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Abstract

Cocaine- and amphetamine-related transcript (CART) is a neuropeptide first discovered in the 

striatum of the rat brain. Later, the genetic sequence and function of CART peptide (CARTp) 

was found to be conserved among multiple mammalian species. Over the 25 years, since its 

discovery, CART mRNA (Cartpt) expression has been reported widely throughout the central 

and peripheral nervous systems underscoring its role in diverse physiological functions. Here, we 

review the localization and function of CARTp as it relates to energy homeostasis. We summarize 

the expression changes of central and peripheral Cartpt in response to metabolic states and make 

use of available large data sets to gain additional insights into the anatomy of the Cartpt expressing 

vagal neurons and their expression patterns in the gut. Furthermore, we provide an overview of 

the role of CARTp as an anorexigenic signal and its effect on energy expenditure and body weight 

control with insights from both pharmacological and transgenic animal studies. Subsequently, 

we discuss the role of CARTp in the pathophysiology of obesity and review important new 

developments towards identifying a candidate receptor for CARTp signalling. Altogether, the field 

of CARTp research has made rapid and substantial progress recently, and we review the case for 

considering CARTp as a potential therapeutic target for stemming obesity epidemic.
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1. Introduction

This year marks the 25th year anniversary since the discovery of the neuropeptide cocaine- 

and amphetamine-regulated transcript (CART). In 1995, Douglass and colleagues discovered 

a transcript in the rat ventral striatum that was differentially displayed in response to 

intraperitoneal injection of the psychostimulation drugs, cocaine and amphetamine [1]. A 

fragment of CART peptide (CARTp) matched with a previously isolated somatostatin-like 

peptide from the ovine hypothalamus [2] confirming that the transcript was translated into 

protein. Further studies identified that mRNA splicing and polyadenylation of CART mRNA 

(Cartpt) in rats give rise to two different pro-peptides of 116 or 129 amino acids that are 

post-translationally processed by pro-hormone convertases in two stable biologically-active 

forms CART (55–102) and CART (62–102) [1, 3, 4]. Importantly, CARTp was found to be 

highly conserved between species [1, 3–13], with the amino acid sequence of both the short­

form CART (49–89) and the long-form CART (40–89) in humans sharing 95% amino acid 

sequence homology with the respective rodent forms [1, 13–15]. Past studies have reported 

that CARTp is involved in a wide range of physiological roles including stress, feeding 

behavior, immune function, autonomic regulation, fluid balance, metabolic processes, sexual 

function and endocrine control as reviewed in [16–19], with increasing evidence for a role in 

the pathophysiology of obesity. This is supported by polymorphisms in human populations 

that show an association between CARTp and obesity. Most studies reported only a few 

specific single nucleotide polymorphisms (SNPs) in Cartpt gene, for instance, higher allele 

frequency of the 1475A>G SNP in the individuals with obesity [20–23]. While there are 

various challenges on the translation of observations from animal studies to human system, 

mutations in Cartpt have been documented to promote weight gain and thus endorsing the 

anorectic role of the CARTp. This review will focus on a growing literature highlighting an 

important modulatory role for CARTp in energy homeostasis.

Firstly, we review the localization of Cartpt in the brain and periphery, focusing on areas 

with a known role in controlling energy homeostasis. Specifically we highlight recent RNA 

profiling data that indicate heterogeneity of Cartpt expressing neurons and review the stimuli 

that modulate Cartpt expression. Secondly, we discuss important new developments that 

identify a putative candidate receptor for CARTp signaling. Finally, we summarize the 

function of CARTp as an anorexigenic signal and its effect on energy expenditure and 

body weight control based on studies relying on pharmacological or genetic approaches. In 

each section, we conclude with a summary of the state of the field and identified gaps in 

knowledge.

2. CART Expression patterns

Early studies identifying the expression patterns of Cartpt provided insight into its potential 

function. Since its original discovery as a differentially displayed transcript, it has been 
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found to be widely expressed in an evolutionarily conserved manner. Immunohistochemical 

and in situ hybridization studies in rodents [1, 3–6], amphibians [7], marsupials [8], primates 

[9–11] and human [12, 13] brains have revealed the presence of CARTp and Cartpt mRNA 

throughout the brain. Recently, a full comprehensive expression pattern of Cartpt has been 

identified throughout the entire mouse brain in the Allen brain atlas [24]. In this section, 

we summarize the Cartpt expression patterns along the rostro-caudal axis of the brain 

(Figure 1), and peripheral organs. In each section, we highlight metabolic stimuli capable of 

modulating Cartpt expression levels, supporting a role for CARTp in energy homeostasis.

2.1 Forebrain

In the frontal part of the mouse brain, Cartpt expressing neurons are distributed across 

different nuclei including the inner plexiform layer of the olfactory bulb and olfactory 

tubercle [25] (Figure 1) and the prefrontal cortex (PFC) [24]. Furthermore, Cartpt expression 

in the somatosensory, piriform, and insular cortices was also reported in rats [26] and 

humans [12]. These regions are actively involved in olfaction, integration of sensory 

information, as well as decision making [25, 27]. To date little evidence of CART protein 

has been confirmed in these brain regions.

Work in fish suggests that Cartpt expression in these forebrain regions may be sensitive 

to feeding cues. Prolonged fast or food deprivation decreased Cartpt levels in the 

telencephalon-preoptic region and olfactory bulb of goldfish [28] and in the forebrain of 

Atlantic cod fish [29], while an increase in Cartpt levels was reported in the olfactory bulb 

of goldfish postprandially [28]. Further work is required to determine if this can translate 

to mammals, however studies in genetically obese CCKA receptor deficient (OLEFT) rats 

suggests that neither CCK nor obesity can influence Cartpt expression in rodents in these 

forebrain regions [30].

2.2 Midbrain

Cartpt transcript was originally identified in the striatum of rats. It has since been 

reported to be expressed in a number of other midbrain nuclei important in the control of 

feeding behavior. Specifically this includes nuclei that influence 1) valence and motivation, 

including the ventral tegmental area (VTA) and nucleus accumbens (NAc) [6, 15, 24], as 

well as the central (CeA) and basomedial nucleus (BMA) of the amygdala [3, 5, 6], 2) 

learning and memory, including the hippocampus (dentate gyrus, CA1, CA2, CA3 and 

indusium griseum) [26] and very high expression in the Edinger–Westphal nucleus as well 

as the pontine gray [7, 31]; and 3) energy homeostasis, including the arcuate nucleus 

(Arc), lateral hypothalamus (LHA), dorsal medial hypothalamus (DMH), ventral medial 

hypothalamus (VMH) and paraventricular nuclei (PVN).

In the amygdala changes in CARTp or Cartpt expression patterns in both CeA and BMA 

have recently been suggested to modulate stress response, hedonic feeding and energy 

homeostasis [32–36]. Under normal physiological conditions, CARTp levels in amygdala of 

rats were lower in the light cycle (inactive, sleeping) compared to dark cycle (active, eating) 

suggestive that CARTp in the amygdala is upregulated in response to feeding. In support 

of this, 24 h food deprivation in rats, prevents this diurnal variation of CARTp [37]. Future 
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work further assessing the postprandial stimuli responsible for CARTp upregulation will be 

important, while in contrast, 48 h food deprivation upregulated Cartpt in non-preganglionic 

Edinger–Westphal nucleus in male but not female rats [31] indicative of CNS region specific 

responses.

