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Abstract
The communication between the gut and the brain is important for the control of energy homeostasis. In response to food intake, enteroendocrine cells secrete gut hormones which ultimately suppress appetite through centrally-mediated processes. Increasing evidence implicates the vagus nerve as an important conduit in transmitting these signals from the gastrointestinal tract to the brain. Studies have demonstrated that many of the gut hormones secreted from enteroendocrine cells signal through the vagus nerve, and the sensitivity of the vagus to these signals is regulated by feeding status. Furthermore, evidence suggests that a reduction in the ability of the vagus nerve to respond to the switch between a “fasted” and “fed” state, retaining sensitivity to orexigenic signals when fed or a reduced ability to respond to satiety hormones, may contribute to obesity.  . This review draws together the evidence that the vagus nerve is a crucial component of appetite regulation via the gut-brain axis, with a particular emphasis on experimental techniques and future developments.

Appetite is regulated by complex mechanisms which ensure that energy demands are met by ingestion of requisite nutrients. However, given the increasing incidence of obesity, it is clear that these mechanisms are prone to favouring overconsumption. The regulation of appetite and energy intake is multifaceted and involves a number of organs and tissues. Of particular importance is the role played by the nervous system, which integrates signals from a range of sources to adjust energy input and output accordingly. Many areas of the central nervous system have been implicated in regulating metabolism, and have been reviewed extensively elsewhere [1, 2]. This review will focus on the evidence implicating the importance of the vagus nerve in communicating gut-derived signals associated with nutritional status, and the emerging role of the vagus nerve in obesity.

The vagus nerve in gut-brain communication
The vagus nerve is the tenth and longest cranial nerve, providing bidirectional communication between the brain and visceral organs. At the cervical level, the nerve consists of approximately 20% efferent and 80% afferent fibres, however the subdiaphragmatic vagus nerve may contain up to 30% efferent fibres [3]. Efferent fibres innervating the gastrointestinal (GI) tract originate from two brainstem nuclei; the nucleus ambiguus, which innervates the larynx and oesophagus, and the dorsal motor nucleus of the vagus (DMV), which innervates from the stomach to the descending colon [4]. The cell bodies for afferent fibres originating from the GI tract are exclusively located within the nodose ganglion and synapse in the nucleus tractus solitarius (NTS). The stomach receives the greatest density of vagal afferent innervation, while the small intestine receives the greatest proportion of vagal afferent innervation owing in part to its large surface area [5].
These vagal afferents are a combination of mechanosensitive and chemosensitive, responding to mechanical distension and chemical/hormonal signals respectively [7].

Satiety signalling
Following meal ingestion, enteroendocrine cells in the gastrointestinal tract secrete a number of satiety-inducing hormones. Cholecystokinin (CCK), glucagon-like peptide-1 (GLP-1) and peptide YY 3-36 (PYY3-36) are perhaps the best studied hormones with regard to their relationship with the vagus nerve, however a myriad of other signalling molecules are released, including short chain fatty acids (SCFA), produced as a by-product of bacterial fermentation of carbohydrates, and small molecule transmitters, such as 5-hydroxytryptomine. Conversely, in the absence of nutrients, X/A cells in the stomach secrete ghrelin, which acts to increase food intake. Leptin is a hormone secreted from both adipose tissue and gastric chief cells [8, 9]. Circulating adipose-derived leptin levels directly reflect total adiposity, and acts directly on hypothalamic neurons to regulate long-term changes in adiposity and food intake [10], whereas gastric-derived leptin is secreted in response to food intake and believed to act locally to induce satiety [8]. Receptors for each of these hormones have been identified on vagal afferent fibres [11-15] and in central nervous tissue [11, 16-19]. Despite detailed information being available regarding their receptor distribution profiles, the exact pathways through which these hormones signal to the brain is lacking. This is in part due to technical challenges associated with investigating the various pathways, with many of the studies investigating a putative vagal role employing either subdiaphragmatic vagotomy or capsaicin-induced ablation of sensory afferents, and those investigating a central role often employing supraphysiological doses, degradation resistant analogues or direct intra-brain injections. Vagotomy severs both afferent and efferent pathways of the vagus nerve, which not only interferes with all satiety-signals which potentially signal through this pathway, but also disrupts efferent motor control of gastric motility. Moreover, capsaicin is often used to ablate sensory afferent C fibres. Despite the same issues that this method produces on afferent signalling of other satiety signals, it has been described that capsaicin induces degradation of neurons in the DMV [20], suggesting an ablating effect on vagal efferent neurons as well. A number of studies employing vagotomy have implicated the vagus nerve as being an important component of the gut brain axis, however their validity is unclear given the technical limitations described above.

