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CLINICAL HIGHLIGHTS

A major difficulty associated with the insulin treatment of patients with type 1 or type 2 diabetes is the risk of hypoglyce-
mia, with initial hypoglycemic episodes increasing the risk of developing subsequent ones of greater severity.
Hypoglycemia sensing by the central nervous system (CNS) leads to a coordinated counterregulatory hormonal
response (CRR) initiated by a rapid stimulation of glucagon secretion and inhibition of insulin release. Recent studies
have identified specific glucose sensing neurons in the brain stem and hypothalamus and, through the use of current
genetic technologies, have characterized the circuits that connect these neurons to the endocrine pancreas to control
hormone secretion. In addition, new investigations have characterized so far unknown hypothalamic mechanisms that
adapt the response to hypoglycemia according to the prevailing metabolic and inflammatory states. These studies will
pave the way for a more complete understanding of the defects in CRR in patients with diabetes treated with insulin
and for the development of prevention or therapeutic strategies.
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1. INTRODUCTION

Abstract

Glucose homeostasis is mainly under the control of the pancreatic islet hormones insulin and glucagon, which,
respectively, stimulate glucose uptake and utilization by liver, fat, and muscle and glucose production by the
liver. The balance between the secretions of these hormones is under the control of blood glucose concentra-
tions. Indeed, pancreatic islet B-cells and a-cells can sense variations in glycemia and respond by an appropri-
ate secretory response. However, the secretory activity of these cells is also under multiple additional
metabolic, hormonal, and neuronal signals that combine to ensure the perfect control of glycemia over a life-
time. The central nervous system (CNS), which has an almost absolute requirement for glucose as a source of
metabolic energy and thus a vital interest in ensuring that glycemic levels never fall below ~5 mM, is equipped
with populations of neurons responsive to changes in glucose concentrations. These neurons control pancreatic
islet cell secretion activity in multiple ways: through both branches of the autonomic nervous system, through
the hypothalamic-pituitary-adrenal axis, and by secreting vasopressin (AVP) in the blood at the level of the pos-
terior pituitary. Here, we present the autonomic innervation of the pancreatic islets; the mechanisms of neuron
activation by a rise or a fall in glucose concentration; how current viral tracing, chemogenetic, and optogenetic
techniques allow integration of specific glucose sensing neurons in defined neuronal circuits that control endo-
crine pancreas function; and, finally, how genetic screens in mice can untangle the diversity of the hypothalamic
mechanisms controlling the response to hypoglycemia.
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characterized the circuits that connect these neurons to the endo-
crine pancreas to control hormone secretion. In addition, new
investigations have characterized so far unknown hypothalamic
mechanisms that adapt the response to hypoglycemia according
to the prevailing metabolic and inflammatory states. These studies
will pave the way for a more complete understanding of the
defects in CRR in patients with diabetes treated with insulin and

Glucose homeostasis is classically described as result-
ing from the equilibrium between glucose absorption,
glucose utilization, and endogenous glucose produc-
tion, a balance that is under the control of the pancre-
atic islet hormones insulin and glucagon (1, 2). Insulin
stimulates glucose utilization by liver, fat, and muscle
and inhibits hepatic glucose production. On the other
hand, glucagon is secreted by pancreatic a-cells and
stimulates glucose release from the liver to prevent

0031-9333/24 Copyright © 2024 The Authors. Licensed under Creative Commons Attribution CC-BY 4.0.

for the development of prevention or therapeutic strategies.