The original finding that Cartpt is upregulated in response to drugs of abuse [1], highlight a 

potential role for CARTp in reward and reinforcement. Although later, Cartpt expression in 

response to these psychostimulants was found to be gender-specific [38]. Since the original 

finding Cartpt expression in NAc has been associated with food consumption. In rats, fasting 

for 24 h or 48 h suppressed Cartpt levels in NAc shell [39]. Furthermore, ad libtum-fed 

rats had lower CARTp levels in the inactive light period compared to active dark period. 

However, in 24 h fasted animals, this diurnal variation of CARTp was not present [37]. 

Interestingly, an increase in CARTp immunoreactivity in NAc shell was also observed in 

a binge eating model behavior (restricted access to high fat and sugar diet for 4 weeks) 

animals [40]. It is interesting to note that Cartpt appears to be predominantly involved in 

the mesolimbic reward system and less in the nigrostriatal pathway based on mouse data 

available in the Allen brain atlas [24].

In the hippocampus, the exact functions of CARTp remain unclear. No studies have 

yet reported changes in Cartpt or CARTp levels in response to feeding related cues. 

Furthermore, i.c.v. injection of leptin in goldfish also upregulated the expression of Cartpt 
in the optic tectum [28]. Further work is necessary to assess whether CARTp in these brain 

regions is affected by feeding or metabolic states or is involved in sensory processing, 

reward and/or memory formation.

2.3 Hypothalamus

The arcuate nucleus is often described as having two separate populations of neurons that 

express either Cartpt and pro-opiomelanocortin (CART/POMC) or neuropeptide Y and 

agouti-related peptide (NPY/AgRP), with these two neuronal populations having opposing 

metabolic functions [41, 42]. However, single-cell sequencing in the Arc reveals that 

there exists far greater diversity of Arc neuronal populations than originally assumed 

[43, 44]. Three separate clusters of POMC neurons were identified, of these Cartpt is 

most abundantly found in the POMC/Anxa2 cluster, with little to no co-expression in the 

POMC/Ttr and POMC/Glipr1 clusters [44]. Interestingly, Cartpt was also identified in two 

separate clusters, Tbx19 or Trh/Cxcl12, that lack POMC. The functional significance of 

these individual clusters of Arc neurons in feeding remain unknown, but these data highlight 

a previously unsuspected heterogeneity of Cartpt expressing Arc-neurons [44]. Similarly, 

scRNA sequencing of the LHA revealed Cartpt expression in several different clusters 

including Calcr, Tac1, Gal, and Nts, but not NPY [45]. In contrast to rodents, human Cartpt 
expression in the Arc has been demonstrated to colocalize the orexigenic NPY/AgRP and 

segregated from the anorexigenic POMC neurons [46]. Thus, it remains unclear whether the 

rodent data translates to humans especially in relation to its anorectic function given the 

primary orexigenic properties of NPY/AgRP neurons.

Early studies reported that in whole hypothalamus of ad-libitum chow-fed rats, CARTp 

levels were increased in the active dark period compared to the light period, and this 
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pattern was not observed under fasting conditions, suggesting that hypothalamic CARTp 

levels are regulated by food intake [37]. Within individual hypothalamic nuclei of the Arc, 

PVN, perifornical region, and DMH similar decreases in Cartpt expression was reported in 

response to 24–48 h fasts in rats [39, 47, 48]. Fasting had little-to-no reduction in Cartpt 
expression in the either the DMH or Arc of lean mice [49]. Notably, in some studies either 

feeding a high-fat diet for 1–3 weeks (50% kcal fat) [50] or 15–16 weeks (19% kcal fat) 

[51], increased Cartpt expression in the whole hypothalamus or its subregions (PVN, Arc, 

and LHA) in rats. However, other studies reported increase in Arc Cartpt expression in 

diabetic rats fed chow or 50% kcal fat diet for 2 weeks [52] or decreased CARTp expression 

after feeding a high-fat (30% kcal fat) diet to obesity-prone rats for 14 weeks while the 

expression between high-fat diet fed obesity-resistant or low-fat fed control rats was not 

different [53]. Despite using similar 50% kcal fat diets in above studies [50, 52], it is 

plausible that the reason for the differential response could be the differences in the fasting 

period before sacrifice (1–2 h in [50] vs 12 h in [52]). In diet-induced obese mice, Cartpt 
increased after 10 weeks of fed high fat diet (40–60% kcal fat) in the DMH, but not the Arc 

[49, 54]. Cartpt expression in LHA was also reported to be increased along with decreased 

in Arc and PVN of obesity-prone mice compared to obesity-resistant mice fed high-fat 

diets [54, 55]. As these effects were not observed in pair-fed or energy-restricted mice [54, 

55], it plausible that the effects are mainly weight-dependent and partly diet-dependent. 

Furthermore, hypothalamic Cartpt expression and protein levels were also reported to be 

downregulated in other models of obesity such as gold thioglucose-treated mice [56], 

VMH-lesioned rats [57] and some [47] but not all studies using streptozotocin-diabetic rats 

[52]. There is also evidence that cold exposure, which promotes weight loss mainly due to 

increase in thermogenesis, was associated with an increase in Cartpt mRNA abundance in 

the Arc of cold-acclimatized, compared to warm-maintained rats [58]. These data suggest 

that Cartpt expression is sensitive to metabolic changes, although the discrepancy between 

rats and mice is poorly understood, and further work in mice is warranted.

In the Arc, Cartpt expression is regulated by peripheral hormones. Leptin, which is released 

from adipose tissue, activates Arc CART/POMC neurons and upregulates Cartpt expression 

but inhibits NPY/AgRP neurons expression and activity [41, 48, 59, 60]. Cartpt expression 

is almost absent from the Arc of genetically obese Zucker (fa/fa) rats (have dysfunctional 

leptin receptor) and ob/ob mice (have disrupted leptin gene) and downregulated in DMH 

of ob/ob mice [48, 57]. Treatment of ob/ob mice with leptin injected intraperitoneally 

restored Cartpt levels in the Arc and DMH [48]. When hyperleptinemia was induced by 

adenovirus-mediated overexpression of leptin gene or feeding high-fat diet (60% kcal fat) to 

normal rats for 8 weeks, Cartpt expression was increased in the whole hypothalamic tissue 

[57]. Furthermore, the co-injection of leptin with satiety peptide cholecystokinin (CCK) also 

increased hypothalamic Cartpt expression [61] and CCK might play a role mediating effects 

of CARTp on other hypothalamic neurons and in influencing energy balance [62]. This is 

supported by lower Cartpt expression in diet induced obese animals that also have blunted 

vagal CCK sensitivity [63] and CCK induced satiation[64]. In contrast, ghrelin activates 

Arc NPY/AgRP neurons and inhibit POMC/CART neurons [65]. It should be noted that 

the reason for discrepancy in Cartpt upregulation in some studies could be in-part due to 
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different experimental paradigms in which animals do not have alterations in CCK or leptin 

levels.