Satiety signalling through vagus nerve in lean animals
Cholecystokinin
As food enters the intestinal tract, macronutrients interact with receptors on the apical surface of enteroendocrine cells, which in response secrete gut hormones from their basolateral surface, which often lie in close proximity to vagal afferents in the mucosa [21]. CCK has perhaps the best studied relationship with vagal afferent signalling, and it is widely accepted that intestinal CCK mediates its anorectic effects exclusively through the vagus nerve. Peripheral administration of CCK results in a reduction in food intake and activation of NTS neurons [22, 23]. Smith et al demonstrated that abdominal vagotomy prevents the anorectic effects of CCK in rats [22], a finding that was further corroborated by Garlicki et al who revealed that antagonism of the CCK-A receptor (which is expressed on vagal afferents, but not in brain) results in increased food intake in satiated rats and abolishes the anorectic effects of exogenously administered CCK [24]. Likewise, CCK-A receptor null mice show no reduction in food intake and no activation of NTS neurons following exogenous CCK administration [23]. Moreover, CCK-A receptor null mice eat significantly larger meals over a longer time period, but overall daily food intake is not altered [25]. This suggests that vagal CCK receptors are involved in regulating short term food intake and meal termination, but may not contribute to the long term regulation of food intake and energy balance.
Glucagon-like peptide-1
Similarly, the effects of GLP-1 are largely believed to be dependent on intact vagii, since the satiating effects of GLP-1 are lost in truncally vagotomised humans [26], rats [27, 28] and capsaicin-treated mice [29]. Furthermore, transection of the brainstem in rats prevents the anorectic effects of systemic GLP-1 administration [27], suggesting a requirement for brainstem-to-forebrain signalling. That being said, the exact vagal branches and mechanisms through which the vagus nerve confers GLP-1’s actions are controversial. GLP-1 receptors (GLP-1R) are highly expressed on vagal afferent terminals in the hepatic portal vein [30], but studies have demonstrated these vagal afferents are not required for the anorectic or glycaemic effects of GLP-1 in rats [31, 32]. Furthermore, in an elegant study, Williams et al demonstrated that GLP-1R-expressing cells in the afferent vagus nerve of mice do not densely innervate the intestinal villi close to GLP-1 secreting cells, but are largely expressed in stomach muscle [12]. Perhaps most surprisingly, almost all GLP-1R bearing cells in the nodose ganglion responded to distension of the stomach and proximal duodenum, with only around 10% of cells responding to duodenal nutrient infusion [12]. This raises the possibility that the anorectic effects of GLP-1 are, in part, mediated through a sensitising of vagal afferents to mechanical distension of the stomach and intestines, lowering the threshold at which distension causes activation of vagal afferents. This is in agreement with electrophysiological studies of GLP-1R-expressing neurons in the CNS, which show that GLP-1 causes a modest inward current, which rarely results in action potential stimulation, but likely reduces the degree of subsequent stimulation required to trigger action potentials [16]. This theory is further corroborated by the demonstration that knockdown of the GLP-1R in vagal afferents of rats increases meal size and meal duration [33], suggesting that in the absence of vagal GLP-1 signalling, the threshold required to activate gastric mechanoreceptors is increased, thus allowing for increased meal quantity.
Peptide YY
PYY3-36 suppresses food intake in rodents and obese humans [34, 35], but the necessity of the vagus nerve for these anorectic effects has proven controversial. Different studies have suggested that the vagus nerve is either necessary [27, 36] or unnecessary [29, 37] for the full effects of PYY. This discrepancy may be due to methodological differences, with all studies employing either subdiaphragmatic vagotomy or capsaicin-induced ablation of sensory afferents, but in different species. Studies that have demonstrated a lack of vagal requirement used mice, whereas those supporting a vagal requirement used rats. In support of a vagal requirement, transection of the brainstem in rats prevents the anorectic effects of systemic PYY administration [27, 36], suggesting that brainstem projections to the forebrain are required for the anorectic effects of PYY. Nevertheless, the main receptor for PYY3-36, the Y2 receptor (Y2R), is expressed on approximately 50% of nodose ganglion neurons in rats [38] and 30% of nodose ganglion neurons in mice [39], suggesting that the vagus nerve should play at least some role in mediating the effects of PYY. Furthermore, the expression of the Y2R in the vagus alters in response to feeding status [40], pointing towards a role in appetite regulation.
