1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Nat Rev Neurosci. Author manuscript; available in PMC 2022 June 13.

-, HHS Public Access
«

Published in final edited form as:
Nat Rev Neurosci. 2018 April ; 19(4): 185-196. doi:10.1038/nrn.2018.8.

Signalling from the periphery to the brain that regulates energy
homeostasis

Ki-Suk Kim, Randy J. Seeley, Darleen A. Sandoval”
Department of Surgery, University of Michigan Health System, Ann Arbor, MI, USA.

Abstract

The CNS regulates body weight; however, we still lack a clear understanding of what drives
decisions about when, how much and what to eat. A vast array of peripheral signals provides
information to the CNS regarding fluctuations in energy status. The CNS then integrates this
information to influence acute feeding behaviour and long-term energy homeostasis. Previous
paradigms have delegated the control of long-term energy homeostasis to the hypothalamus and
short-term changes in feeding behaviour to the hindbrain. However, recent studies have identified
target hindbrain neurocircuitry that integrates the orchestration of individual bouts of ingestion
with the long-term regulation of energy balance.

Body weight (or more accurately body fat) is a homeo-statically regulated parameter similar
to many other physiological processes. Changes in body fat are the product of the difference
between energy intake and energy expended. This defence of body fat is orchestrated by

the CNS. To accomplish this, minute-by-minute decisions on feeding must be integrated
with long-term regulation of energy homeostasis. This regulation requires the integration

of a wide range of different signals from the periphery that provide information on the
status of various peripheral organs crucial to food absorption, energy storage or energy
consumption. Historically, long-term energy balance regulation was thought to be directed
by peripheral signals linked to energy storage in the form of adipose tissue, and short-term
aspects of food intake regulation were thought to be controlled by signals originating from
the gastrointestinal (GI) tract.

Recently, a more complex model is emerging. In particular, bariatric surgeries that
manipulate the Gl tract result in profound and sustained weight loss. This finding indicates
that signals from the GI tract must impact not just decisions about the size of individual
meals but also the long-term regulation of energy balance. As research has delved into the
mechanisms that underlie the success of surgery, an expanding list of peripheral signals

that act centrally to regulate energy homeostasis has been identified. In addition, new
chemogenetic and optogenetic techniques are identifying target neurocircuitry that integrates
the orchestration of individual bouts of ingestion with the long-term regulation of energy
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balance. This Review discusses the peripheral signals and nervous system (specifically the
hypothalamus, the hindbrain and the vagus nerve) targets that have been implicated in the
short-term and long-term regulation of energy homeostasis.

Vagus nerve

The longest cranial nerve. It contains both motor and sensory fibres involved in the
parasympathetic regulation of homeostatic processes.

Peripheral signals in feeding regulation

As a result of nutrient ingestion, the plasma levels of many gut peptides increase. The
function of this increase is to regulate short-term satiety by altering the size and frequency of
meals. Some of the more widely studied intestinal-secreted peptides include glucagon-like
peptide 1 (GLP1), peptide YY (PYY) and cholecystokinin (CCK). These peptides are
secreted by specialized enteroendocrine cells that have historically been defined by the
peptides they secrete (the specifics on the regulation of secretion of these gut peptides are
discussed in more detail in BOX 1). However, data that are more recent suggest that a
distinction based on location within the intestine is more appropriate. For example, GLP1
cells within the proximal gut secrete both GLP1 and CCK, whereas the distal GLP1 cells
secrete GLP1 and PY'Y but not CCK1,

Enteroendocrine cells

Specialized endocrine cells within the intestine that secrete peptides important for
regulating feeding and metabolism.

From the distal gut, GLP1 and PY'Y are co-secreted postprandially from the same
enteroendocrine cells—3. Genetic disruption and/or pharmacological manipulation of GLP1
and PYYY reveal that these peptides do not just regulate the size of individual meals but also
influence long-term energy balance. PY'Y-knockout (KO) mice are hyperphagic and obese;
these effects are reversed by exogenous PYY administration®. Although whole-body GLP1
receptor (GLP1R)® and preproglucagon (Gcg, the gene that codes for GLP1)® KO mice
have levels of adiposity similar to those of their wild-type littermates, exogenous intravenous
administration of GLP1 has been found to reduce food intake in healthy-weight, obese and
type 2 diabetes mellitus (T2DM) subjects’8. Furthermore, long-acting agonists for GLP1R
have been approved in the United States and Europe for the treatment of obesity. These data
indicate that at least pharmacological manipulation of GLP1 influences long-term regulation
of body mass.

In contrast to the above primarily distally secreted peptides, CCK, also an appetite
suppressant, is secreted from the duodenum. Although CCK has two known receptors,
CCK-A receptor (CCK-AR) and CCK-B receptor (CCK-BR), the satiety effect of CCK
seems to be due to activation of CCK-AR rather than CCK-BR. The fact that CCK-AR
antagonists increase feeding supports a role for endogenous CCK in the regulation of
feeding3. However, when administered over time, CCK reduces meal size but increases meal
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number, leading to no net change in food intake®. These data have been cited as evidence

of the traditional model of gut signals being involved in the regulation of meals but not in
long-term energy homeostasis. Despite this, CCK does appear to be important for long-term
regulation of body weight as CCK-AR polymorphisms have been reported to be associated
with obesityl0:11, Thus, CCK is another example of a short-term regulator of feeding that
can contribute to long-term energy balance.

In contrast to the above-mentioned gut-secreted peptides that are thought to regulate
individual meals, leptin, secreted from and circulating in proportion to adiposity, is an
indicator of long-term energy stores. Insulin, a pancreatic hormone crucial for blood glucose
regulation, also circulates in proportion to body fat content!213; thus, insulin is also thought
to serve as an adiposity signal. Direct administration of both leptin and insulin has been
found to reduce food intakel#1°; conversely, insulin or leptin deficiency has been found to
increase food intake#16, The predominance of literature that has explored the site of action
for leptin and insulin in the regulation of energy homeostasis has focused on a model in
which these hormones first act within the hypothalamus, which then activates the hindbrain
and in turn lead to changes in feeding behaviour.