These recent findings highlight the possibility that CARTp may have diverse physiological 

functions through distinct circuits. Interestingly, CARTp is reported to co-express within 

hypothalamic neurons known to have opposing effects on feeding anorexigenic POMC 

neurons in Arc [66] and orexigenic NPY neurons in DMH [49]. CARTp has been 

demonstrated to stimulate the release of NPY and AgRP but not α-MSH from hypothalamic 

explants [67]. Furthermore, while Cartpt is expressed in POMC neurons in rodents, it is also 

colocalized with other orexigenic neuropeptides, including melanin-concentrating hormone 

neurons in the LHA [66]. Therefore, it is likely that hypothalamic CARTp not only has 

anorectic properties, rather plays a multifaceted role in controlling energy homeostasis. In 

the future, it would be important to decipher the function of each of these individual clusters 

and map downstream projections to assess how CARTp neurons function in both the Arc 

and LHA region to regulate diverse physiological responses.

Taken together, Cartpt is expressed in a number of midbrain nuclei that are associated with 

various aspects of feeding behavior. Most of the data suggest that Cartpt is upregulated in 

response to metabolic stimuli that decrease food intake, and down regulated in response to 

fasting and obesity. Different patterns of expression have been described in specific nuclei. 

Further deciphering of the functional relevance of these individual neuronal populations is 

still needed in order to fully understand the function of hypothalamic Cartpt+ neurons under 

different experimental conditions.

2.4 Hindbrain

In situ hybridization indicates that there are significant Cartpt expressing neurons in the 

nucleus tractus solitarius (NTS) and area postrema (AP), with few soma in the Parabrachial 

nucleus (PBN) [1, 24] (Figure 1). At the protein level, high to moderate density of CARTp 

stained fibers were also observed in the NTS, AP, PBN, locus coeruleus, and raphe nucleus 

[6]. In the NTS, CARTp fibers were found to originate from vagal sensory neurons, a few 

neurons in the reticular formation, NTS itself, AP and hypothalamic nuclei [68]. CARTp 

expression in these hindbrain nuclei may suggest a role in integration of visceral and 

gustatory sensory information, however, to date no studies have assessed the role of Cartpt 
expressing neurons in the hindbrain. In obese OLETF rats, hindbrain CARTp expression was 

selectively reduced in the NTS compared to lean LETO rats [30], although this effect was 

likely a consequence of blunted CARTp expression in vagal sensory fibers that terminate in 

the NTS [69].

2.5 Peripheral sensory neurons

In addition to the presence of Cartpt in various central regions critical in controlling 

energy homeostasis, Cartpt is also expressed in the nodose ganglion (NG) of the vagus 

nerve [42]. Using in situ hybridization and immunohistochemistry, we and others have 

demonstrated that nearly half of the neurons in the NG express CARTp and Cartpt [42, 

68, 70]. Retrograde tracing experiments indicate that vagal Cartpt expressing neurons 

innervate the gastrointestinal tract [68] and this is supported by the observation that vagal 
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Cartpt abundance changes depending on caloric intake. CARTp abundance in the NG 

and the number of Cartpt expressing NG neurons are significantly greater postprandially 

compared to fasted conditions [69–72]. Interestingly, we observed lateral asymmetry in 

NG Cartpt expression, with the change in CARTp expression between feeding and fasting 

conditions being more pronounced in the right NG [69]. CCK is both necessary and 

sufficient to increase Cartpt expression in NG neurons [70]. CCK-induced Cartpt expression 

is potentiated by leptin and blunted by ghrelin in vivo [71, 73] and in primary cultures 

of sensory vagal neurons [70]. Recent findings have provided more nuance about the 

physiological conditions which promote Cartpt expression in NG neurons. It was found 

that in animals fed ad libitum, Cartpt expression in NG neurons remains low in the light 

phase, when food is available, but the animals opt not to eat [69, 74]. These data suggest that 

nutrient-induced postprandial signals, rather than food availability or the absence of hunger 

alone, is required to increase NG Cartpt expression.

Recent profiling of vagal afferent neurons has provided a deeper understanding of 

their molecular, anatomical and functional diversity [75–77]. We took advantage of the 

available targeted single-cell RNA sequencing data originally published by Bai et al. [77] 

(GSE138651) to sub-characterize Cartpt expressing vagal sensory neurons based on the 

organs they innervate, the genes they express, and the type of sensory information that 

they likely communicate. The datasets were analysed using the Seurat package 3.1.1 [78] 

for R. We first investigated whether the vagal afferent neurons that terminate in different 

anatomical organs show a specific Cartpt expression pattern. Interestingly, we observed that 

the neurons retrogradely labelled from the stomach or various intestinal segments, show a 

wide range of Cartpt expression (Figure 2a), indicating that Cartpt positive (Cartpt+) vagal 

sensory neurons ubiquitously innervate the length of the gastrointestinal tract.

Second, we determined whether the molecular subtypes of subdiaphragmatic vagal 

afferents (as defined by target single-cell sequencing from [77]) show a specific pattern 

of Cartpt expression. Cartpt+ neurons are found among all 12 clusters of genetically 

defined subdiaphragmatic vagal afferent populations, but at different expression levels 

(Figure 2b). Among the anatomically-characterized clusters (colored in Figure 2b), Cartpt 
expression is found at low levels in Oxtr+/Ctxn2+ vagal afferents that form gastrointestinal 

intraganglionic laminar endings (IGLEs – cluster 1), and in Sst+ vagal afferents that form 

mucosal endings in the stomach antrum (cluster 4). Cartpt expression is found at higher 

levels in Calca+ vagal afferents that form mucosal endings in the stomach corpus (cluster 5) 

as well as in Vip+/Uts2b+ vagal afferents that terminate in the intestinal mucosa (cluster 6).

Finally, as Cartpt expression in vagal afferents encodes calories and mediate the effects of 

the intestinal peptide CCK [69], we further investigated whether vagal Cartpt is co-expressed 

with the CCK receptor (Cckar) and other known receptors for gut peptides. We found high 

levels of co-expression of Cartpt with Cckar, Glp1r, and Npy2r (Figure 2c) and importantly 

some of these neurons specifically innervate into the intestinal mucosal endings (Vip+/

Uts2b+ neurons - cluster 6; Figure 2c). These findings are in support of the studies reporting 

that Cartpt expression is present in approximately half of the vagal neurons and the majority 

of Cartpt expressing vagal neurons co-express the CCK receptor [42, 73].
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In obesity, re-feeding fails to increase CARTp concentration in NG or the percent of CARTp 

responsive neurons in rats [69]. Reduced sensitivity to CCK in obesity, as characterized 

by reduced CCK-induced c-Fos labeling in the NTS and reduced satiation [64] results in 

blunted CCK-induced CARTp expression in NG compared to lean controls [69]. A number 

of putative mechanisms for reduced CCK sensitivity have been identified. Leptin increases 

sensitivity of vagal sensory neurons to CCK in lean animals, and leptin resistance develops 

in vagal sensory neurons within the first few weeks of high fat diet consumption coinciding 

with the development of hyperphagia [79]. Conditional knockout of leptin receptor is 

sufficient to abolish anorexigenic CCK signaling as well as postprandial CARTp expression 

[80], suggesting that reduced leptin signaling is at least partly responsible for blunted 

CCK-induced CARTp expression. Furthermore, diet-induced obesity is associated with a 

51% reduction in Cckar expression in high-fat high-sugar-fed compared to chow-fed rats, 

suggesting reduced Cckar expression may be at least partially responsible for blunted NG 

CARTp expression in diet induced obesity [69]. Finally, we have demonstrated that CARTp 

upregulation in response to meal remains blunted in NG even after switching obese rats 

from a high-fat high-sugar diet to chow for 6 months [69], suggesting that pharmacological 

intervention may be required to reverse the effects of diet induced obesity.