Leptin
Leptin is produced mainly from adipose tissue and enters the brain through the circulation, whereupon it acts on hypothalamic and brainstem neurons to modulate energy expenditure and food intake through both long-term regulation of adiposity and acute stimulation of gluconeogenesis [8]. Leptin is also reported to be released from gastric chief and parietal cells in response to food intake [9], and may act on local vagal afferents to modulate vagal sensitivity. Indeed leptin receptors are expressed on nodose ganglion neurons [41] and peripheral administration to fed mice increases the sensitivity of mechanosensitive gastric vagal afferents to mucosal stroking, with no effect on tension receptor sensitivity [42]. Conversely, administration of leptin to fasted mice results in significant decrease in the sensitivity of tension receptors, with no effects on mucosal receptors [42]. These mucosal mechanoreceptors in the stomach are believed to be involved in the detection of food and to signal early satiation to the brain, whereas tension receptors are involved in conveying distension-related signalling to the brain. These results suggest that potentiation of mucosal sensitive afferents in the fed state by leptin could therefore promote satiety, whereas inhibition of tension sensitive afferents in the fasted state could promote hyperphagia, suggesting gastric leptin can both increase and decrease food intake depending on feeding status. When this information is combined with data showing GLP-1R-expressing vagal afferents respond to gastric distension [12], there is the potential for both leptin and GLP-1 to regulate satiation through sensitisation of both gastric mucosal and tension receptors, signalling to the brain both the presence and volume of food present in the stomach.
Congenital deletion of the leptin receptor from vagal afferents in mice leads to increases in meal size and meal duration [41], suggesting a role for leptin signalling in the vagus nerve in regulating meal termination, most likely by reducing the level of gastric distension required to initiate feelings of satiation. It has also been demonstrated that leptin increases the sensitivity of vagal afferents to CCK. In rat primary nodose ganglion cultures, the majority of leptin-responsive neurons were also responsive to CCK, and administration of both leptin and CCK produced synergistic increases in intracellular calcium and expression of the transcription factor EGR-1 compared with administration of each hormone individually [43, 44]. The relationship between leptin and CCK has also been demonstrated physiologically, with leptin-induced satiety dependent on vagal CCK activity. de Lartigue and colleagues demonstrated that in fasted lean rats, exogenous administration of leptin failed to reduce food intake. However, in mice fed a small amount of food to promote endogenous CCK release food intake was significantly reduced following leptin administration, and this effect was blocked by administration of a CCK-A receptor antagonist [44]. These results suggest leptin is able to act on the vagus to reduce food intake through two different mechanisms: increasing the sensitivity of mucosal mechanoreceptors and increasing the sensitivity of the vagus nerve to CCK. 
Short chain fatty acids
There is growing evidence that the gut microbiome can modulate behaviour, including feeding, anxiety and stress [45-47]. Mechanisms by which gut bacteria communicate to the brain are only recently beginning to be investigated. One of the main products of bacterial metabolism are short chain fatty acids (SCFA), produced as a by-product of carbohydrate fermentation. These SCFA are increasingly being shown to have physiological effects on host behaviour, in particular on feeding and appetite regulation [48]. The SCFAs acetate and propionate have been shown to stimulate the secretion of GLP-1 from intestinal L cells [49] and dietary supplementation with the fermentable carbohydrate inulin has been shown to increase circulating levels of GLP-1 and PYY [50]. Fatty acids have been shown to stimulate the release of CCK, however a minimum chain length of 12 carbon atoms is required to elicit this effect, suggesting only long-chain fatty acids are able to stimulate CCK secretion [51]. These data suggest that SCFA may exert their anorectic effects through stimulation of gut hormone release. However, direct effects of SCFA on vagal afferents have also been demonstrated. The SCFA receptor GPR41, also known as FFAR3 is expressed on vagal afferent terminals of mice [52] and colonic administration of the SCFA butyrate in anaesthetised rats results in increased afferent vagal nerve discharge, independent of CCK-A receptor activity [53]. This is not the case for the long-chain fatty acid oleate, where the increase in afferent vagal activity is abolished in the presence of a CCK-A receptor antagonist [53], supporting the notion that short-chain fatty acid activation of vagal afferents is independent of CCK release. The mechanisms through which SCFA reduce food intake is therefore likely to be two-fold: by stimulation of gut hormone secretion and direct interaction with FFAR3 receptors on vagal afferents, both of which involve vagal signalling. Indeed recently it has been demonstrated that the food intake suppressive effects of SCFA are dependent on intact vagal afferent signalling. Intraperitoneal injection of the SCFAs butyrate, propionate or acetate produces an acute, dose dependent decrease in food intake, an effect which is abolished following capsaicin-induced eradication of sensory vagal afferents or hepatic vagotomy [54]. A full appreciation of the role of the vagus nerve in communicating the anorectic effects of SCFAs is yet to be determined, and mechanisms of action which do not include the vagus, including crossing the blood brain barrier to directly interact with hypothalamic neurons have also been described [55]. Given the emerging importance of the microbiome in influencing a number of physiological and pathophysiological processes, further investigation into the role of the vagus nerve in the gut microbiome-brain axis is warranted.