Ghrelin is secreted from enteroendocrine cells of the stomach. However, circulating ghrelin
is highest in a fasted state, and levels are suppressed by feeding. In contrast to the above
satiety peptides, central or peripheral administration of ghrelin (thought to be one of the
only orexigenic hormones secreted from the gut) leads to rapid but short-lived increases

in food intakel”. However, there is also a case to be made for a role of ghrelin in long-
term regulation of body weight. Like insulin and leptin, ghrelin circulates in proportion

to adiposity8. Chronic administration of ghrelin increases body massl’, and disruption of
ghrelin signalling makes mice resistant to weight gain in response to obesogenic diets1®.

Altogether, the data discussed in this section highlight the traditional ‘players’ involved in
the regulation of meals and in long-term energy homeostasis. Although there may be some
credence in distinguishing signals by short-term and long-term regulators of energy status,
there is also evidence for integration of these two processes as deficiency in some short-term
signals leads to adiposity. Interestingly, with the exception of ghrelin, these peptides have
clear anorectic effects, but only GLP1 has been successfully targeted for the treatment of
obesity. Clinical targeting of CCK was ceased owing to the impact of pharmacological
activation of CCK-AR on increasing pancreatitis. Leptin is very potent at suppressing
feeding; however, owing to diet-induced or obesity-induced changes to leptin signalling, its
clinical efficacy is limited to patients with genetic leptin deficiency. The anorectic effect of
insulin is isolated to its CNS actions, and this is at odds with its potent anabolic actions in
the periphery. Thus, to effectively utilize any of these peptides to treat obesity, understanding
the underlying neurocircuitry that drives their efficacy is critical.

Neural circuitry in regulating energy homeostasis

The discovery of leptin and subsequent work defining the hypothalamic neurocircuitry (FIG.
1) through which leptin regulates energy homeostasis revolutionized the way we think
about body-weight regulation. This approach was hypothalamic centric and focused on the
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descending projections from the hypothalamus to the hindbrain. At that time, the role of
the hindbrain was thought to be more important for regulating acute feeding behaviour
rather than long-term energy homeostasis. More complex genetic strategies have allowed
for more direct manipulation of expression and now even activity of specific neurons
and/or specific regions of the CNS. These technologies have led to the development of a
more complex but integrated model whereby peripheral signals activate both descending
(hypothalamus to hindbrain) and ascending (hindbrain to hypothalamus) neurocircuits that
are essential for regulation of energy homeostasis. This section discusses the historical role
of the hypothalamus but also highlights recent data delineating the complex neurocircuitry
linking the hindbrain, specifically the nucleus of the solitary tract (NTS), to higher brain
centres in the regulation of energy homeostasis.

The hypothalamus

One of the most intensively studied populations of hypothalamic neurons that regulate
energy homeostasis is within the arcuate nucleus (ARC) of the hypothalamus and

is composed of the agouti-related protein (AGRP) /neuropeptide Y (NPY) and pro-
opiomelanocortin (POMC) neurons. These neurons serve to stimulate and inhibit feeding,
respectively. There is extensive research that has focused on the CNS action of leptin

and insulin on these neuronal populations. Both POMC and AGRP/NPY neurons express
leptin and insulin receptors. In addition, both insulin and leptin have been found to

activate the POMC anorexic pathways and, conversely, to inhibit the AGRP/NPY orexigenic
pathways?20, suggesting that these neurons are critical for leptin action. However, specific
deletion of hypothalamic leptin receptors on POMC neurons or within discrete areas of the
hypothalamus fails to replicate the phenotype of the whole-body leptin-receptor KO21-23,
leading to the speculation that extrahypothalamic leptin receptors are more critical in leptin
action.

Despite being thought of primarily as regulators of satiety, both AGRP/NPY and POMC
neuronal populations also contain receptors for PY'Y and ghrelin2425, but GLP1Rs are
found only on a small population of POMC neurons?. Assuming that circulatory factors
can penetrate the ARC, these neurons could then directly sense changes in any of these
circulating factors and, in turn, regulate food intake. Certainly, this region is responsive

to exogenous administration of these peptides. Indeed, direct intra-ARC administration of
GLP1 (REF. 26) and PY'Y?/ reduced feeding, whereas intra-ARC ghrelin administration?8
increased feeding. However, for GLP1, the anorexic effect is more potent when directly
injected into the paraventricular nucleus versus the ARC of the hypothalamus26:29:30,
Although GLP1Rs are found on POMC neurons, deletion of these specific receptors using
the Cre—LoxP system results in no metabolic phenotype, and these mice are equally
responsive to a long-acting GLP1 agonist2%. These data suggest that POMC GLP1Rs are
not necessary for the anorexic effect of GLP1. By contrast, delivery of PY'YY directly into the
ARC suppressed food intake, reduced NPY expression and increased FOS expression (the
latter being a marker for neuronal activity)??, and PY'Y increased the electrical activity of
isolated POMC neurons?’. Altogether, these data suggest that both AGRP/NPY and POMC
neurons are potential regions of the CNS for which PYYY can regulate feeding. Conversely,
the orexigenic effect of ghrelin is thought to be via activation of receptors located on NPY
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rather than POMC neurons3L. All of these data demonstrate that exogenous administration of
GLP1, PYY and ghrelin can act via POMC and/or AGRP/NPY neurons to regulate feeding.
However, whether endogenous sources of these peptides are able to reach these neurons is
less clear. The median eminence, located just below the ARC, is a CNS region with a leaky
blood-brain barrier, suggesting the possibility that these circulating gut peptides reach the
ARC; however, the circulating half-life, certainly of GLP1, is limited (<2 minutes), which
leaves this possibility debatable.