Taken together, Cartpt is extensively expressed in sensory vagal neurons that innervate 

the length of the gastrointestinal tract. CARTp expression changes depending on caloric 

intake indicative of a role in meal termination. Further supporting an anorexigenic role for 

vagal CARTp is the observation that CARTp expression is blunted in diet-induced obesity 

associating reduced CARTp and overeating. More direct evidence of the anorexic properties 

of CARTp are discussed in the sections below. Based on profiling data, vagal afferents 

that highly express Cartpt are primarily chemosensitive and form mucosal endings in the 

stomach and intestine. Additionally, gastrointestinal mechanoceptors also have low levels 

of Cartpt expression. However, a more-detailed anatomical and functional characterization 

of vagal Cartpt+ neuronal subtypes is still warranted to determine the cell-type specific or 

innervation-dependent functions of CARTp and its role in the control of energy homeostasis. 

Furthermore, whether there exist asymmetrical profiles of Cartpt expressing NG neurons or 

the impact of diet/pathophysiology on CARTp neurons profiles remains unclear.

2.6 Gastrointestinal tract

Cartpt is also expressed in cells of the pancreatic islets as well as visceral and subcutaneous 

adipocytes in both humans and rodents [81]. In the gut, Cartpt is expressed in enteric 

neurons of the myenteric plexus from rat ileum [82, 83] as well as enteroendocrine cells in 

human duodenum and jejunum [84]. In cultured enteroendocrine cell lines, fat but not sugar 

increases Cartpt expression [84]. Whether CARTp from peripheral organs has any impact 

on circulating levels of CARTp or if CARTp expression in peripheral organs is affected in 

condition like obesity and diabetes needs further investigation.

3. CARTp receptor

Since the discovery of CARTp in 1995, several attempts have been made to find a 

receptor for this protein. Radiolabelled CARTp failed to identify a binding partner in 
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brain tissue despite evidence that exogenous CARTp was capable of activating discrete 

neuronal populations [85]. The first direct evidence for the existence of the CARTp 

receptor was reported in hippocampal primary cell cultures, in which exogenous CART (55–

102) inhibited voltage-dependent intracellular Ca2+signaling. This effect was blocked by 

pertussis toxin, suggesting that signalling occurs through Gi/o proteins [86]. In AtT20 cells 

(mouse pituitary tumor cell-line), CARTp activated extracellular signal-regulated kinase 

(ERK) signalling, and this activation could similarly be blocked by pertussis toxin [87]. 

Radiolabelled CARTp applied to AtT20 cells was found to be displaced by CART (55–102), 

but not non-active forms of CARTp and binding was reduced in the presence of a GTP 

analog, confirming that the CARTp receptor is a GPCR [85].

To date, only one plausible candidate G-protein coupled receptor (GPR) has been identified 

as a putative CARTp receptor, GPR160 [88]. In cell culture, GPR160 is found to be 

necessary for CARTp mediated cell-activation. RNA interference of GPR160 prevents 

CARTp induced cFos expression or ERK phosphorylation in two different cell-lines 

(KATO III and PC12). Furthermore, CARTp co-localizes and co-immunoprecipitates 

with GPR160 in these cell-lines. In vivo, CARTp mediated mechano-allodynia acting 

through phosphorylation of ERK and phosphoCREB in the spinal cord is blunted using 

a GPR160 antibody [88]. Excitingly, recent data suggests that GPR160 is involved in 

controlling feeding [89]. GPR160 antiserum administered in the 4th ventricle to passively 

immunoneutralize endogenous GPR160 ligand binding significantly increases ad libitum 
food intake when administered in the dark, but not in the light phase, suggesting that 

GPR160 plays a physiological role in satiation. Importantly, pre-injection with the GPR160 

antibody into the 4th ventricle completely prevented the anorexic effects of subsequent 4th 

ventricle injection of CARTp [89]. Thus, GPR160 is required for CARTp-induced decrease 

in food intake at least in the hindbrain. Notably, the GPR160 antibody administered in the 

4th ventricle also potently reduced water intake, thus further work is required to determine 

the extent to which GPR160’s effect on food intake is mediated by water intake.

In situ hybridization data from the Allen Brain Atlas identifies little GPR160 expression 

anywhere in the mouse brain [24]. However, Haddock and colleagues identified that 

GPR160 immunostaining is widely expressed in rat brain regions associated with feeding 

[89]. Specifically, GPR160 was found in the hindbrain (AP, NTS, hypoglossal, and lateral 

parabrachial nucleus), the hypothalamus (ARC and PVN), hippocampus, amygdala, and 

limbic regions (SNc, VTA, NAc). These expression patterns are similar to those of Cartpt 
and suggests a putative role for GPR160 in the integration of visceral inputs, satiation, 

aversion, taste, learning, memory, and/or reward. Thus, further work is required to fully 

assess the role of GPR160 signalling in feeding in each of these different brain regions and 

in different animal models.

In cell culture, GPR160 was found to be expressed in all major cell classes in the brain 

and spinal cord of rodents and humans [90, 91]. In rat NTS brain sections, GPR160 was 

most extensively localized in microglia, followed by neurons, and was sparsely reported 

in astrocytes. The expression of GPR160 in different cell-types in the brain makes it 

more difficult to define the specific function of this receptor in a physiological state. 

However, this also opens new possibilities for the functions and mechanism of action of 
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CARTp. It should be noted that early reports suggest that there may be multiple CARTp 

receptors. Different concentrations of the long and short active fragments of CARTp were 

required to produce behavioral responses and in rare cases even produce different behavioral 

responses. In Bannon et al.[92], i.c.v. injection of the long-form was five times more 

potent than the short form at reducing food intake, while only the short form produced an 

acoustic startle response. Furthermore, as discussed in more detail below, microinjection 

of CARTp into different brain nuclei can have opposing effects on food intake. Whether 

this is caused by activation of separate receptors or activation of different circuits requires 

further investigation. The idea that separate receptors could mediate CARTp signaling is 

furthermore supported by evidence that CARTp can activate different cell types via separate 

intracellular pathways in the paraventricular nucleus of the hypothalamus [93]. These 

separate lines of evidence suggest that GPR160 may not be the only CARTp receptor. In a 

GPR88 knockout mouse, Cartpt mRNA is among the highest upregulated gene [94], which 

may be indirect evidence of a ligand compensating for the loss of its receptor. However, 

direct evidence identifying GPR88 as another candidate receptor is currently lacking.