Ghrelin
So far the only circulating hormone to have been conclusively demonstrated to have orexigenic actions is ghrelin. The mechanisms by which decreased nutrient availability stimulates the release of ghrelin from X/A cells are not fully understood, though anorexigenic hormones are suggested to inhibit ghrelin secretion [56]. Rodents and humans who have undergone truncal vagotomy do not increase their food intake in response to ghrelin, suggesting these orexigenic effects of ghrelin are dependent on an intact vagus nerve [57-59], although a study using a more specific method of subdiaphragmatic vagotomy, which specifically targets afferent fibres, leaving around 50% of efferent fibres intact found that the feeding stimulatory effects of ghrelin were not dependent on the vagus [60]. The finding that ghrelin receptors are expressed in the nodose ganglia of rats and humans further corroborates this theory [14]. Similarly to leptin, ghrelin significantly reduces the sensitivity of gastric vagal afferents to tension, albeit with some species variation [61]. A crucial difference between leptin and ghrelin is that ghrelin displays these effects in the fed state, whereas the effect of leptin on tension mechanoreceptor sensitivity is restricted to fasting animals. Unlike anorexigenic hormones such as CCK, which increase vagal tone, ghrelin inhibits vagal nerve activity in a dose dependent manner [59]. This leads to the possibility that activity of the vagus nerve acts as a brake on food intake, with increasing vagal nerve activity tonically suppressing appetite. A reduction in nutritional status leading to a concomitant reduction in vagal nerve activity may thus result in a disinhibition of hunger centres.

Non-vagal mediated gut hormone signalling
The studies described above demonstrate that the vagus nerve is undoubtedly an important component of the gut-brain axis; however the role of circulating gut hormones cannot be completely disregarded. Receptors for CCK, GLP-1, leptin and PYY are located within the brain [16-19]  and both GLP-1, PYY and leptin have been shown to cross the blood brain barrier (BBB) [62-64] however this is not the case for CCK [65]. Neurons synthesising and secreting GLP-1, PYY and CCK are found within the brain [66-68] and much contention surrounds the notion of whether brain GLP-1 and PYY originates from exclusively from these neuronal populations. For GLP-1, the rapid degradation by dipeptyl peptidase IV (DPPIV) suggests that sufficient penetration of the BBB is unlikely. Nevertheless, studies have shown that GLP-1 retains its anorectic effects following hepatic vagotomy in rats (but not following total subdiaphragmatic vagotomy) [31] and lesioning of the area postrema [69]. The retained effects of GLP-1 following hepatic vagotomy are not entirely inconsistent with a requirement for vagal signalling since complete subdiaphragmatic vagotomy failed to suppress food intake, substantiating the view that systemic GLP-1 may reduce food intake through potentiation of mechanosensitive signalling. PYY has a slightly longer half-life than GLP-1 [70], suggesting brain penetration may be more likely, and studies have shown direct inhibitory effects of PYY on arcuate nucleus orexigenic neuropeptide Y neurons [71]. Plasma levels of PYY increase in the hepatic portal vein (a region containing high vagal innervation) and jugular vein following food intake in rats, but to a lower extent in the jugular vein [72], suggesting that circulating PYY may interact both with vagal afferents and central receptors. Furthermore, hepatic portal vein infusion of PYY in rats increased cfos expression in the NTS and hypothalamic nuclei [72] and intravenous infusion of PYY in humans at levels consistent with those observed post-prandially resulted in activation of hypothalamic, brainstem, midbrain and limbic regions, as observed through functional magnetic resonance imaging [73]. These results may support a dual effect on central nuclei and vagal afferents, or may indicate activation of vagal afferents, which in turn activate forebrain nuclei through well described ascending NTS connections [74]. For leptin, the evidence that the effects of adipose-derived circulating leptin are orchestrated through direct interaction with hypothalamic and brainstem neurons is taken as dogma. However, the existence of gastric-derived leptin may serve as a separate system, exerting effects on food intake exclusively through changes in mechanosensitive vagal afferent sensitivity. 