In the past few years, new technologies, including optogenetics and DREADDs (designer
receptors exclusively activated by designer drugs), have revealed a more complicated

role for these neurons. The basis for these technologies is discussed in greater detail

in BOX 2. These technologies were initially applied to AGRP and POMC neurons,

likely initially as a proof of concept. However, the data have revealed a more in-

depth understanding of how these neuronal populations interact. Both optogenetic and
chemogenetic activation of AGRP neurons immediately evoked voracious food intake
whether the animals were fed or fasted32:33, By contrast, POMC neurons in the ARC need
to be chronically stimulated in order to decrease feeding3234, These data underscore the
role of POMC neurons in the regulation of long-term energy homeostasis but also suggest
that AGRP neurons can regulate meal patterning. Stimulation of POMC neurons causes

the release of a-melanocyte-stimulating hormone, which binds to downstream receptors

in the paraventricular hypothalamus, a process necessary for its satiety effect. The ability

of photoactivation of POMC neurons to suppress feeding was found to be dependent

upon melanocortin receptor activity32. Although AGRP inhibits POMC neuronal activity,
photostimulation of AGRP neurons evoked a feeding response that is independent of the
melanocortin system32. Further clarification of the circuit has revealed that stimulation

of AGRP neurons activates not only neurons within the paraventricular nucleus of the
hypothalamus but also neurons in the lateral hypothalamus and dorsal medial neurons in
the bed nucleus of the stria terminalis to regulate feeding3°. Thus, AGRP regulates feeding
in both melanocortin-dependent and melanocortin-independent pathways. Together, these
studies have expanded what we know about the hypothalamic neurocircuitry stemming from
AGRP and POMC neurons in the regulation of energy homeostasis. The results of the study
emphasize the role of the hypothalamic AGRP neurons as a broader homeostatic centre that
regulates not only long-term homeostatic control of feeding but also short-term control of
meal initiation.

The peripheral nervous system

Because of the rapidity of changes in feeding behaviour in response to peripherally derived
signals, the role of the peripheral nervous system has been hypothesized to be essential for
short-term meal regulation. Vagal afferent neurons innervate the intestinal crypts and villi
throughout the intestine3®, the stomach and the portal vein3’ (the vein that receives blood
flow from the intestine). All of these nerve endings are optimally placed to receive incoming
signals from ingested food. Evidence suggests that these neurons sense not only the type but
also (via mechanical feedback) the volume of ingested nutrients. Some evidence suggests
that gut peptides such as GLP1 and CCK also regulate feeding via vagal afferents. Thus, it is
possible that nutrient signals indirectly activate the peripheral nervous system by increasing
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gut peptides but could also directly activate nutrient sensors expressed within the vagal
neurons themselves (FIG. 2).

Afferent neurons

Peripheral sensory neurons that carry ascending nerve impulses from peripheral organs to
the brain and spinal cord.

Before the discovery of the many gut and other peripherally secreted hormones that act via
the peripheral and/or CNS to regulate feeding, it was hypothesized that ingested nutrients
themselves were responsible for changes in feeding behaviour38. Since then, physiological
studies have demonstrated that vagal innervation is necessary for nutrient-induced regulation
of feeding and glucose homeostasis3?, that vagal neurons are directly stimulated by specific
types of nutrients*0-42 and that the specific intracellular machinery located within these
neuronal populations is necessary for regulation of energy homeostasis*344. Although drugs
that inhibit both glucose and fatty acid metabolism increase feeding, glucoprivic agents

are hypothesized to directly activate the CNS, whereas lipoprivic agents work via vagal
activation*®. Such work supports the hypothesis that nutrients regulate feeding, at least
partially, through vagal signals. However, until recently, the mechanism(s) underlying direct
activation were unknown.

Nutrient receptors and transporters are expressed within the vagus nerve. In regards to lipid
sensing, the stimulatory effect of mercaptoacetate, a lipoprivic agent, is dependent upon a
specific G-protein-coupled receptor (GPCR), GPCR 40 (GPRA40; also known as FFAR1),
that is activated by long-chain fatty acids#6-47. Further support that these neurons have the
necessary intracellular machinery to sense lipids is demonstrated by data in which several
nuclear transcription factors that are activated by nutrients have been identified within

the nodose ganglion, the cell bodies of the vagus nerve. These include liver X receptor-

a (LXRA; also known as NR1H3), LXRB, peroxisome proliferator-activated receptor-a
(PPARa) and PPARy*3. Additionally, nodose ganglion expression of PPARy*3 and LXRA
and/or LXRB** are both necessary for diet-induced weight gain. In both cases, the impact
on body weight was due to stimulation of dietary-induced thermogenesis rather than altered
feeding, demonstrating that the gut—brain axis does more than just regulate acute feeding
patterns. These data provide clues into the specific intracellular machinery that is important
for nutrient sensing, but how those nutrients (in this case lipids) come to interact with this
intracellular machinery remains unknown. For example, whether PPARYy is translocated

to the terminals or whether it is downstream of fatty acid-induced activation of terminal
receptors is an open question.

G-Protein-coupled receptor (GPCR).

Seven-transmembrane receptor that is coupled to, and activates, a heterotrimeric G
protein, which subsequently activates a series of downstream signalling cascades; this
receptor class is large and diverse and binds to a variety of nutrients and hormones.
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Nodose ganglion

Contains the cell bodies of neurons of the vagus nerve.

Nutrient sensing

A process by which nutrients or their by-products directly activate cell signalling
cascades that, in turn, regulate metabolism.

More recent data have identified the genotypes of populations of vagal neurons that are
distinct in innervation, CNS projections and function. In vivo calcium imaging of GLP1R-
expressing vagal neurons found that the majority of these neurons increased calcium in
response to gastric and intestinal distention but not in response to nutrient ingestion,
suggesting that these neurons are mechano-sensitive and not nutrient sensitive®®. By
contrast, in vivo calcium imaging of vagal neurons expressing a GPCR called GPR65
indicates that these neurons increase calcium levels in response to nutrients but not
mechanical stimuli. GPR65-expressing neurons have a much greater innervation of intestinal
villi and project to the NTS commissural zone, whereas GLP1R-expressing neurons
innervate the stomach and intestinal muscle and project to the medial NTS. Altogether,
more and more data are accumulating to indicate that the nodose ganglion is home to several
distinct populations of neurons that regulate different physiological processes. Furthermore,
several nutrient sensors are expressed within the apical membrane of gut epithelia, including
sodium-gated glucose transporters (Na*/glucose cotransporter 1 (SGLT1; also known as
SLC5AL1)), glucose transporter 2, sweet and bitter taste receptors, many other GPCRs
(GPR40 and GPR119) and so forth. The extent to which these sensors are linked to direct
vagal activation will likely be an important direction of future work delineating the function
of the gut-brain axis in the regulation of feeding.