hypoglycemia development. The equilibrium between
insulin secretion and glucagon secretion as well as the
action of these hormones on peripheral tissues need to
be perfectly controlled to maintain normoglycemia over
a lifetime to prevent development of diabetic hypergly-
cemia. Currently, >92% of the world population is free
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of diabetes (3) despite the increase in life expectancy
and the metabolic challenges associated with reduced
physical activity and overnutrition inherent to modern
lifestyle. What does ensure the robustness of this sys-
tem? A key aspect is the functional plasticity of the islet
B-cells and a-cells, which ensures not only the efficient
minute-to-minute control of insulin and glucagon secre-
tion in response to glucose variations but also a com-
pensatory change in their total number to adapt to the
sensitivity of target tissues to the action of insulin or glu-
cagon (4-6). This plasticity is controlled by multiple sig-
nals such as metabolites, hormones, and cytokines
produced by liver, fat, and muscle and by neuronal
inputs from the autonomic nervous system (ANS).
Among these signals, glucose itself has a major role in
modulating pancreatic endocrine cell secretion and pro-
liferation cell autonomously and cell nonautonomously.
B-Cells and a-cells have intrinsic glucose sensing prop-
erties that trigger insulin and glucagon secretion when
extracellular glucose concentrations increase above or
fall below the euglycemic level, but glucose has also
many indirect ways of controlling hormone secretion.
For example, in the oral cavity, glucose activates taste
cells, which trigger a vagal reflex that induces insulin
secretion, the so-called cephalic phase of insulin release
(CPIR) (7); in the duodenum, glucose triggers the secre-
tion of the gluco-incretin hormones gastric inhibitory
protein (GIP) and glucagon-like protein (GLP)-1, which
potentiate glucose-stimulated insulin secretion (GSIS),
protect B-cells from apoptosis, and increase their mass
and function (8-11); in the liver, glucose regulates the
expression of many genes (12) and, through the produc-
tion of bile acids, controls a liver-B-cell axis that
increases the capacity of these cells to respond to glu-
cose (13); in the peripheral and central nervous systems,
specific glucose-responsive neurons are activated by a
rise [glucose-excited (GE) neurons] or a fall [glucose-
inhibited (GI) neurons] in blood glucose levels (14, 15)
and control the activity of the endocrine pancreas
through the regulation of both branches of the auto-
nomic nervous system (15, 16). Importantly, autonomic
nervous innervation of the endocrine pancreas appears
during the developmental period and is required for the
establishment of normal adult pancreatic islet mass and
function (17, 18). Thus, although endocrine cells from the
pancreatic islets can respond directly to changes in glu-
cose concentrations, the communication with other glu-
cose sensing cells, located at different anatomical sites,
is essential for islet development and to maintain glu-
cose homeostasis over a lifetime.

The present review focuses on the role of nervous
glucose sensing in the regulation of insulin and gluca-
gon secretion. We present a description of the auto-
nomic innervation of the pancreas; discuss how neurons

sense glucose; and illustrate how recent viral tracing,
chemogenetic, and optogenetic techniques, as well as
genetic screens in mice, allow identification of the neu-
ronal network that controls pancreatic hormone secre-
tion. Collectively, these data illustrate the importance of
nervous glucose sensing in the control of the endocrine
pancreas as a means to preserve glucose homeostasis.
They highlight the important role of hypoglycemia sens-
ing by the central and peripheral nervous systems to
suppress insulin and stimulate glucagon secretion to
restore euglycemia and preserve continuous glucose
supply to the brain. Because defective glucose sensing
may cause life-threatening hypoglycemia in patients
with diabetes (19), development of this area of research
may lead to novel preventive and therapeutic interven-
tions to manage this frequent and dangerous condition.

2. AUTONOMIC INNERVATION OF THE
PANCREAS

2.1. Sympathetic and Parasympathetic
Innervation

The pancreas is richly innervated by efferent projections
from the sympathetic and parasympathetic branches of
the autonomic nervous system (ANS), which ensure con-
nections between the brain and the pancreas (FIGURE
1). It also receives neuronal input from the enteric nerv-
ous system. Afferent vagal and spinal sensory fibers
originating from the hepatoportal vein area also convey
information to the pancreas via vago-vagal or spino-
vagal reflexes, as discussed further below (see FIGURE
8). Here, only a short description of this innervation is
presented, as more emphasis will be placed on the cen-
tral mechanisms that regulate the activity of the ANS.
Detailed descriptions of the pancreas innervation by the
ANS can be found in excellent recent reviews (20-22).
Vagal afferent nerves originate from the dorsal motor
nucleus of the vagus (DMNX), a nucleus of the brain stem
dorsal vagal complex (DVC), which also comprises the nu-
cleus of the tractus solitarius (NTS) and the area postrema
(AP) (FIGURE 1, FIGURE 2). These vagal neurons are cho-
linergic and project to intrapancreatic ganglia from which
postganglionic neurons innervate the exocrine part of the
pancreas and the pancreatic islets. These postganglionic
neurons are cholinergic and can be identified by immuno-
staining of the vesicular acetylcholine transporter (VAChT).
They also express neuropeptides such as vasoactive in-
testinal polypeptide (VIP), pituitary adenylate cyclase-acti-
vating polypeptide (PACAP), or gastrin-releasing peptide
(GRP) (23). In mice, these postganglionic neurons contact
a, B, 8, and PP cells. In humans, although it was suggested
early on that there was no parasympathetic innervation of
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FIGURE 1. Schematic representation of the autonomous nervous system innervation of the endocrine pancreas. The sympathetic nerve extends
through the intermediolateral column (IML) of the spinal cord and sends branches to the celiac and superior mesenteric ganglia. Postganglionic nerves
project directly to the pancreatic islets and use norepinephrine (NE) as principal neurotransmitter, but neuropeptide Y (NPY) and galanin are also pres-
ent in some nerve terminals. In the parasympathetic nervous system, the vagal nerve neurons have their cell bodies in the dorsal motor nucleus of the
vagus (DMNX), which is part of the dorsal vagal complex that includes the area postrema (AP) and the nucleus tractus solitarii (NTS). The cholinergic
vagal neurons send their projections to the intrapancreatic ganglia, and postganglionic neurons reach the islets. These neurons use acetylcholine
(ACh) as main neurotransmitter but some also express vasoactive intestinal polypeptide VIP, pituitary adenylate cyclase-activating polypeptide
(PACAP), and gastrin-releasing peptide (GRP). Figure generated with BioRender.com, with permission.