Plasticity of the vagus nerve
The vagus nerve has inherent plasticity, changing its sensitivity to gut hormones in response to nutritional status. Expression of the Y2R in the nodose ganglion is fivefold lower in fasted rats than those fed ad libitum [40], and expression of the anorexigenic neuropeptide cocaine and amphetamine regulated transcript (CART) becomes undetectable [75]. This is in contrast to the expression of the orexigenic cannabinoid receptor 1 (CB1R), which is increased following 6 hour food withdrawal [76] and melanin-concentrating hormone (MCH) and MCH receptor 1 (MCH1R), which is increased following prolonged fasting [77]. These findings give further credence to the importance of the vagus nerve in regulating appetite, since in the face of nutritional deprivation, the loss of sensitivity to satiety hormones prevents further reductions in food intake. CCK is thought to play a particularly important role in regulating the phenotype of the vagus nerve.
Burdyga and colleagues demonstrated that expression of the Y2 receptor was decreased by fasting, when CCK levels are low, and was increased following refeeding, specifically in those afferent fibres innervating the stomach and duodenum, but not those innervating the ileum. Importantly, this feeding-induced increase was blocked by administration of a CCK-A receptor antagonist and rescued in fasted rats by CCK administration [40]. Furthermore, peripheral administration of PYY increased the number of cfos expressing neurons in the brainstem, an effect attenuated in CCK-A receptor knockout mice [40].  The neuropeptide CART has been shown to be expressed on vagal afferents co-expressing the CCK-A receptor [78]. Similarly to Y2R expression, the fasting induced reduction in CART expression is rescued by administration of CCK and the refeeding-induced increase in CART expression is inhibited by CCK-A receptor antagonism [75].
Vagal factors that are regulated in the opposite direction in response to nutritional status also appear to be controlled by CCK. Administration of a CCK-A antagonist prevents refeeding-induced down regulation of CB1R, and administering CCK to fasted rats can replicate this suppression of CB1R expression [76]. . In rat nodose ganglion neurons, over 90% of MCH1R expressing neurons co-express the CCK-A receptor, and the feeding induced decrease in MCH1R expression can be replicated in fasted rats by exogenous CCK administration [77]. These studies demonstrate that endogenous CCK plays an important role in regulating the phenotype of the vagus nerve in response to feeding state. Moreover, unlike the Y2 and CB1 receptors, CCK-A receptor expression is not regulated by feeding [76].
Similar to CCK, ghrelin is also able to influence the phenotype of the vagus nerve. Administration of ghrelin prevents the decrease in vagal CB1R , MCH1R and MCH expression associated with refeeding in previously fasted rats [14]. In accord with this likely being a direct effect, 75% of nodose ganglion neurons which express the ghrelin receptor co-express both the CB1 and MCH1 receptors [14]. 
Ghrelin and CCK may therefore represent opposing signals of acute nutritional state which alter the responsiveness of vagal afferents to other appetite-regulating signals. As systemic nutrient levels drop, ghrelin levels increase and CCK levels decrease. Conversely, in the post-prandial period, CCK levels increase and ghrelin levels drop. The relative interplay between ghrelin and CCK at the level of the vagus nerve may underpin its plasticity in response to nutritional status, and the relative sensitivity of the two systems may determine a vagal phenotype in different individuals. Indeed, prolonged fasting increases circulating ghrelin and is known to decrease sensitivity to the anorectic effects of CCK, potentially through a loss of leptin-mediated potentiation. That such changes would result in an expression pattern of factors within the vagus nerve likely to promote food intake may, in part, underlie the difficulty in maintaining weight loss following caloric restriction.