Although we have much to learn regarding if and how nutrients are directly sensed by

the vagus nerve to regulate feeding, it is clear that nutrients indirectly regulate vagal
activity by initiating the release of gut peptides and neurotransmitters from neighbouring
enteroendocrine cells*®, which we know regulate feeding. For example, glucose has been
found to directly stimulate the release of serotonin from enterochromaffin cells®® and to
modulate vagal activity by regulating the trafficking of serotonin receptors to the neuronal
membrane, enhancing exposure to the released serotonin®1,

The role of the vagus nerve in mediating the impact of gut-secreted peptides has

been extensively studied but primarily through chemical or surgical ablation approaches.
Although some have shown that portal vein infusion of GLP1 regulated feeding patterns®2,
general food intake was not suppressed in rats®324, Total vagotomy attenuates the inhibition
of food intake by both PYY and GLP1 in rodents®® and in patients who have had vagotomy
plus pyroplasty®8. However, a confounding issue with these types of studies is that vagotomy
ablates both vagal afferent and efferent neurons and causes alterations in gut motility that
could independently regulate feeding. An alternative surgical ablation approach has been
subdiaphragmatic deafferentation, which removes all afferent and about 50% of efferent
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fibres. Using this more specific approach, feeding responses to GLP1 (REF. 54), PY'Y?27:55
and long-acting GLP1 (REF. 57) and PY'Y®8 agonists are also blunted, suggesting that
afferent fibres are necessary for these L cell-secreted peptides to suppress feeding. However,
this effect could be overcome with higher doses of PYY®? and GLP1 (REF. 57). Whether
this latter effect reflects an impact of these higher doses of GLP1 and/or PYY on the CNS,
rather than vagal receptors, or the lack of importance of vagal afferents on the action of
these two peptides remains unknown. Lastly, although some studies do not demonstrate a
role for the vagus nerve in mediating the satiating effect of CCK80:61, CCK does regulate
vagal activity. A recent study using injection of a neurotoxin specific to CCK into the nodose
ganglion abolished the anorexic effect of exogenous CCK52. However, given that these
studies also use exogenous administration of the peptide of interest, it remains unknown
whether these gut peptides play a physiological role in regulating feeding through the vagus
nerve.

Efferent neurons

Peripheral motor neurons that carry descending nerve impulses from the CNS to
peripheral organs.

A more specific way to target these sensory neurons is via genetic manipulation.
Interestingly, the long-term energy homeostasis signal, leptin, may act via the vagus nerve
to regulate body weight. Leptin receptor expression has been found in the nodose ganglion,
and genetic ablation of these receptors using tissue-specific genetic strategies resulted in
increased body mass and food intake with no impact on energy expenditure and reduced
sensitivity to CCK-induced anorexia®3.

By contrast, mice with a genetic knockdown of GLP1Rs within the nodose ganglion have no
significant changes in long-term body mass, food intake or gastric-emptying rate compared
with control animals®4. In addition, they have normal weight loss in response to a long-
acting GLP1 agonist®4. Consistent with these latter findings, long-acting GLP1 agonists

do not activate vagal afferents innervating the stomach8. Although lentiviral-mediated
knockdown of GLP1R specifically within the nodose ganglion resulted in no long-term
changes in body weight, it did result in increased meal size, accelerated gastric-emptying
rate and increased postprandial glucose levels®. Taken as a whole, the data indicate that
GLP1 certainly regulates vagal activity, feeding patterns and GI function but is not necessary
for long-term energy homeostasis. The bottom line from all of this is that as technologies
improve, researchers may be able to get a grasp on the confounding variables that limit

the ability to dissociate the physiological versus the pharmacological impact of these gut
peptides on the vagus nerve and, consequently, a better understanding of the factors, be they
nutrient or hormonal, that impact the role of the vagus nerve in regulating meal intake.

The hindbrain

Vagal afferent neurons terminate within the NTS8. Again, historically, this region of the
brain was thought to be more specifically involved in regulating acute feeding behaviour.
However, recent work has highlighted its role in long-term energy balance as well.
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Several gut peptides have receptors located throughout the hindbrain region and have

been found to activate this region. For example, peripherally administered PY'Y has been
demonstrated to activate neurons within the area postrema (AP) and NTS%?, and CNS
administration of GLP1 suppresses feeding when administered into various CNS regions,
including the NTS67. The fact that GLP1 is also made in the NTS suggests an interesting
possibility that gut and CNS GLP1 systems are integrated in the regulation of energy
homeostasis. However, GLP1Rs are not colocalized to GCG neurons, nor do isolated

GCG neurons respond to GLP1 (REF. 68). Currently, it remains unclear whether their is
redundancy between the peripheral and CNS sources of GLP1, whether they act on distinct
targets and have distinct functions. In fact, GCG neurons seem to be more important for
regulation of long-term body weight. For example, chronic downregulation of GCG within
the NTS increased body mass and food intake in rats8%, and chemogenetic stimulation of
GCG neurons in mice reduced food intake, but this was dependent upon the metabolic

state of the animal 0. A caveat to this is that mice with genetic downregulation of the CNS
GLP1R had normal body mass whether fed chow or a high-fat diet, suggesting that these
receptors are not necessary for normal body-weight regulation4. Comparisons across these
studies are difficult in that some are in rats and some are in mice. Although there are few
studies that compare rats and mice, one study did find that GLP1R signalling was necessary
for the aversive response to lithium chloride in rats but not in mice’L. Thus, whether these
discordant results are due to species differences, to developmental compensation in the mice
or to some other methodological issues is an open question. Regardless, these data highlight
that at least one set of hindbrain neurons that express GCG are important in the regulation of
long-term energy homeostasis.