In summary, the CARTp receptor has characteristics of G-proteins coupled receptor, 

probably signalling via a Gi/o coupled mechanism. A major recent development in 

the CARTp field has been the discovery of GPR160 as a candidate CARTp receptor. 

GPR160 is widely expressed throughout the brain in regions associated with feeding, and 

passive neutralization of GPR160 abolishes 4V CARTp induced hypophagia. However, 

evidence that CARTp anorectic effects are directly mediated by GPR160 are still missing. 

Characterization and genetic manipulation of the neuronal subtypes that express this 

receptor may help gain better understanding of GPR160 function. Currently, whether 

GPR160 can mediate all the known physiological effects of CARTp or if there are other 

CARTp receptors remains unknown.

4. Role of CARTp in controlling Energy Balance- Pharmacological 

Interventions

Considerable evidence has accumulated for the role of CARTp in modulating metabolism. 

As described above, Cartpt is abundantly expressed in brain regions associated with energy 

homeostasis [5, 43, 95, 96]. In this section, we will review pharmacological evidence that 

CARTp influences various aspects of energy homeostasis – food intake, energy expenditure, 

and body weight.

4.1 Food Intake

Central administration of CART (55–102) into the third (3V), fourth (4V) or lateral 

ventricles (LV) greatly reduces food intake in mice and rats, suggesting that exogenous 

CART (55–102) has anorexigenic properties. In contrast, neutralizing endogenous CARTp 

with antibody exerts an opposite effect [48, 68, 69, 97–102], suggesting that endogenous 

CARTp is necessary and sufficient for inhibiting food intake. Moreover, studies using 

various active fragments of CARTp were able to reproduce the results on food intake 

reduction in rats, mice [92, 101–107], and even in fish models [108], highlighting a 

conserved anorexigenic function.
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To define the site of i.c.v. CARTp action, the marker of neuronal activity, c-Fos, was 

assessed throughout the brain in multiple studies. The increased c-Fos activity was observed 

in the Arc, PVN and DMH of the hypothalamus as well as the NTS, AP, and PBN of the 

hindbrain, in rats [68, 101, 109], suggesting that i.c.v CARTp primarily activates neural 

substrates that are in contact with the 3V and 4V ventricle. Similarly, i.c.v. CART (61–102) 

administration increased the transcription factor c-jun in NTS and DMH of mice [103]. 

Injection of CART (55–102) in the 4V strongly induced cfos in the AP and NTS but failed 

to increase c-Fos in more proximal hypothalamic structures [109]. Importantly, although 

CART (55–102) injection into each brain ventricles reduced food intake, the effects were 

more pronounced after CARTp administration into the 4V compared to the LV [99]. The 

hypophagic effect of i.c.v. CART (55–102) was postponed and significantly attenuated by 

blocking the flow of the cerebrospinal fluid that prevents 3V CARTp from reaching the 4V 

[97]. Taken together, the data indicate that hindbrain regions mediate the major anorectic 

effect in response to CARTp.

While the effects of CARTp i.c.v. were extensively investigated and greatly reproduced, 

more targeted studies investigating the action of CART (55–102) in specific brain nuclei 

had more variable outcomes. CART (55–102) microinjection in Arc, DMH, or LHA 

hypothalamic nuclei increased food intake in both ad libitum fed and fasted rats [52, 

58, 110]. Moreover, twice daily intra-Arc nucleus injection of 0.2 nmol CART (55–102) 

for 7 days was associated with a 60% higher daytime food intake [58]. Incubation of 

hypothalamic explants with CART (55–102) resulted in increased NPY [52, 111] and AgRP 

release, with no alteration in α-MSH levels [52]. Since in rodents, CARTp is largely 

colocalized with α-MSH-producing POMC neurons associated with inhibiting food intake, 

it is plausible, that CARTp release from these neurons acts as positive feedback that 

promotes NPY and AgRP release. This could explain the unexpected role of CARTp in 

the hypothalamus, although this hypothesis has not yet been tested.

In another hypothalamic nucleus, the PVN, the role of exogenous CARTp in feeding has 

been variable. Abbott et al. observed an increase in food intake 2–4 hours after intra-PVN 

injections of CART (55–102) in 24-h fasted rats [110]. In another study, intra-PVN CART 

(55–102) injection was not able to significantly alter food intake in 18-h fasted rats 

but significantly reduced NPY-induced hyperphagia [112]. Stanley et al. found that the 

administration of CARTp into the PVN resulted in a significant reduction in food intake in 

rats [111]. The dose of 0.2 nmol was able to acutely reduce food intake in the first-hour 

post-injection, whereas 0.6 nmol CARTp resulted in a sustained reduction in food intake, but 

this was accompanied with motor disturbances (that also occurred with high doses of i.c.v. 

CARTp) [111]. Discrepancies in those findings may be related to the volume of injection or 

duration of fast. Further studies are required to clarify the effects of CARTp in the PVN and 

its consequences on feeding behavior.

CART-expressing neurons in the NAc shell are sensitive to variations in the metabolic state 

[39]. Injection of CART (55–102) into the NAc or NAc shell decreased food intake in rats 

with no change in locomotor function [39, 113]. It has been hypothesized that anorexia 

nervosa may involve altered signaling events in the NAc, however, a direct association 

between CARTp and anorexia remains elusive.
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Based on studies described above indicating that 1) the effects of i.c.v. CARTp on feeding 

are dampened by blocking the aqueduct [97], and 2) 3V and 4V injection of CARTp 

triggered c-Fos expression in the NTS and AP regions, it has been hypothesized that CARTp 

acts mainly in the hindbrain to suppress food intake. Indeed, although exogenous CARTp in 

the NTS of rats did not significantly reduce sucrose or chow intake 30 min after injection, 

or total 24-h cumulative food intake [68, 69, 100], intranuclear injection of CART (55–

102) into the NTS was capable of transiently reduce chow diet intake in fasted rats 60- 

and 90-minutes post-injection [69]. In addition, NTS injection of CARTp correlated with 

increased c-Fos expression in the NTS and AP, 90 min after infusion [69]. Interestingly, 

exogenous CARTp failed to reduce food intake in lean fed rats, and infusion of anti-CARTp 

antibody in the NTS was capable of increasing food intake in fed rats but not fasted rats 

[69], suggesting that the anorexigenic effect of CARTp depends on the feeding state and on 

the level of endogenous CARTp.

CARTp positive terminals are extensively present in the commissural, dorsomedial and 

gelatinous subnuclei of the NTS and in the AP [68, 69]. The NTS is the central site of 

sensory vagal afferent termination, and it has been shown that approximately 50% vagal 

sensory neurons that reside in the NG express Cartpt [42, 99]. In addition to the NG, CART+ 

neuron cell bodies residing in the NTS itself and AP, the medullary reticular formation and 

the hypothalamus may all contribute the pool of CART+ fibers in the NTS [68]. The fact that 

the knockdown of CARTp in the NG prevented antibody-induced hyperphagia [69] suggests 

that, the NG provide the main source of endogenous NTS CARTp that inhibit food intake 

[69].

