bell, M.E.; Choi, S.; Chu, A.; Horsley, C.; Levin, N.; Meijer, O.; Soriano, L.R.; et al. Starvation: Early signals, sensors, and sequelae. Endocrinology 1999, 140, 4015–4023. [Google Scholar] [CrossRef]

	



Chacón, F.; Esquifino, A.I.; Perelló, M.; Cardinali, D.P.; Spinedi, E.; Alvarez, M.P. 24-hour changes in ACTH, corticosterone, growth hormone, and leptin levels in young male rats subjected to calorie restriction. Chronobiol. Int. 2005, 22, 253–265. [Google Scholar] [CrossRef]

	



Parker, J.A.; McCullough, K.A.; Field, B.C.T.; Minnion, J.S.; Martin, N.M.; Ghatei, M.A.; Bloom, S.R. Glucagon and GLP-1 inhibit food intake and increase c-fos expression in similar appetite regulating centres in the brainstem and amygdala. Int. J. Obes. 2013, 37, 1391–1398. [Google Scholar] [CrossRef]

	



Ronveaux, C.C.; Tomé, D.; Raybould, H.E. Glucagon-like peptide 1 interacts with ghrelin and leptin to regulate glucose metabolism and food intake through vagal afferent neuron signaling. J. Nutr. 2015, 145, 672–680. [Google Scholar] [CrossRef] [PubMed]

	



Betley, J.N.; Cao, Z.F.H.; Ritola, K.D.; Sternson, S.M. Parallel, redundant circuit organization for homeostatic control of feeding behavior. Cell 2013, 55, 1337–1350. [Google Scholar] [CrossRef]

	



Rosen, A.M.; Victor, J.D.; Di Lorenzo, P.M. Temporal coding of taste in the parabrachial nucleus of the pons of the rat. J. Neurophysiol. 2011, 105, 1889–1896. [Google Scholar] [CrossRef] [PubMed]

	



Sandoval, D.A.; Bagnol, D.; Woods, S.C.; D’Alessio, D.A.; Seeley, R.J. Arcuate glucagon-like peptide 1 receptors regulate glucose homeostasis but not food intake. Diabetes 2008, 57, 2046–2054. [Google Scholar] [CrossRef] [PubMed]

	



Stuber, G.D.; Wise, R.A. Lateral hypothalamic circuits for feeding and reward. Nat. Neurosci. 2016, 19, 198–205. [Google Scholar] [CrossRef]

	



López-Ferreras, L.; Richard, J.E.; Noble, E.E.; Eerola, K.; Anderberg, R.H.; Olandersson, K.; Taing, L.; Kanoski, S.E.; Hayes, M.R.; Skibicka, K.P. Lateral hypothalamic GLP-1 receptors are critical for the control of food reinforcement, ingestive behavior and body weight. Mol. Psychiatry 2018, 23, 1157–1168. [Google Scholar] [CrossRef] [PubMed]

	



Schick, R.R.; Zimmermann, J.P.; vorm Walde, T.; Schusdziarra, V. Glucagon-like peptide 1-(7–36) amide acts at lateral and medial hypothalamic sites to suppress feeding in rats. Am. J. Physiol. Integr. Comp. Physiol. 2003, 284, R1427–R1435. [Google Scholar] [CrossRef]

	



Burmeister, M.A.; Brown, J.D.; Ayala, J.E.; Stoffers, D.A.; Sandoval, D.A.; Seeley, R.J.; Ayala, J.E. The glucagon-like peptide-1 receptor in the ventromedial hypothalamus reduces short-term food intake in male mice by regulating nutrient sensor activity. Am. J. Physiol. Endocrinol. Metab. 2017, 313, E651–E662. [Google Scholar] [CrossRef] [PubMed]

	



Burmeister, M.A.; Ayala, J.E.; Smouse, H.; Landivar-Rocha, A.; Brown, J.D.; Drucker, D.J.; Stoffers, D.A.; Sandoval, D.A.; Seeley, R.J.; Ayala, J.E. The hypothalamic glucagon-like peptide 1 receptor is sufficient but not necessary for the regulation of energy balance and glucose homeostasis in mice. Diabetes 2017, 66, 372–384. [Google Scholar] [CrossRef] [PubMed]

	