The majority of circulating leptin derives from adipose tissue, and is involved in regulating long-term energy status. However, as with CCK and ghrelin, leptin secreted from gastric chief cells is regulated by feeding status and may contribute to management of short-term energy homeostasis. As described above, leptin administration increases the sensitivity of mechanosensitive gastric vagal afferents to mucosal stroking in ad libitum fed mice [42]. However, this effect is abolished following fasting [42]. Interestingly, in the fed state, leptin shows no effects on tension sensitivity, but after 14 hours of fasting significantly blunts the effects of gastric distension on vagal afferent discharge [42]. This effect of reduced mechanosensitivity of tension receptors likely delays the degree of food intake required to initiate satiation in fasted animals, allowing greater nutrient intake before feelings and satiety are reached.  The mechanisms underlying these changes in leptin sensitivity are not fully understood, but it is known that leptin receptor expression is increased in the whole nodose ganglion in the fasted animal [15], likely as a result of increased expression in tension-sensitive afferent endings. This dual role for leptin, in which it is able to both potentiate satiety signalling in the fed state, whilst inhibiting these same signals in the fasted state, means leptin is able to both promote and delay satiation depending on the nutritional status.
The studies described above demonstrate the dynamic nature of the vagus nerve in lean animals. Emerging evidence suggests that in the obese state, the ability of the vagus nerve to alter its phenotype is reduced, and may become fixed in a “fasting” state.

Vagus nerve in obesity
In lean rats, the phenotype of the vagus nerve is dependent on feeding state, with an increase in the expression of anorexigenic receptors and neuropeptides in the fed state, and a “fasting phenotype”, characterised by a lack of anorectic-receptor and neuropeptide expression and an increase in orexigenic receptor expression following prolonged food withdrawal [40, 75, 76]. Obesity arises from an imbalance between the ingestion of calories and energy output. Although the mechanisms underlying obesity are complex, studies in obese rodents suggest that changes in vagus nerve sensitivity may play a role in the aetiology of weight gain.
Studies from obese rodents suggest that, despite ad libitum access to food, the vagus nerve becomes fixed in a fasting phenotype, with a reduced expression of the Y2R and increased MCH1R and CB1R expression [44]. As discussed, in lean rodents, changes in the expression of these receptors are dependent on CCK activity [40, 75, 76]. However, in obese rodents, the number of nodose ganglion neurons responsive to CCK is significantly reduced [79]; consequently the vagus may have a reduced ability to respond to changes in feeding state. In lean animals, leptin potentiates the effects of CCK, and the satiety-inducing effects of leptin are dependent on CCK signalling [43, 44]. However, following HFD feeding, obese rats fed a pre-load meal to release endogenous CCK fail to exhibit an anorectic response to exogenous leptin administration [44]. Conversely, diet resistant (DR) rats (i.e. rats which do not become obese despite being fed high fat diet) still respond to leptin [44], suggesting that it is obesity per se rather than specific macronutrients, which results in the reduction in vagal sensitivity to leptin. CCK and leptin act synergistically on vagal afferent neurons from lean mice to increase the expression of the transcription factor EGR-1 [44]. In cultured nodose ganglion neurons from diet-induced obese (DIO) and DR rats, CCK dose-dependently increases the activation of EGR-1. However, in nodose ganglia from DIO rats, the ability of leptin to potentiate this response is lost [44]. These data point towards a leptin-resistance at the level of the vagus nerve, which in turn prevents the sensitisation of vagal afferent fibres to CCK. Given the importance of CCK in mediating the phenotype of vagal afferents in response to feeding state, this leptin-resistance may be the instigator of a cascade of effects which fixes the vagus nerve in a fasting phenotype (Figure 1). In agreement with this, congenital deletion of the leptin receptor from vagal afferents of lean animals prevents the CCK-induced switch from “fasted” to “fed” state [41]. Moreover, mice which lack the leptin receptor specifically in vagal afferents gain less weight than wild type mice when fed a high fat diet [41], suggesting that signalling downstream of the vagal leptin receptor is required for complete onset of obesity.