The effects of CARTp in regulating appetite is not only limited to lean animals. For instance, 

obese rats fed HFD decreased food intake and body weight after chronic CART (55–102) 

i.c.v. infusion [51], which is consistent with the results observed in a study with obese rats 

and i.c.v. injection of a viral vector encoding Cartpt gene [114]. In a study with Zucker 

(fa/fa) rats, a rat model of genetic obesity, chronic i.c.v infusion of human CART (42–89) 

reduced food intake [104]. Recently, Lee and colleagues showed that endogenous NTS 

CARTp expression is blunted in diet-induced obese rats and that the levels remained low 

even after switching to a regular chow diet [69]. In addition, the obese rats reduced their 

food intake after NTS injection of endogenous CARTp in both fed and fasted conditions [69, 

104]. Altogether the data discussed above suggest a potential therapeutic role for targeting 

the CARTp signaling for the treatment of obesity.

4.2 Energy Expenditure

To date, no pharmacological study has reported energy expenditure measurements following 

CARTp injection in the brain. However, a few published studies have indirectly associated 

CARTp pharmacology with energy expenditure in rats. Indeed, the chronic infusion of 

CART (55–102) into the LV increased reduced RQ value associated with increased lipid 

oxidation measured by indirect calorimetry in both lean and obese rats [51]. In the 

hypothalamus, upregulation of brown adipose tissue UCP-1 mRNA was observed after 

intra-Arc and intra-PVN CART (55–102) injection, which is associated with hyperthermic 

action [58, 112]. Moreover, twice daily intra-Arc injection of CART (55–102) for seven days 
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resulted in 85% increase in thermogenic response to β3 adrenergic agonist [58]. Conversely, 

injection of CARTp into the 4V or NTS parenchyma caused long-lasting hypothermic 

response, with a maximum drop of 1.6 °C in core temperature [100]. Thus hypothalamic 

CARTp injection results in opposite thermic effects to NTS/hindbrain injection [58, 100, 

112], indicating that CARTp responsive neurons within both brain regions are separately 

involved in the control of body temperature.

4.3 Body weight

There is converging evidence that central administration of CARTp has a role in the control 

of body weight. In both lean and obese animals, the chronic i.c.v. infusion of CART (55–

102) has sustained inhibitory effects on body weight [51][100]. Similarly, chronic i.c.v 

infusion of human CART (42–89) resulted in a significant reduction in body weight in 

Zucker (fa/fa) rats [104]. Significant body weight reduction was also observed 24-h after 

CART (55–102) injection into the 4V in Sprague Dawley rats [100]. Together, these results 

show that the CARTp pathway is an important determinant of body weight homeostasis in 

lean and obese animals.

4.4 Peripheral administration of CARTp

Intraperitoneal (i.p.) injection of CART (55–102) did not reduce food intake, energy 

expenditure, or bodyweight after a prolonged fast (>12 hours) in rats [71, 100]. However, 

i.p. CARTp had a small inhibitory effect on food intake by prolonging the effects of 

CCK when co-administered in rats that underwent short-duration fasting (2.5 hours) [71]. 

These observations indicate that CARTp might be acting through a receptor located in the 

periphery (eg. nodose ganglia) or in brain regions that lack a proper blood-brain barrier, like 

the AP on the hindbrain.

CART (55–102) administered either through i.p. or subcutaneous routes do not affect gastric 

secretion or motility. In contrast, central injections of CART (55–102) into the 3V and 4V 

inhibited gastric emptying in mice and rats [115, 116]. Moreover, inhibition of gastric acid 

secretion and acceleration in colon motility was observed in rats after intracisternal and LV 

injection of CART (55–102), respectively [117, 118]. Therefore, although CARTp is found 

in cholinergic neurons of the myenteric plexus, the alterations in GI function seem to be 

mostly mediated by the CNS.

In summary, pharmacological studies support the idea that CARTp plays a role in energy 

balance regulation. Globally, CARTp inhibits food intake, and this is thought to be 

primarily mediated by the hindbrain. Yet, studies in which CARTp is locally administered 

in the hypothalamus repeatedly identify an orexigenic role for CART. This dichotomy 

in CARTp control of food intake has not yet been explained, however it is further 

supported by genetic and molecular studies discussed in detail below. Addressing this gap 

in knowledge will be important for developing therapeutic treatments of obesity that target 

the CARTp system. Specifically, future work focused on a) clearly defining the spatial 

and temporal boundaries of CARTp induced hyperphagia within the hypothalamus, b) 

determining whether multiple CARTp receptors mediate different feeding effects of CARTp, 

c) identifying the expression patterns of CARTp receptor(s) at the cellular level throughout 
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the brain, and d) measuring whether different active CARTp fragments are produced by 

different neuronal subpopulations or under different physiological conditions, may provide 

insights into how CARTp can cause opposing effects on feeding.

5. Role of CART in controlling Energy Balance: Gene Overexpression or 

Transgenic Models

Over the last 20 years, multiple transgenic models have been generated and characterized 

to understand the role of CARTp in energy balance. In vivo rodent models that either 

had Cartpt gene knockout (CART KO), viral-mediated targeted knockdown (CART KD) 

or overexpression of Cartpt in adult animals, enabled researchers to precisely phenotype 

the role of CARTp in various physiological functions [69, 113, 119–125]. The phenotypic 

effects resulting from Cartpt gene manipulation in transgenic rodent studies have in-part 

shown inconsistency; however, they displayed a general trend supporting with the idea of 

CARTp acting as a satiety signal that can cause long-term weight loss with minimal effect 

on energy expenditure.

5.1 CART knockout studies

5.1.1 Food Intake—Given the pharmacological studies discussed above indicating the 

anorexigenic role of CARTp, it would be anticipated that a global CART KO model would 

increase food intake compared to wild-type (WT). This expected hyperphagic response was 

observed in high-fat diet fed [122] but not in chow-fed CART KO mice [121–124]. In 

fact, in one of these chow-fed studies, CART KO mice unexpectedly decreased food intake 

compared to WT mice after fasting at room temperature, and in both ad libitum or fasted 

conditions when maintained at thermoneutrality [121]. This highlights different roles of 

endogenous CARTp in food intake control depending on diet/metabolic condition (i.e. lean 

vs obese), physiological state (i.e. fed vs fasted), or external factors (i.e. room temperature, 

light cycle, etc). However, it should be noted that at least three different CART KO mouse 

lines have been used in the different studies described above. Each mouse lines may result 

in different compensatory mechanisms during development, and/or variability in Cartpt gene 

deletion in a heterogeneous neuronal population with opposing (orexigenic or anorexigenic) 

roles.