Berridge, K.C.; Ho, C.Y.; Richard, J.M.; Difeliceantonio, A.G. The tempted brain eats: Pleasure and desire circuits in obesity and eating disorders. Brain Res. 2010, 1350, 43–64. [Google Scholar] [CrossRef]

	



Li, M.M.; Madara, J.C.; Steger, J.S.; Krashes, M.J.; Balthasar, N.; Campbell, J.N.; Resch, J.M.; Conley, N.J.; Garfield, A.S.; Lowell, B.B. The paraventricular hypothalamus regulates satiety and prevents obesity via two genetically distinct circuits. Neuron 2019, 102, 653–667. [Google Scholar] [CrossRef]

	



Wu, Q.; Clark, M.S.; Palmiter, R.D. Deciphering a neuronal circuit that mediates appetite. Nature 2012, 483, 594–597. [Google Scholar] [CrossRef]

	



Richard, J.E.; Farkas, I.; Anesten, F.; Anderberg, R.H.; Dickson, S.L.; Gribble, F.M.; Reimann, F.; Jansson, J.-O.; Liposits, Z.; Skibicka, K.P. GLP-1 Receptor stimulation of the lateral parabrachial nucleus reduces food intake: Neuroanatomical, electrophysiological, and behavioral evidence. Endocrinology 2014, 155, 4356–4367. [Google Scholar] [CrossRef]

	



Kirouac, G.J. Placing the paraventricular nucleus of the thalamus within the brain circuits that control behavior. Neurosci. Biobehav. Rev. 2015, 56, 315–329. [Google Scholar] [CrossRef]

	



Dossat, A.M.; Lilly, N.; Kay, K.; Williams, D.L. Glucagon-like peptide 1 receptors in nucleus accumbens affect food intake. J. Neurosci. 2011, 31, 14453–14457. [Google Scholar] [CrossRef]

	



Dickson, S.L.; Shirazi, R.H.; Hansson, C.; Bergquist, F.; Nissbrandt, H.; Skibicka, K.P. The glucagon-like peptide 1 (GLP-1) analogue, exendin-4, decreases the rewarding value of food: A new role for mesolimbic GLP-1 receptors. J. Neurosci. 2012, 32, 4812–4820. [Google Scholar] [CrossRef]

	



Dossat, A.M.; Diaz, R.; Gallo, L.; Panagos, A.; Kay, K.; Williams, D.L. Nucleus accumbens GLP-1 receptors influence meal size and palatability. Am. J. Physiol. Metab. 2013, 304, E1314–E1320. [Google Scholar] [CrossRef]

	



Hurley, M.M.; Maunze, B.; Block, M.E.; Frenkel, M.M.; Reilly, M.J.; Kim, E.; Chen, Y.; Li, Y.; Baker, D.A.; Liu, Q.S.; et al. Pituitary adenylate-cyclase activating polypeptide regulates hunger- and palatability-induced binge eating. Front. Neurosci. 2016, 10, 383. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Q.; Zhang, X.; Leng, H.; Luan, X.; Guo, F.; Sun, X.; Gao, S.; Liu, X.; Qin, H.; Xu, L. Zona incerta projection neurons and GABAergic and GLP-1 mechanisms in the nucleus accumbens are involved in the control of gastric function and food intake. Neuropeptides 2020, 80, 102018. [Google Scholar] [CrossRef]

	



Kanoski, S.E.; Grill, H.J. Hippocampus contributions to food intake control: Mnemonic, neuroanatomical, and endocrine mechanisms. Biol. Psychiatry 2017, 81, 748–756. [Google Scholar] [CrossRef] [PubMed]

	



Suarez, A.N.; Hsu, T.M.; Liu, C.M.; Noble, E.E.; Cortella, A.M.; Nakamoto, E.M.; Hahn, J.D.; De Lartigue, G.; Kanoski, S.E. Gut vagal sensory signaling regulates hippocampus function through multi-order pathways. Nat. Commun. 2018, 9, 1–15. [Google Scholar] [CrossRef] [PubMed]

	



Hsu, T.M.; Hahn, J.D.; Konanur, V.R.; Noble, E.E.; Suarez, A.N.; Thai, J.; Nakamoto, E.M.; Kanoski, S.E. Hippocampus ghrelin signaling mediates appetite through lateral hypothalamic orexin pathways. Elife 2015, 4. [Google Scholar] [CrossRef] [PubMed]

	