In an ex vivo jejunal preparation, high fat diet (HFD) fed obese mice showed significantly lower rates of spontaneous vagal afferent discharge compared with lean mice, and the stimulation current required to elicit action potentials in nodose ganglion neurons was significantly higher [79]. Furthermore, the mechanosensitivity of jejunal afferents was significantly diminished [79], suggesting greater levels of chyme needs to enter the jejunum to stimulate afferent discharge. This is corroborated by data showing leptin administration significantly attenuates the mechanosensitivity of tension-sensitive gastric vagal afferents in HFD fed, but not lean mice and is in accord with the effects of leptin discussed above, in which leptin reduces the sensitivity of tension sensitive vagal afferents in fasted animals, with no effect observed on mucosal stroke-sensitive afferents [42]. Moreover, leptin receptor expression is diminished in mucosal vagal afferents, but not in tension-sensitive afferents of obese rodents [42], and leptin administration produces a blunted increase in pSTAT3 expression in nodose ganglia compared with lean animals [44]. These data point to a reduction in the sensitivity of vagal afferents to leptin, specifically in relation to its role in mediating satiety, but maintenance of its ability to decrease sensitivity to distension. This may, to some extent, explain the increase in meal size that diet-induced obese (DIO) mice can accommodate.
In obesity, ghrelin levels are reduced [80], and ghrelin receptor mRNA is decreased in nodose ganglion neurons, in accord with an observed attenuation of the orexigenic response to ghrelin and a reduced ability of ghrelin to suppress vagal nerve activity [81]. These changes suggest that ghrelin may not contribute to the phenotype of the vagus observed in the obese state. 
It is unclear whether changes in vagal nerve sensitivity occur prior to the onset of obesity, or in response to it. However a study by Waise and colleagues demonstrated that just 24 hours of HFD feeding (which did not significantly alter body weight) resulted in inflammation within the nodose ganglion and hypothalamus, and that these effects were dependent on an intact vagus nerve [82]. Hypothalamic inflammation has been demonstrated to contribute to the onset of DIO; hypothalamic specific inactivation of the inflammatory mediator IKKβ/NF-κB protects against obesity and glucose intolerance in HFD fed mice [83]. The data from Waise and colleagues suggests that the vagus nerve may act as a primary pathway to rapidly communicate intestinal stress to the hypothalamus, which can ultimately drive weight gain.
Although the studies discussed above demonstrate that obesity is associated with changes in vagal afferent signalling, one cannot discount the possibility that changes in the signalling and/or sensitivity to vagal afferent inputs at the level of the NTS could also contribute to reduced satiety signalling through the vagus nerve. Leptin is known to cross the BBB and interact with receptors in both the hypothalamus and brainstem. Within the brainstem, leptin has been shown to directly activate populations of neurons involved in satiety signalling, including GLP-1 [84] and POMC [85], both of which receive vagal afferent input [84, 86]. Leptin resistance, a key hallmark of obesity [87] may serve to reduce the sensitivity of these second order neurons to vagal activation. The role that second order NTS neurons play in communicating satiety signals arising from the vagus nerve to other central sites has only recently begun to be understood. Further investigation into potential changes in NTS neuron sensitivity to vagal afferent signalling in obesity is warranted.

Therapeutic targeting of the vagus nerve for obesity management
Given the potent anorectic effects of specific gut hormones, mimicking their effects pharmacologically offers a putative target for anti-obesity medications. However, a number of these hormones are associated with nausea and vomiting, which limits patient compliance and increases attrition rates. The reasons underlying these side effects have not been fully investigated, but direct actions on the central nuclei known to instigate nausea and vomiting may be responsible. As the vagus nerve sits outside the brain, pharmacological targeting (e.g. with analogues that do not cross the blood-brain-barrier) may offer greater therapeutic benefits with reduced side effects. This line of enquiry remains to be fully investigated, though neuromodulation of the vagus nerve through targeted electrical stimulation, so-called vagus nerve stimulation (VNS), has been shown to have positive effects on weight loss. VNS involves applying electrical stimulation directly to the vagus nerve in order to either stimulate or block the activity of the nerve, depending on the frequency of stimulation. VNS has been used for many years for the treatment of intractable epilepsy, and a study in 2002 by Burneo and colleagues observed that a proportion of their epileptic patients began to lose weight following the onset of stimulation [88]. This has since spurred a number of pre-clinical and clinical studies investigating the efficacy of VNS for the treatment of obesity. In lean rats, low frequency (0.05Hz) bilateral subdiaphragmatic vagal stimulation significantly decreased both body weight and food intake by 26% and 30% respectively compared with non-stimulated controls [89]. In obese rats, whilst there was a trend for low frequency VNS to reduce both body weight and food intake, these results were not statistically significant [90]. This is in contrast