the islet endocrine cells (24), recent reports from optically
cleared tissue and three-dimensional (3-D) imaging have
established that vagal nerves are present within the islets
making contact, in particular, with a-cells (25, 26).

The sympathetic nerve that innervates the pancreas is
issued from neurons located in the intermediolateral cell
column (IML) of the spinal cord, which send projections
to the celiac and superior mesenteric ganglia (FIGURE 1)
(27). The postganglionic neurons then reach the pan-
creas, where some contact vagal ganglia and others
send terminals to islet a- and B-cells and the islet vascu-
lature (25). These postganglionic neurons are catechola-
minergic and can be identified by tyrosine hydroxylase
(TH) immunostaining. In addition to norepinephrine, they
can also carry neuropeptides such as neuropeptide Y
and galanin (23).

Physiol Rev -VOL 104 . OCTOBER 2024 . www.prv.org

Functionally, the vagal nerve stimulates insulin secre-
tion by activating the B-cell’s muscarinic acetylcholine
receptor, m3AchR (23, 28). However, the effect of ace-
tylcholine on insulin secretion requires glycemia to be
above the euglycemic level. Importantly, vagal activity is
also stimulated by hypoglycemia, and acetylcholine
binding to the a-cell m3AchR increases glucagon secre-
tion. Thus, the effects of vagal nerve activity on insulin or
glucagon secretion are largely determined by the preva-
lent glycemic levels.

Norepinephrine secreted by intraislet sympathetic
nerves also has a dual action on insulin and glucagon
secretion. Pancreatic B-cells express the a2-adrenergic
receptor (22-AR), which when activated inhibits insulin
secretion, whereas a-cells express the f2-adrenergic re-
ceptor, which stimulates glucagon secretion (29).
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FIGURE 2. Schematic localization of the brain stem and hypothalamic nuclei containing glucose sensing neurons. A: sagittal section of a mouse brain
with indication of the bregma levels at which the coronal sections in B are prepared. B: coronal sections with indications of the nuclei where glucose-
excited (GE) and glucose-inhibited (Gl) neurons are present (colored regions). Sections A, B, and C are from the hypothalamus and sections D and E
from the brain stem. Amyg, amygdala; AP, area postrema; ARC, arcuate nucleus of the hypothalamus; BLM, basolateral medulla; DMH, dorsomedial
hypothalamus; DMNX, dorsal motor nucleus of the vagus; LC, locus coeruleus; LHA, lateral hypothalamus; NA, nucleus ambigus; NTS, nucleus tractus
solitarii; PBN, parabrachial nucleus; PVN, paraventricular nucleus of the hypothalamus; RCH, retrochiasmatic nucleus; SCh, suprachiasmatic nucleus;

SO, supraoptic nucleus; VMH, ventromedial nucleus of the hypothalamus; ZI, zona incerta.

2.2. Pancreas Innervation during Development
and Diseases

Innervation of the pancreas by the vagal nerve develops
during midgestation in mice, a process that is under neg-
ative regulation by leptin (17). Parasympathetic innerva-
tion of the islets requires expression in developing
nerve fibers of GRFAZ2, the receptor for the neurotrophic
factor neurturin. Mice lacking this receptor display
marked defects in neuroglucopenia-stimulated insulin,
glucagon, and pancreatic polypeptide secretion (30).
Sympathetic innervation of pancreatic islets develops
during prenatal life but fully matures around weaning
(31, 32). This innervation depends on the production of
neurotrophic factors, such as nerve growth factor (NGF),
by the islets (33-35). Conversely, sympathetic innerva-
tion is required for the development of the normal islet
architecture. In mice, sympathetic denervation, or inacti-
vation of the NGF receptor TrkA that leads to defective
sympathetic innervation, disrupts the normal structure of
the islets, with a-cells being present in the core of the
islets; this also leads to defect in insulin secretion

1464

capacity and the development of glucose intolerance
(18). The fact that islet autonomic innervation is guided
by neurotrophic factors secreted by islets is further evi-
denced by the observation that islets transplanted in the
liver (36), under the kidney capsule (37), or in the back
chamber of the eye (38) become progressively inner-
vated by autonomic nerves. In the eye, transplanted
islets are innervated by vagal nerves and are responsive
to topical application of the AChR antagonist atropine
(38). In the mouse liver, however, only sympathetic
innervation is observed (36).