Although the role of leptin in regulating energy homeostasis has historically focused on
the hypothalamus as a central locale for mediating this effect, targeted deletion of leptin
receptors within specific hypothalamic nuclei has failed to initiate the degree of metabolic
impairments seen in the diabetic (db/db) mouse?1-23, Leptin receptors are also found
within the AP and the NTS’273  and leptin injections directly into the NTS suppressed
feeding’4. However, neurons within the hindbrain region that contain the leptin receptor
are diverse. For example, leptin receptors within the NTS are colocalized with distinct
subpopulations of GCG-expressing versus CCK-expressing neurons’®. Interestingly, both
leptin®8 and CCK® have been shown to depolarize isolated GCG neurons, suggesting

that leptin directly, although CCK indirectly, activates GCG neurons. Interestingly, another
population of leptin receptors are located on POMC neurons that are also expressed in

the NTS. To distinguish between the functions of ARC and NTS POMC neurons, one
study injected a Cre-dependent adeno-associated virus expressing the activating DREADD
into the ARC or the NTS and then administered clozapine A-oxide (CNO)34. The authors
found that activation of POMC neurons within the NTS suppressed feeding within hours,
whereas it took repeated administrations of CNO for at least 4 days to reduce feeding
when POMC neurons within the ARC were activated34. Although these data suggest the
interesting possibility that distinct populations of POMC neurons differentially regulate
short-term versus long-term feeding, the expression of POMC within the NTS is thought to
be very low’®, suggesting that these effects in the NTS are pharmacological.
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Once activated, NTS neurons activate other brain regions, which in turn regulate feeding
behaviour and energy homeostasis. One specific neuronal circuit receiving NTS projections
is the lateral parabrachial nucleus (PBN). The PBN has been identified as a critical nucleus
for regulating feeding responses to leptin, PYY and GLP1 (REFS 77-79). However, the
identities of the neurons important for this effect have only recently been discovered.
Calcitonin gene-related peptide (CGRP; also known as CALC)-expressing neurons within
the PBN are activated by feeding, and chemogenetic activation initiated meal termination
and suppressed subsequent meal initiation8. Although silencing of these neurons using
Cre-dependent expression of tetanus toxin light chain (tetanus toxin chain L) increased
meal size and duration, it also decreased meal frequency such that overall body mass was
not affected. Interestingly, these mice also did not suppress feeding in response to CCK
and leptin and had a blunted response to a long-acting GLP1 agonist (exendin 4). The
authors went on to define two distinct sets of upstream neurons that, when chemogenetically
stimulated, excited PBN CGRP neurons (as indicated by FOS) and suppressed feeding: one
set expressing CCK and another expressing the noradrenergic neurotransmitter dopamine
B-hydroxylase8l. These data highlight the complexity of the neural networks that regulate
feeding behaviour and may shed light on why obesity, and presumably disruptions to these
neural networks, is so difficult to treat.

Although we have separated the discussion of the hypothalamus and NTS in this Review, it
is important to highlight some of the neural networks that link the NTS to the hypothalamus,
and specifically to POMC and AGRP neurons. With regards to the PBN, there are dense
projections from the AGRP to the lateral PBN that are not colocalized with CGRP

neurons, indicating that AGRP neurons inhibit CGRP neurons indirectly through other PBN
circuits82.

One other hindbrain nucleus that receives neuronal inputs from the NTS is the dorsal

raphe nucleus (DRN). The DRN has been implicated in the control of feeding®3 and

has reciprocal connections with numerous hypo thalamic nuclei®*. Photogenetic and
chemogenetic activation of DRN neurons expressing vesicular GABA transporter (VGAT;
also known as SLC32A1), an inhibitory neurotransmitter, and glutamate, an excitatory
neurotransmitter, increased and suppressed feeding, respectively8®. Chemogenetic inhibition
of DRN VGAT neurons in obese (ob/ob) mice reduced food intake and caused weight loss,
suggesting that the action of these neurons is independent of leptin. Further work is needed
to clarify the projections from these neurons that are critical in mediating their effect on
regulating feeding behaviour.

The important point from the current work on the role of the hindbrain in energy
homeostasis is that, in addition to critical circuits from the hypothalamus to the hindbrain
that are important for regulating energy homeostasis, there are also ascending circuits
from the hindbrain that may be just as critical. Identification of these circuits and
understanding the interaction of these two CNS regions will be important in understanding
the neurophysiology underlying body-weight control.
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Newly identified peripheral signals

Decades of research have been spent on understanding the impact of peripherally derived
signals such as GLP1, CCK, PYY and leptin on CNS regulation of short-term and long-term
energy balance. Although there is no doubt that these peptides are important players in

the regulation of energy homeostasis, there are more and more peripherally derived signals
being discovered to play a role in communicating energy status to the CNS. One example

is bile acids. Synthesized from cholesterol in the liver and secreted into the duodenum after
a meal, bile acids have historically been thought to function solely as lipid emulsifiers8®.
However, bile acids are now recognized as critical signalling molecules. Bile acids have
been found to signal through two receptors: GPCR19 (also known as TGR5 or BPBAR1)
and the nuclear transcription factor farnesoid X-activated receptor (FXR; also known as
NR1H4). Both receptors are expressed in several tissues, including the small intesting,

liver and adipose tissue. Within the intestine, bile acid activation of TGRS stimulates

GLP1 secretion8” and increases colonic peristalsis®8, whereas bile-acid-induced activation
of FXR results in the secretion of fibroblast growth factor 19 (FGF19; FGF15 is the

mouse orthologue)8” into the circulation. FGF15 and FGF19 signal through both FGF
receptor 1 and 4 (FGFR1 and FGFR4, respectively) and its co-receptor, p-klotho, to regulate
enterohepatic circulation of bile acids as well as systemic lipid and glucose metabolism&°.
Although liver receptors are important targets, data also suggest critical CNS action. FGF19
administration has been shown to increase energy expenditure in obese mice9. Furthermore,
acute intracerebroventricular (ICV) infusion of FGF19 reduced 24 hour food intake and
body weight and improved glucose tolerance in rats, whereas ICV infusion of an FGFR1
and FGFR4 combined antagonist increased food intake92. Lastly, neuronal expression of
B-klotho is necessary for the long-term impact of FGF19 on body mass®2.