To address the issues of compensation and competition of different Cartpt expressing 

neurons, viral mediated approaches targeting specific nuclei have provided important insight 

into the functions of CARTp. Knockdown of CARTp by injection of short interfering 

RNA (siCART) in the NAc decreased CARTp levels and increased food intake in fed, but 

not food deprived KD mice compared with control mice [113]. siCART in the NAc also 

inhibits the anorectic effects of a serotonin-4 receptor agonist, MDMA (3,4-methylenedioxy­

N-methylamphetamine) [113] and CB1 antagonist (rimonabant) [126]. These data suggest 

that CARTp may be acting as a downstream mediator of either anorexigenic or orexigenic 

effects of NAc neurons depending on its interactions with serotonin-4 receptor or CB1 

receptor respectively.

Singh et al. Page 14

Peptides. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We recently demonstrated that lentiviral-mediated knockdown of Cartpt in the NG of vagus 

nerve markedly increased food intake, ingestion rate, and meal size in chow-fed rats [69]. 

Importantly, unilateral nodosectomy or CART KD selectively in the NG neurons abolished 

hyperphagic effects of the CARTp antibody in the NTS [69], suggesting that endogenous 

vagal CARTp is necessary to inhibit food intake. Vagal CART KD abolished CCK-mediated 

reduction in food intake indicative that CARTp expressed in vagal sensory neurons is 

necessary to mediate CCK-induced satiation [69]. These findings demonstrate that vagal 

CARTp release into the NTS control food intake and supports the idea that CARTp is most 

potently anorexigenic in the hindbrain.

5.1.2 Energy Expenditure—Studies in which Cartpt is knocked out globally in mice 

found no significant difference in total energy expenditure or respiratory quotient compared 

to WT controls regardless of diet [122, 123]. In a recent study using a different CART KO 

mouse line, similar results were observed in mice maintained in thermoneutral conditions, 

but at room temperature CART KO promoted energy expenditure and BAT activity with 

lower respiratory quotient compared to WT mice [121]. The reason for the differences 

between these studies may be attributable to the use of different mouse lines and the fact that 

energy expenditure studies were performed at different ages (4–5 weeks of age in [122, 123] 

vs 14–18 weeks of age in [121]).

There is evidence that CARTp locally in the NAc may play a role in energy expenditure. 

Activation of serotonin receptors (5-HTR4) increases Cartpt expression in the NAc [127]. 

CART KD in the NAc not only suppressed 5-HTR4 induced hypophagia but also motor 

hyperactivity. Thus, hypophagic and motor hyperactivity responses may be dependent upon 

activation of a NAc 5-HTR4-CART pathway. Taken together, data from the whole-body 

CART KO mice suggest that Cartpt expression is not necessary for the control of energy 

expenditure or respiratory quotient. Notably, the limitation of the CART KO model is that 

it does not delineate opposing effects of CARTp on energy expenditure from neurons in 

different brain nuclei thus might cancel each other out.

5.1.3 Body weight—Unsurprisingly, given the anorexigenic role of CARTp in feeding, 

long-term disruption in CARTp signaling causes increases in body weight which occur after 

a significant delay (8–40 weeks) [121–124]. This large variability may in-part be due to 

innate physiological differences in three different CART KO mouse lines studied [121–124]. 

Interestingly, although body weight gain and percent fat mass both increased in chow-fed 

CART KO mice when the animals were housed at room temperature (22 °C) but a decreased 

lean mass compensated for increased fat mass was observed when the mice were kept under 

thermoneutral conditions (30 °C) [121]. Thus, most studies reported elevated body weight 

and fat mass gain in CART KO mice regardless of dietary options, with an even more 

prominent effect shown with a high-calorie diet [121–124].

5.2 CART Overexpression Studies

5.2.1 Food Intake—To date, no global Cartpt gene overexpression mouse models have 

been developed. Based on multiple studies reporting that Cartpt expression in central and 

peripheral neurons is blunted in metabolic conditions such as obesity [48, 69], it would be 
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hypothesized that restoring Cartpt expression in these neurons might correct dysfunctional 

energy balance. In support of this hypothesis, viral delivery of recombinant Cartpt i.c.v. 

decreased daily food intake and fasting-induced hyperphagia in diet-induced obese rats fed 

high-fat high-sugar diet [114]. These findings suggest that blunted central Cartpt expression 

in obesity is sufficient for hyperphagia since restoring/overexpressing central Cartpt was 

effective in reducing food intake.

In contrast to i.c.v. delivery, local overexpression of Cartpt gene in the PVN of the 

hypothalamus using recombinant adeno-associated viral vector (AAV) increased food intake 

in rats fed either chow or high-fat diet, with more pronounced effects under high-fat 

conditions [128]. Furthermore, selectively re-introducing Cartpt gene into the LHA in a 

CART-cre mouse that lack endogenous Cartpt gene, using AAV to constitutively express 

CARTp, trended to increase food intake compared to CART KO mice [120]. This finding 

was also supported in another study where in CART-cre mice, chemogenetic stimulation 

with cre-dependent DREADD construct (hM3Dq) in Cartpt expressing LHA neurons 

increased food intake. However, stimulating the same population of LHA neurons in a 

CART KO mouse attenuated the hyperphagia [119], suggesting that CARTp release is 

necessary for hyperphagia and further supports the orexigenic effects of CARTp in the 

hypothalamus. In contrast, re-introducing Cartpt gene in Arc CART neurons of CART-cre 

knock in mouse that lack Cartpt gene did not alter food intake [120]. Also, chemogenetic 

stimulation of Arc Cartpt expressing neurons in CART-cre mice did not alter food intake, 

instead increased food intake when Cartpt gene was knocked out [119], suggesting a 

possible inhibitory role of CARTp in the Arc. These studies reinforce pharmacological 

studies described above, indicating opposing feeding outcomes of CARTp depending on the 

site of action. Taken together, endogenous CARTp is necessary for inhibition of food intake 

in the Arc but its overexpression or neuronal stimulation in the LHA or PVN increases food 

intake.

5.2.2 Energy Expenditure—Similar to feeding, overexpression studies suggests that 

CARTp may have differential effects on energy expenditure depending on the site of 

expression [58, 114, 120]. Overexpression of central Cartpt by i.c.v. administration of Cartpt 
using AAV in high-fat high-sugar diet-fed obese rats did not affect energy expenditure or 

locomotion compared to vehicle-treated controls [114]. A reduction in respiratory quotient 

was reported during the dark period, under both ad libitum feeding and fasting-refeeding 

conditions, indicating a role of CARTp in promoting fat oxidation and limiting fat storage 

[50, 114].

In CART KO mice, selective re-introduction of Cartpt into the LHA Cartpt expressing 

neurons resulted in a decrease in energy expenditure was reported while respiratory quotient 

was unaffected [120]. Furthermore, chemogenetic activation of Cartpt expressing neurons 

in the LHA stimulated energy expenditure and physical activity in the presence of Cartpt 
but respiratory quotient was unchanged [119]. In contrast, chronic overexpression of Cartpt 
through intra-arcuate targeted gene transfer increased brown adipose thermogenesis and 

this was accompanied by exaggerated weight loss in both fasted and food restricted 

conditions [58]. Similarly, in CART KO mice, the selective re-introduction of Cartpt in 

Arc CART neurons increased energy expenditure with no change in respiratory quotient 
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[120]. Unexpectedly, chemogenetic stimulation of Arc Cartpt expressing neurons suppressed 

energy expenditure with no change in respiratory quotient or bodyweight [119].