Suarez, A.N.; Liu, C.M.; Cortella, A.M.; Noble, E.E.; Kanoski, S.E. Ghrelin and orexin interact to increase meal size through a descending hippocampus to hindbrain signaling pathway. Biol. Psychiatry 2020, 87, 1001–1011. [Google Scholar] [CrossRef] [PubMed]

	



Hsu, T.M.; Hahn, J.D.; Konanur, V.R.; Lam, A.; Kanoski, S.E. Hippocampal GLP-1 receptors influence food intake, meal size, and effort-based responding for food through volume transmission. Neuropsychopharmacology 2015, 40, 327–337. [Google Scholar] [CrossRef]

	



Born, J.M.; Lemmens, S.G.T.; Rutters, F.; Nieuwenhuizen, A.G.; Formisano, E.; Goebel, R.; Westerterp-Plantenga, M.S. Acute stress and food-related reward activation in the brain during food choice during eating in the absence of hunger. Int. J. Obes. 2010, 34, 172–181. [Google Scholar] [CrossRef]

	



Sinha, R. Role of addiction and stress neurobiology on food intake and obesity. Biol. Psychol. 2018, 131, 5–13. [Google Scholar] [CrossRef] [PubMed]

	



Cottone, P.; Sabino, V.; Roberto, M.; Bajo, M.; Pockros, L.; Frihauf, J.B.; Fekete, E.M.; Steardo, L.; Rice, K.C.; Grigoriadis, D.E.; et al. CRF system recruitment mediates dark side of compulsive eating. Proc. Natl. Acad. Sci. USA 2009, 106, 20016–20020. [Google Scholar] [CrossRef] [PubMed]

	



Moore, C.F.; Sabino, V.; Koob, G.F.; Cottone, P. Neuroscience of compulsive eating behavior. Front. Neurosci. 2017, 11, 469. [Google Scholar] [CrossRef] [PubMed]

	



Mukherjee, A.; Hum, A.; Gustafson, T.J.; Mietlicki-Baase, E.G. Binge-like palatable food intake in rats reduces preproglucagon in the nucleus tractus solitarius. Physiol. Behav. 2020, 219, 112830. [Google Scholar] [CrossRef] [PubMed]

	



Maske, C.B.; Coiduras, I.I.; Ondriezek, Z.E.; Terrill, S.J.; Williams, D.L. Intermittent high-fat diet intake reduces sensitivity to intragastric nutrient infusion and exogenous amylin in female rats. Obesity 2020, 28, 942–952. [Google Scholar] [CrossRef]

	



Small, D.M.; Jones-Gotman, M.; Dagher, A. Feeding-induced dopamine release in dorsal striatum correlates with meal pleasantness ratings in healthy human volunteers. Neuroimage 2003, 19, 1709–1715. [Google Scholar] [CrossRef]

	



Johnson, P.M.; Kenny, P.J. Dopamine D2 receptors in addiction-like reward dysfunction and compulsive eating in obese rats. Nat. Neurosci. 2010, 13, 635–641. [Google Scholar] [CrossRef]

	



Wang, G.J.; Volkow, N.D.; Thanos, P.K.; Fowler, J.S. Similarity between obesity and drug addiction as assessed by neurofunctional imaging: A concept review. J. Addict. Dis. 2004, 23, 39–53. [Google Scholar] [CrossRef]

	



Petrovich, G.D.; Ross, C.A.; Mody, P.; Holland, P.C.; Gallagher, M. Central, but not basolateral, amygdala is critical for control of feeding by aversive learned cues. J. Neurosci. 2009, 29, 15205–15212. [Google Scholar] [CrossRef]

	



Anderberg, R.H.; Anefors, C.; Bergquist, F.; Nissbrandt, H.; Skibicka, K.P. Dopamine signaling in the amygdala, increased by food ingestion and GLP-1, regulates feeding behavior. Physiol. Behav. 2014, 136, 135–144. [Google Scholar] [CrossRef]

	



Teegarden, S.L.; Bale, T.L. Decreases in dietary preference produce increased emotionality and risk for dietary relapse. Biol. Psychiatry 2007, 61, 1021–1029. [Google Scholar] [CrossRef] [PubMed]

	



Barrera, J.G.; Sandoval, D.A.; D’Alessio, D.A.; Seeley, R.J. GLP-1 and energy balance: An integrated model of short-term and long-term control. Nat. Rev. Endocrinol. 2011, 7, 507–516. [Google Scholar] [CrossRef]