The intestine is home to trillions of microbial species, and increasing evidence links the
microbiome to regulation of feeding and energy homeostasis. Faecal transplantation is one
method that researchers have used to transfer microbiota from one mouse to another. When
faeces from ob/ob mice are transferred to lean, germ-free mice, the lean mice become
hyperphagic and gain fat mass?3:94. A critical question remains regarding the mechanism

by which the microbiome communicates with the host to regulate energy homeostasis. One
possibility is that this communication occurs through the tight link between the microbiome,
the innate immune system and the gut-brain axis. In support of this, lipopolysaccha-ride,

a pathogenic agent that exists on the bacterial cell wall, stimulates GLP1 secretion95:9, A
link to the CNS is also indicated by data in which a specific intestinal pathogen (Sal/monella
enterica subsp. enterica serovar Typhimurium) has been found to inhibit inflammatory-
induced anorexia via the vagus nerve®’. Alternatively, the microbiome is also an active
participant in the processing of ingested nutrients, resulting in by-products that can then

act in an autocrine, paracrine or endocrine fashion to regulate host metabolism. In fact, one
critical function of the microbiome is in the processing of primary bile acids into secondary
bile acids, which directly impacts FXR signalling (discussed above)®8. Within the colon, the
microbiota also processes complex carbohydrates into short-chain fatty acids, and one of
these (acetate) has been found to increase ghrelin and glucose-stimulated insulin secretion
via the parasympathetic nervous system%.
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Another recently discovered peptide that links the immune system to CNS regulation of
feeding is growth/differentiation factor 15 (GDF15). Exposure to toxins leads to suppression
of food intake as an emergency response, and GDF15 is thought to be a player in mediating
this effect100, This peptide is predominantly secreted by the liver, and it was recently
discovered that it binds to an orphan receptor that is a part of the glial-cell-line-derived
neurotrophic factor family (GDNF) family receptor a-like (GFRAL)100-103 nterestingly,

this receptor is not found in peripheral tissues but was found specifically in the AP and NTS
in mice100-103,

AAV-mediated systemic overexpression of GDF15 in mice or GDF15 administration to
mice, rats and nonhuman primates drastically reduced body mass and food intake both
acutely and chronically100.101.104 ‘Notably, mice that lack whole-body expression of
GFRAL are resistant to dietary-induced obesity and still respond to the anorectic effect

of a GLP1R agonist or leptin191-103 These results suggest that the neurons within the AP
and NTS that express GFRAL do not overlap with neurons that respond to GLP1 agonists
or to leptin. Furthermore, GDF15 is an example of an ascending signal from the NTS that
activates a PBN—central amygdala circuit to suppress feeding100. These data also highlight a
circumstance in which the NTS, independently of the hypothalamus, regulates feeding.

Interestingly, most of these “‘newly’ identified peripheral signals are interrelated. The
microbiome regulates the bile acid pool, whereas bile acids are upstream of the FGF15

or FGF19 secretion. There are more questions that need to be addressed to understand

the complex role of the FXR system in regulating energy homeostasis, including the

key CNS neuronal populations that may be involved. Furthermore, GDF15 is a newly
defined hindbrain signal that is an attractive therapeutic target for obesity. Understanding the
integration of this system will likely be a critical component to advancing our knowledge of
the many peripheral signals necessary for CNS-induced regulation of energy homeostasis.

Findings from the bedside

Bariatric surgery

One of the clinical findings that highlight the importance of the gut-brain axis in regulation
of energy homeostasis is the overwhelming success of bariatric surgery in weight loss

and improvements in obesity-associated comorbidities. Roux-en Y gastric bypass (RYGB)
and vertical sleeve gastrectomy (VSG) are two of the most frequently performed bariatric
surgeries in the United States. Although RYGB results in gastric size reduction as well as
intestinal rearrangement, VVSG only restricts stomach size (FIG. 3). Despite the drastically
different anatomical rearrangements, the results of these surgeries are remarkably similar.
In fact, both RYGB and VSG result in ~80% reduction in excess body mass and an ~38%
remission of T2DM195, Despite this success, surgery cannot possibly be widely applied to
solve the obesity epidemic. However, it is an interesting model to explore the regulation of
energy homeostasis because the degree of success of surgery suggests that we can change
systemic regulation of body weight by changing GI anatomy.

Nat Rev Neurosci. Author manuscript; available in PMC 2022 June 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al.

Page 13

Bariatric surgery

A surgical dissection and/or reorganization of the gastrointestinal tract that is used to
induce weight loss.

That surgery has a system effect is not just indicated by the weight loss but by the many
physiological changes that also occur. For example, both RYGB and VSG drive widespread
postprandial increases in gut peptides!®, some of which are summarized in FIG. 4. As

an example, postprandial GLP1 and PYY are almost tenfold higher after RYGB and
VSG107,108_

Whether these changes in gut peptides are necessary for changes in feeding and body
weight after surgery is less clear. In rodents, the surgery-induced reduction in food intake
is transiently reduced within the first 2 weeks after surgery and is similar to that of sham-
surgery animals thereafter109, However, the surgically induced increase in postprandial gut
peptides seems to be a fairly permanent response dissociating the reduction in food intake
from the postprandial rise in gut peptides. Furthermore, whole-body GLP1R-KO mice lose
comparable amounts of weight to their wild-type littermates after both VSG110.111 and
RYGB12, suggesting that GLP1 signalling is not necessary for surgery-induced weight
loss. However, what drives the increase in GLP1 might still be important for understanding
the physiological impact of surgery. Gastric-emptying rate is drastically increased after
both RYGB and VSG113, and this increase may directly or indirectly drive the increase in
postprandial gut peptides; that is, the high gastric-emptying rate pushes nutrients further
into the distal small intestine where they can access more enteroendocrine cells. Indeed, this
seems to be the case with RYGB, as GLP1 levels are lower in response to nutrient infusion
into the bypassed limb than when the same calories are orally ingested!14. Interestingly,
the same study after VSG in rodents resulted in similarly elevated GLP1 responses to a
duodenal versus oral glucose load13, suggesting that VVSG drives either an increase in
number or in the sensitivity of enteroendocrine cells to nutrients. Thus, the two surgeries
may lead to increases in GLP1 via different mechanisms.