Altogether, these studies indicate that CARTp signalling in the Arc is essential and 

directly involved in mediating energy expenditure. However, Cartpt expressing neurons 

appears to mediate opposing effects on energy expenditure in the LHA and Arc. These 

data underscore the nuclei-specific functions of hypothalamic Cartpt expressing neurons 

in controlling energy expenditure but not respiratory quotient. Moreover, the effect of 

CARTp in controlling energy expenditure does not appear to be ubiquitous as we recently 

demonstrated that lentiviral-mediated KD of CARTp in the NG did not affect energy 

expenditure in chow-fed rats [69]. Therefore, more studies are still necessary to establish 

the role of central CARTp in modulating thermogenesis.

5.2.3 Body weight—The chronic overexpression of central Cartpt via administration 

of i.c.v. Cartpt AAV to high-fat high-sugar diet-fed obese rats significantly attenuated 

their body weight gain throughout a 7-month study duration primarily by decreasing lean 

mass gain without affecting fat mass [114]. Virally-mediated overexpression of Cartpt 
in hypothalamic PVN neurons increased body weight in chow fed rats, supporting an 

orexigenic role for CARTp in the hypothalamus. This effect was more pronounced in rats 

fed high-fat diet [72]. Virally-mediated overexpression of Cartpt in either the Arc or LHA of 

chow-fed mice did not affect weight gain [120]. In another study, chemogenetic stimulation 

of LHA Cartpt expressing neurons resulted in increased body weight of chow-fed mice 

[119]. In contrast, selective re-introduction of Cartpt in Arc in CART KO mice decreased 

body weight gain and fat mass compared to CART KO mice [120]. Furthermore, presence of 

endogenous Cartpt was also reported to inhibit weight gain in response to chemogenetic Arc 

CART neuron activation [119]. Overall, these findings are suggestive of the nuclei-specific 

role of Cartpt expressing neurons in controlling weight gain.

6. Conclusion

In summary, it is evident that CARTp plays a key role in controlling food intake, however, 

its function may be context-dependent, region-specific and nuclei-specific. Hypothalamic 

CARTp appears to be involved in both orexigenic (PVN and LHA Cartpt expressing 

neurons) and anorexigenic (Arc Cartpt expressing neurons) functions whereas vagal, NTS, 

and NAc CARTp exclusively inhibits food intake, and thus likely are key sites for mediating 

the global anorexigenic effect of CART. Furthermore, exogeneous CARTp has similar 

anorectic effects in obese models, suggesting that restoring blunted CARTp signaling in 

obese subjects could be a viable therapeutic strategy. Additional experiments identifying 

central and peripheral Cartpt expressing neural circuits using electrophysiology, optogenetic 

and viral vector strategies will be crucial to explain how, and under which physiological 

conditions central CARTp controls food intake. The findings from whole-body Cartpt 
knockout mice suggest that CARTp plays a critical role in long-term weight homeostasis. 

Disruption of Cartpt gene promotes weight gain while overexpression of Cartpt in the brain 

attenuates weight gain or promotes weight loss. Notably, while Cartpt expressing neurons 

are present in multiple brain regions and co-localize with other neuropeptides (or their 

receptors) that can modulate body weight, the effect of nuclei-specific Cartpt expressing 
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neuron stimulation on body weight changes in rodents might not be CARTp-specific. 

Therefore, more precise studies characterizing the neurochemical properties of different 

Cartpt expressing neurons and their projections to other brain regions are required in the 

future. Nevertheless, like central Cartpt expressing neurons, conditional KD of CARTp 

in peripheral neurons in rats also promotes weight gain. We recently demonstrated that 

lentiviral-mediated targeted KD of CARTp in the NG of vagus nerve markedly increased 

body weight gain 2-weeks post-surgery in chow-fed rats [69]. These data suggest that 

targeting CARTp can be a viable therapeutic strategy for reducing body weight and demand 

more studies to support the hypothesis.

The current literature provides evidence for the expression of CARTp throughout the gut­

brain axis and supports a role for CARTp in controlling energy homeostasis. The results 

from the literature providing anatomical and functional evidence that central and peripheral 

CARTp is an anorexigenic signal. Pharmacological studies using CARTp demonstrate 

a role at least in the short-term on bodyweight, and are reinforced in genetic mouse 

models resulting in elevation in bodyweight attributed to the increased fat mass, suggest 

a critical role for CARTp in weight regulation. With the recent identification of a putative 

CARTp receptor, through de-orphanization of GPR160, there is hope that development of 

specific antagonists may be developed for the treatment of obesity. Using these types of 

pharmacological tools alongside knockouts of the receptor should yield greater mechanistic 

understanding of CARTp signaling, site of action, and role in energy homeostasis. While 

evidence provided in this review highlights the multifaceted role of CARTp expressing 

neurons in controlling energy homeostasis, it appears to be dependent on the location or 

cell-type, and many questions still remain. What are the temporal dynamics of activity these 

different neuronal populations? Do signals from these disparate populations and how are 

they integrated under physiological conditions? What are neuro-phenotypical characteristics 

of these distinct central and vagal CART-expressing neurons? Is activation or inhibition 

of these neurons sufficient to reverse the disturbed energy balance as observed under 

different physiological and metabolic states? To address these gaps in knowledge, we 

suggest that CARTp related pathways should be further investigated using novel tools that 

can specifically and precisely target different Cartpt expressing neuronal subpopulations. 

Notably, disrupting genetic models and clinical reports suggest that disruption of CARTp 

signaling is sufficient for the onset of obesity, and thus is a viable target for the development 

of future therapeutic treatment against metabolic disorders such as obesity.
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Highlights

• The localization of Cartpt in the brain and periphery, focusing on areas with a 

known role in controlling energy homeostasis.

• Recent RNA profiling data that indicate heterogeneity of Cartpt expressing 

neurons and the stimuli that modulate Cartpt expression.

• New developments that identify a putative candidate receptor for CARTp 

signalling.

• The function of CARTp as an anorexigenic signal and its effect on 

energy expenditure and body weight control based on studies relying on 

pharmacological or genetic approaches.
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Figure 1. 
Graphical summary of changes in Cartpt or CARTp levels in response to feeding related 

cues in different regions of the brain.
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Figure 2: Cartpt+ vagal afferents project to the entire gastrointestinal tract but show a specific 
expression pattern
(re-analysis of target single-cell sequencing data from Bai et al. [77] and deposited on GEO 

(GSE138651)).

a. Single-cell expression of Cartpt in vagal afferents retrogradely labelled from segments of 

the gastrointestinal tract (target single-cell sequencing).

b. Single-cell expression pattern of Cartpt across vagal afferent subtypes. IGLEs: 

Intraganglionic laminar endings
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c. Single-cell co-expression of Cartpt with Cckar (left), Glp1r (center) and Npy2r (right) in 

vagal afferents innervating visceral organs with 95% confidence ellipses around cluster 6 

neurons.
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