	



Duca, F.A.; Swartz, T.D.; Sakar, Y.; Covasa, M. Decreased intestinal nutrient response in diet-induced obese rats: Role of gut peptides and nutrient receptors. Int. J. Obes. 2013, 37, 375–381. [Google Scholar] [CrossRef]

	



Williams, D.L.; Hyvarinen, N.; Lilly, N.; Kay, K.; Dossat, A.; Parise, E.; Torregrossa, A.M. Maintenance on a high-fat diet impairs the anorexic response to glucagon-like-peptide-1 receptor activation. Physiol. Behav. 2011, 103, 557–564. [Google Scholar] [CrossRef] [PubMed]

	



Mul, J.D.; Begg, D.P.; Barrera, J.G.; Li, B.; Matter, E.K.; D’Alessio, D.A.; Woods, S.C.; Seeley, R.J.; Sandoval, D.A. High-fat diet changes the temporal profile of GLP-1 receptor-mediated hypophagia in rats. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2013, 305, R68–R77. [Google Scholar] [CrossRef]

	



Anandhakrishnan, A.; Korbonits, M. Glucagon-like peptide 1 in the pathophysiology and pharmacotherapy of clinical obesity. World J. Diabetes 2016, 7, 572. [Google Scholar] [CrossRef] [PubMed]

	



Ranganath, L.R.; Beety, J.M.; Morgan, L.M.; Wright, J.W.; Howland, R.; Marks, V. Attenuated GLP-1 secretion in obesity: Cause or consequence? Gut 1996, 38, 916–919. [Google Scholar] [CrossRef]

	



Torekov, S.S.; Madsbad, S.; Holst, J.J. Obesity—An indication for GLP-1 treatment? Obesity pathophysiology and GLP-1 treatment potential. Obes. Rev. 2011, 12, 593–601. [Google Scholar] [CrossRef]

	



Gagnon, J.; Baggio, L.L.; Drucker, D.J.; Brubaker, P.L. Ghrelin is a novel regulator of GLP-1 secretion. Diabetes 2015, 64, 1513–1521. [Google Scholar] [CrossRef]

	



Anini, Y.; Brubaker, P.L. Role of leptin in the regulation of glucagon-like peptide-1 secretion. Diabetes 2003, 52, 252–259. [Google Scholar] [CrossRef]

	



Marzullo, P.; Verti, B.; Savia, G.; Walker, G.E.; Guzzaloni, G.; Tagliaferri, M.; Di Blasio, A.; Liuzzi, A. The relationship between active ghrelin levels and human obesity involves alterations in resting energy expenditure. J. Clin. Endocrinol. Metab. 2004, 89, 936–939. [Google Scholar] [CrossRef] [PubMed]

	



Scarpace, P.J.; Zhang, Y. Leptin resistance: A prediposing factor for diet-induced obesity. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2009, 296, R493–R500. [Google Scholar] [CrossRef] [PubMed]

	



Muscelli, E.; Mari, A.; Casolaro, A.; Camastra, S.; Seghieri, G.; Gastaldelli, A.; Holst, J.J.; Ferrannini, E. Separate impact of obesity and glucose tolerance on the incretin effect in normal subjects and type 2 diabetic patients. Diabetes 2008, 57, 1340–1348. [Google Scholar] [CrossRef] [PubMed]

	



Madsbad, S. The role of glucagon-like peptide-1 impairment in obesity and potential therapeutic implications. Diabetes Obes. Metab. 2014, 16, 9–21. [Google Scholar] [CrossRef]

	



Van Bloemendaal, L.; Veltman, D.J.; Ten Kulve, J.S.; Groot, P.F.C.; Ruhé, H.G.; Barkhof, F.; Sloan, J.H.; Diamant, M.; Ijzerman, R.G. Brain reward-system activation in response to anticipation and consumption of palatable food is altered by glucagon-like peptide-1 receptor activation in humans. Diabetes, Obes. Metab. 2015, 17, 878–886. [Google Scholar] [CrossRef]

	



Van Bloemendaal, L.; IJzerman, R.G.; ten Kulve, J.S.; Barkhof, F.; Konrad, R.J.; Drent, M.L.; Veltman, D.J.; Diamant, M. GLP-1 receptor activation modulates appetite- and reward-related brain areas in humans. Diabetes 2014, 63, 4186–4196. [Google Scholar] [CrossRef]