Responses to bariatric surgery have also contributed to the hypothesis that bile acids

are critical regulators of body mass and glucose homeostasis as they are found to be
increased by bariatric surgery in humans and rodents1%:116_ Using whole-body genetic

KO models, TGR5 has been found to be necessary for at least some of the impact of

VSG on glucose homeostasis'1?, although its role in VSG-induced weight loss and GLP1
secretion is disputed (see REF. 117 compared with REF. 118). By contrast, ablation of the
nuclear bile acid receptor FXR blocked the effect of VSG on both body mass and glucose
homeostasis!1®. Linked to these data, the microbiome is also altered by bariatric surgery, and
at least some of those changes in the microbiome were prevented in the FXR-KO mousel19,

Given the success in weight loss by manipulating the Gl tract through surgery, one would
predict that the peripheral nervous system would be critical in mediating this success.
However, although vagal innervation of the portal vein and liver does not seem to be
necessary for the surgical success of RYGB in rats120, there are clear changes in the
innervation of the gut after RYGB12L, In addition, performing a coeliac branch vagotomy
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to target intestinal innervation blunted the impact of surgery on food intake in rats122,
Interestingly, a recent study demonstrated that although the vagus nerve was not necessary
for body mass changes, it was necessary for surgery-induced changes in food choicel23, As
we discussed above, one possibility is that the large increases in either postprandial nutrients
(due to the increased gastric-emptying rate) or gut peptides could activate vagal afferent
neurons. However, this has yet to be determined.

It is important to recognize that not all patients have the same degree of success in response
to bariatric surgery, with some patients even gaining weight over timel24, In addition, some
patients, particularly after RYGB, are susceptible to dumping syndrome, which consists

of a constellation of symptoms including sweating, palpitations and hypoglycaemia. These
factors, in addition to the infrastructure that would be necessary, demonstrate that bariatric
surgery is not the cure for obesity but instead may be better used as a tool to understand
how the gut-brain axis regulates body mass. This knowledge could then be used to develop
less-invasive strategies for weight loss.

From the gut to the drug pipeline

Importantly, the knowledge gained from bariatric surgery is already leading to alternative
pharmacotherapies for obesity. The impact of surgery on increasing the wide array of gut
peptides is discussed above. However, whether the increases in postprandial gut peptides are
necessary for the impact of surgery is not clear. Multiple studies have shown that removing
only one of these gut peptide signals, in and of itself, is not necessary for the weight loss

or improvements in glucose homeostasis seen with surgery (see REF. 106 for review). One
possibility is that it is not a single signal but rather a combination of signals that is necessary
for the success of surgery. This hypothesis has led to the development of polytherapies that
mimic these surgery-induced endocrine changes. Preclinical data demonstrate much greater
efficacy of dual or even triple agonists for inducing weight loss than when these agonists

are administered alone. A low-dose glucagon administration to the CNS reduced food intake
and increased energy expenditure but also increased glucose levels'25, However, combining
a glucagon receptor (GLR) agonist with a GLP1R agonist leads to synergistic effects on
weight loss without increasing glucose levels'26, Similarly, impressive results have been
seen by combining GLP1R and gastric inhibitory polypeptide receptor (GIPR) agonists,
GLP1R and oestrogen receptor agonists'2” and even a triple combination of GLP1R, GLR
and GIPR agonists128:129 These data highlight one potential strategy that was conceptually
influenced by the responses to bariatric surgery.

Conclusion

There are a host of peripheral signals that inform the brain of acute and chronic energy
status. These signals arise from circulating hormones, nutrients and nutrient by-products
acting directly on the hypothalamus, the hindbrain or peripheral neurons that terminate
within the NTS. New genetic technologies have revealed more details on the descending
and ascending circuits that integrate these two brain regions. In addition, the success of
bariatric surgery has not only led to the discovery of new peripheral signals important for
metabolic regulation but has also driven the use of polyagonist therapies in the pipeline for
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the treatment of obesity. Taken together, this work highlights how discoveries from both
clinical and preclinical studies have been, and will continue to be, instrumental in advancing
our understanding of CNS regulation of energy homeostasis.
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Box 1 |
Gut peptide secretion

Gut peptides are secreted from specialized intestinal endocrine cells called
enteroendocrine cells. These peptides are secreted in response to nutrient ingestion and
have widespread physiological effects. Depending on anatomical location, the various
enteroendocrine cells release different peptides. For example, ghrelin is secreted from
the stomach, whereas cholecystokinin (CCK) and gastric inhibitory polypeptide (GIP) are
secreted from the proximal gut by | (REF. 130) and K cells, respectively. CCK reduces
meal size, whereas GIP is thought of mostly for its ability to stimulate insulin secretion
(see REF. 3 for review). By contrast, ghrelin is secreted from gastric X cells, is at its
highest concentration during fasting and is suppressed by feeding3. The fasting-induced
rise, but not the nutrient-induced suppression, of ghrelin is blocked by subdiaphragmatic
vagotomy, indicating that two independent pathways regulate the nutrient-associated
fluctuations in ghrelin131, In its active and acylated form, ghrelin increases appetite,
gastric acid secretion and gastric motility32133_|nterestingly, compared with an
isocalorific fat meal, protein was found to have a more potent suppressive effect on
ghrelin levels, and both protein and fat have a more prolonged suppressive effect than
carbohydrates?34,

Glucagon-like peptide 1 (GLP1) and peptide YY (PYY) are secreted predominantly
from enteroendocrine cells located in the distal intestine. Plasma GLP1 and PYY are
co-secreted almost immediately after glucose ingestion?, and both peptides reduce food
intake135, After protein and lipid ingestion, the secretion of GLP1 is slower and more
sustained than after carbohydrate ingestion. However, in response to a mixed meal,
GLP1 shows a biphasic response with peaks at 15 minutes and 2 hours postprandially
(reviewed in REF. 3). Although GLP1-expressing cells are found throughout the small
intestinel, PY Y-secreting cells are found only in the distal gut}:3. Also in contrast to
GLP1, enzymatic cleavage of PYY converts PYY1_3g to PY'Y3_3, its physiologically
active form136, This cleavage process results in a slower postprandial rise in plasma
PYYS3,
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Box 2 |
Optogenetic and chemogenetic activation of CNS neurons

The increasing availability of two particular techniques, optogenetics and chemogenetics,
that allow for acute regulation of nerve activity has provided a new frontier in our
understanding of CNS-induced regulation of energy homeostasis.

Optogenetics.