to high frequency (30Hz) stimulation of the vagus nerve in obese minipigs, which resulted in significant weight loss and food intake, as well as shifts in food preference [91]. These data suggest that the loss of vagal sensitivity and reduced baseline vagal activity observed in obesity may necessitate high frequency stimulation paradigms to reduce food intake and body weight, in contrast to lean individuals who may respond to lower frequency stimulation. Two double blind, randomised control trials investigating the effects of VNS in humans have been undertaken. The ReCharge trial involved 239 obese individuals (BMI 35-45) randomly assigned to receive either active high frequency VNS (VBloc) or implantation of a sham device. Two years following the start of the trial, percentage excess weight loss (i.e. weight loss as a percentage of “excess weight”; “excess weight” being the difference between a subject’s weight and that required for a BMI <25) following VBloc was 21%, compared with 4% for those receiving the sham device. Moreover, cardiovascular and metabolic parameters, including blood pressure, cholesterol and HbA1c levels, were also improved following VBloc [92]. This is in contrast to the EMPOWER study, conducted using the same VNS VBloc device, which failed to observe significant decreases in excess body weight when compared to individuals implanted with sham devices (17 ± 2% vs 16 ± 2%). Furthermore, no significant changes in blood pressure were observed between treated and untreated individuals on the EMPOWER study [93]. The reasons underlying these differences are not fully understood, but highlight the need to understand the mechanisms behind the anorectic effects of VNS. Large scale studies investigating the most appropriate and efficacious stimulation paradigms for VNS have not been undertaken, which may limit the therapeutic benefits of this treatment option. Moreover, the optimal timing of stimulation has not been comprehensively studied. The VNS devices used in the two clinical trials described above stimulated almost continuously for around 12-13 hours daily. Whether this duration of stimulation is effective, or results in eventual tachyphylaxis, is unknown. Furthermore, whole-nerve stimulation results in activation of all neuronal fibres in the nerve, including both efferent and afferent fibres, and it is possible that overlapping effects act to cancel each other out.

Future perspectives
Our understanding of the role of the vagus nerve in regulating food intake and appetite is increasing, but technical limitations still hinder a comprehensive appreciation of its importance. Whilst much of our understanding of the role and significance of the vagus nerve stems from vagotomy studies, the impact that this procedure has on overall gastrointestinal physiology limits the conclusions that can be drawn. Enhancements in gene-disruptive technologies, such as viral delivery of shRNA and the increasing repertoire of Cre-lox mice (e.g. sensory afferent specific NaV1.8 mice, which targets 75% of vagal afferent neurons [94]) will facilitate the precise dissection of the role played by the vagus in mediating specific receptor and hormonal pathways. Furthermore, discrepancies arise depending on the route of administration of many substances. Intravenous administration of gut hormones tends to favour a direct central effect, whereas intraperitoneal injection often favours a vagal requirement. It has been suggested that intraperitoneal administration represents a method which more closely represents physiological release and post-prandial distribution of gut hormones [28]. Further investigations into the most appropriate method of administration of gastrointestinal-derived substances and standardisation of protocols is required for a complete appreciation of the true nature of their signalling modalities. Moreover, advancements in VNS technology may improve the efficacy of this treatment option. Developments in artificial intelligence and machine learning may play an important role in titrating stimulation dose and timing. So-called closed-loop neuromodulation has been shown to improve the efficacy of a number of neural stimulation devices [95], and recently we demonstrated proof-of-principle data that closed-loop neuromodulation could be used to activate VNS devices in response to stimuli associated with food intake [96]. Future research investigating the use of closed-loop VNS may bring forth a new generation of devices to improve the effectiveness of VNS for the treatment of obesity.
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[bookmark: _GoBack]F I G U R E 1 A schematic diagram of an idealised vagal fibre illustrating the changes in the expression of appetite‐regulating factors in the vagus nerve in response to nutritional state. The fasted state is associated with expression of melanin‐concentrating hormone (MCH) and the melanin‐concentrating hormone receptor 1 (MCH1R) and cannabinoid receptor 1 (CB1R), with little expression of the cocaine‐ and amphetamine‐regulated transcript (CART) neuropeptide. The fed state is characterised by expression of the peptide YY receptor (Y2R) and increased CART expression, with little MCH expression. This switch is dependent on cholecystokinin (CCK) activity at the CCK‐A receptor (the expression of which does not alter with feeding state) and is potentiated by leptin and inhibited by ghrelin. In the obese state, CCK‐induced switching of vagal phenotype is blunted as a result of leptin resistance, rendering the vagus nerve in a permanent fasting state
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