	



Ten Kulve, J.S.; Veltman, D.J.; Van Bloemendaal, L.; Groot, P.F.C.; Ruhé, H.G.; Barkhof, F.; Diamant, M.; Ijzerman, R.G. Endogenous GLP1 and GLP1 analogue alter CNS responses to palatable food consumption. J. Endocrinol. 2016, 229, 1–12. [Google Scholar] [CrossRef]

	



Farr, O.M.; Upadhyay, J.; Rutagengwa, C.; DiPrisco, B.; Ranta, Z.; Adra, A.; Bapatla, N.; Douglas, V.P.; Douglas, K.A.A.; Nolen-Doerr, E.; et al. Longer-term liraglutide administration at the highest dose approved for obesity increases reward-related orbitofrontal cortex activation in response to food cues: Implications for plateauing weight loss in response to anti-obesity therapies. Diabetes, Obes. Metab. 2019, 21, 2459–2464. [Google Scholar] [CrossRef]

	



Vegiopoulos, A.; Herzig, S. Glucocorticoids, metabolism and metabolic diseases. Mol. Cell. Endocrinol. 2007, 275, 43–61. [Google Scholar] [CrossRef]

	



Rose, A.J.; Vegiopoulos, A.; Herzig, S. Role of glucocorticoids and the glucocorticoid receptor in metabolism: Insights from genetic manipulations. J. Steroid Biochem. Mol. Biol. 2010, 122, 10–20. [Google Scholar] [CrossRef]

	



Sarkar, S.; Fekete, C.; Légrádi, G.; Lechan, R.M. Glucagon like peptide-1 (7-36) amide (GLP-1) nerve terminals densely innervate corticotropin-releasing hormone neurons in the hypothalamic paraventricular nucleus. Brain Res. 2003, 985, 163–168. [Google Scholar] [CrossRef]

	



Arase, K.; York, D.A.; Shimizu, H.; Shargill, N.; Bray, G.A. Effects of corticotropin-releasing factor on food intake and brown adipose tissue thermogenesis in rats. Am. J. Physiol. Endocrinol. Metab. 1988, 255, E255–E259. [Google Scholar] [CrossRef]








[image: Nutrients 12 03304 g001 550] 





Figure 1. Representative scheme of the interactions and effects of GLP-1 at the central level. NAC:Nucleus Accumbens; CRF: corticotropin-releasing factor: ACTH: corticotrophin; HYPO: hypothalamus; P: pituitary; AG:adrenal gland; PVN: paraventricular nucleus; GLP-1R: glucagon-like peptide 1 receptor; GC: glucocorticoid; GLP-1N: glucagon-like peptide 1 neurons; VTA: ventral tegmental area; NTS: nucleus of solitary tract; AP: area postrema. 
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Figure 2. The figure represents the effects of the central administration of GLP-1 and analogs on intake and some related behaviors schematically. The central administration of GLP-1 or analogs produces several physiological effects such as decreased food intake [158,206,230], water intake [171], and body weight [239]. Likewise, it also produces more related to food behavior effects, including increased CTA [169,170] and anorexia [220]. Besides some effects such the decreased of food-seeking [21,34,201,224] and food-motivated behavior [21,34]. 
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Table 1. Electrophysiological effects of GLP1 in the hypothalamus.
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	Compound
	Effect
	Channel/

Current
	Preparation
	Dose
	Tissue
	Model





	Ex-4
	activation
	INav
	in vitro
	1 µM
	HPN
	mouse



	Ex-4
	activation
	nonselective cationic
	in vitro
	1 µM
	HPN
	mouse



	Ex-4
	non effect
	IA
	in vitro
	1 µM
	HPN
	mouse



	GLP-1 and analogs
	¿blockade?
	K2P (TREK) 1
	
	
	
	



	Ex-4
	depolarizing
	
	in vitro
	1 µM
	HPN
	mouse



	Ex-4
	reduction
	ICav
	in vitro
	1 µM
	HPN
	mouse



	Ex-4
	reduction
	IAHP
	
	1 µM
	HPN
	mouse







Ex-4: exendin-4; K2P: two-pore domain potassium channels; IA: Potassium current A-Type; IAHP: afterhyperpolarization current; ICav: Voltage-dependent calcium current; HPN: Hypocretin Neurons; 1 Tentative Hypothesis. Adapted from [96].
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