(see the figure, right) In optogenetics, light-responsive opsin proteins that serve as

ion channels are genetically incorporated into targeted neuronal populations using cell-
type-specific promoters that drive Cre recombinase. This incorporation enables the
light-manipulated activation (channelrhodopsin 2 (ChR2)) or inhibition (halorhodopsin
(NpHR) or archaerhodopsin) of neuronal activity. To do this, a guide cannula targeted
to the region of interest is surgically implanted into the rodent’s brain. An ultrafine
fibre-optic probe that emits light-emitting diode (LED) light is inserted into the guide
cannula, and modulation of the light intensity and frequency then regulates the activity
of the opsin-expressing neurons so that the resulting behaviour can be assessed. This
method enables the manipulation of neuronal activity within a very short time frame, and
the intensity of the light can be adjusted to increase or decrease neuronal activity.

Chemogenetics.

(see the figure, left) Although optogenetics utilizes the expression of light-sensitive

ion channels, chemogenetics uses the same cell-type-specific promoters to drive Cre
recombinase to incorporate chemically engineered receptors called DREADDs (designer
receptors exclusively activated by designer drugs) into neurons of interest. These
receptors bind to a specific physiologically inert drug, clozapine N-oxide (CNO).
Depending on which receptors are introduced, these G-protein-coupled muscarinic
receptors either excite (hM3Dq) or inhibit (hM4Di) the neurons of interest when exposed
to CNO.

Strengths and weaknesses of these techniques.

Both chemogenetics and optogenetics enable researchers to regulate the specific neuronal
activity and to monitor behavioural changes or to identify downstream circuits. Unlike
optogenetics, which provides millisecond precision, chemogenetic manipulation can take
several hours. However, the advantage of chemogenetics is that it can be applied for an
extended period of time to understand the long-term impact of activating or inhibiting
the neurons of interest!37. Both can be limited by the availability or specificity of the
Cre-driven promoters available. Surgical equipment and expertise are necessary if using
adeno-associated viruses to incorporate the optogenetic or chemogenetic proteins and
also for inserting the guide cannula that will hold the fibre-optic cable for optogenetics.
Additionally, light penetration into the tissue can be a limitation of optogenetics, and this
technique cannot be applied if the cells of interest have dispersed neuroanatomy. With
chemogenetics, an assumption critical for the success of the technique is that CNO is
physiologically inert in control animals. However, a recent study found that a metabolite
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of CNO, clozapine, has off-target metabolic effects138, highlighting the importance of
using CNO-injected control groups.
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Figurel1|. Peripheral-to-CNS signals of energy status.
Gut-secreted peptides, such as glucagon-like peptide 1 (GLP1), cholecystokinin (CCK)

and peptide YY (PYY), are secreted from the gastrointestinal tract in response to nutrient
ingestion. Conversely, ghrelin levels are highest during fasting and are suppressed during a
meal. Leptin and insulin, secreted from adipose and pancreatic cells, respectively, circulate
in proportion to adiposity and therefore represent signals of long-term energy storage. The
‘hypothalamic-centric’ view has held that long-term energy homeostasis is regulated by the
hypothalamic melanocortin system (agouti-related protein (AGRP)/neuropeptide Y (NPY)
neurons and pro-opiomelanocortin (POMC) neurons). Indeed, leptin and insulin regulate the
activity of these neuronal populations, and at least some gut peptides may also regulate

the hypothalamic melanocortin system. However, there is an increasingly appreciated role
of the ascending circuits from the hindbrain to the hypothalamus that are critical in
regulating both short-term and long-term energy homeostasis. ?, unidentified peptides or
circuits that regulate energy homeostasis; a-MSH, a-melanocyte-stimulating hormone; AP,
area postrema; ARC, arcuate nucleus; MC4-R, melanocortin receptor 4; NTS, nucleus of the
solitary tract; PVVN, paraventricular nucleus.
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Figure 2 |. Endocrine and neuronal pathwaysto the CNS.
The nodose ganglion (cell bodies of the vagus nerve) connects peripheral innervation of

the stomach, intestine and portal vein to the hindbrain. These afferent nerve endings have
receptors that can bind to many hormones and nutrients. Furthermore, blood flow from

the intestine dumps first into the portal vein and then into the general circulation. Thus,
hormones and nutrients that are increased postprandially can have endocrine or direct neural
pathways to signal the CNS about the changes in nutrient status. AP, area postrema; NTS,
nucleus of the solitary tract.
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Figure 3|. Roux-en Y gastric bypass and vertical sleeve gastrectomy.
In Roux-en Y gastric bypass (RYGB), there is surgical reduction of the stomach to form a

small gastric pouch. The remaining 95% of the stomach remains in the peritoneal cavity.
The intestinal tract is rearranged such that the mid-jejunum is anastomosed to the gastric
pouch, bypassing 95% of the stomach and the whole upper gastrointestinal tract. The

distal end of the duodenum is then anastomosed to the jejunum to provide biliopancreatic
digestive enzymes to ingested nutrients. By contrast, vertical sleeve gastrectomy (VSG)
surgically removes about 80% of the stomach along the greater curvature with no intestinal
rearrangement. Adapted with permission from Kim, K. S. & Sandoval, D. A., Endocrine
function after bariatric surgery, Comprehensive Physiology, John Wiley & Sons (REF. 139).

Copyright © 2013 American Physiological Society.
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Figure4|. Theimpact of bariatric surgery on intestinal signalling peptides.
Both Roux-en Y gastric bypass (RYGB) and vertical sleeve gastrectomy (VSG) increase

the gastric-emptying rate (GER) and thus cause rapid nutrient access to the intestine, likely
contributing to the large increase in postprandial secretions of several gut peptides, including
glucagon-like peptide 1 (GLP1), peptide YY (PYY) and gastric inhibitory polypeptide
(GIP). Both surgeries also increase circulating bile acids (BAs). BAs signal via a cell-surface
G-protein-coupled receptor (GPCR) called TGR5 or via a nuclear transcription factor,
farnesoid X-activated receptor (FXR). Whereas TGR5 signalling is known to regulate GLP1
secretion, its role after bariatric surgery is less clear (represented by a ?). Activation of FXR
leads to secretion of fibroblast growth factor 19 (FGF19; FGF15 is the mouse orthologue)
from the enterocytes. After bariatric surgery, FGF15 (or FGF19) is increased, and FXR has
been demonstrated to be necessary for the metabolic success of surgery in mice.
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