In diabetic NOD mice, a model of type 1 diabetes, the
density of intraislet parasympathetic and vagal fibers is
increased and positively correlates with the glycemia
(39). In humans, the density of islet sympathetic innerva-
tion is increased up to threefold in type 2 diabetes (40).
The increased nerve fiber density may be due to the
infiltration of the pancreas parenchyma by adipocytes,
which provide neurogenic signals (26). This increased
sympathetic tone can contribute to the hyperglucagone-
mia present in both forms of diabetes. An interesting ob-
servation was made by Groop’s team, which reported
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that islets of Goto-Kakizaki rats, a model of type 2 diabe-
tes, display abnormally elevated expression of the a2-
AR. They showed that reducing this receptor’s expres-
sion or its intracellular signaling restored normal glu-
cose-stimulated insulin secretion. They further found, in
humans, a genetic variant in the ADRA2A gene (encod-
ing the a2-AR) that leads to increased receptor expres-
sion in B-cells, diminished insulin secretion, and higher
risk of developing type 2 diabetes (41). This important
human study shows that autonomic nervous inputs into
pancreatic B-cells play a critical role in the long-term
maintenance of glucose homeostasis.

2.3. Enteric Nervous System

In addition to sympathetic and parasympathetic innerva-
tion, the endocrine pancreas receives nerve fibers from
the enteric nervous system (42—44). Some of these
nerves are equipped with proteins required for glucose
sensing, such as the ATP-sensitive K™ (Karp) channel,
and may provide information related to gut nutrient
absorption (43). These nerves and their role in control-
ling pancreatic endocrine secretion have been little
described so far.

3. CENTRAL GLUCOSE SENSING
MECHANISMS THAT CONTROL
AUTONOMOUS NERVOUS ACTIVITY

How is the autonomic nervous tone to the endocrine pan-
creas controlled by the CNS? This is an important ques-
tion that, if fully described at the molecular, cellular, and
neuronal circuit levels, can lead to a better understanding
of the pathogenesis of obesity and diabetes as well as of
the defective counterregulatory response to hypoglyce-
mia that often develops in insulin-treated patients with
type 1or type 2 diabetes. FIGURE 2 presents a schematic
description of the hypothalamic and brain stem nuclei
where glucose sensing neurons are located and that are
discussed in the present review.

Anatomical description of the vagal and sympathetic
neuronal connections between CNS nuclei and the pan-
creas has been established by following the retrograde
transport of recombinant pseudorabies viruses injected
in the pancreas (45, 46). First-order vagal neurons are
located in the DMNX; second-order neurons are in the
adjacent NTS and in several hypothalamic nuclei, includ-
ing the arcuate (ARH), paraventricular (PVN), lateral (LH),
and dorsomedial (DMH) nuclei, as well as in the zona
incerta (ZI). Third-order neurons are found in the ventro-
medial hypothalamus (VMN) and the suprachiasmatic nu-
cleus (SCN).

Physiol Rev -VOL 104 . OCTOBER 2024 . www.prv.org

The first-order neurons of the pancreas-projecting
sympathetic neurons are in the intermediolateral column
of the spinal cord; second-order neurons are found in
the A5 region of the basolateral medulla and the locus
coeruleus (LC) as well as in the hypothalamic LH, PVN,
Zl, and retrochiasmatic area (RCA); third-order neurons
are present in ARH, VMN, DMH, and SCN.

Glucose sensing neurons have been identified in
each of these brain stem and hypothalamic nuclei (15).
Neurons located in nuclei not protected by a blood-brain
barrier, such as the NTS and ARH, can respond to
changes in blood glucose concentrations (47). The glu-
cose sensing GE or Gl neurons present in other nuclei
detect changes in parenchymal glucose concentrations,
which vary in parallel with, and are about a third of, the
blood glucose concentrations (48). The characteristics
of these neurons have been elucidated by recording
their electrophysiological properties in live animals (47,
49) or by patch-clamp analysis performed on acute brain
sections or isolated neurons with extracellular glucose
concentrations varying between 0.5-1 mM and 5 mM
(50-53); a few studies reported changes in electrical ac-
tivity over the 5 mM to 10 mM glucose concentration
range, defining high-glucose-excited (HGE) or high-glu-
cose-inhibited (HGI) neurons (54, 55).

3.1. How Do GE Neurons Sense Glucose?

GE neurons are activated by a mechanism that requires
glucose uptake, metabolism, and closure of the Katp
channel to induce membrane depolarization and firing
activity (49, 54, 56-58) (FIGURE 3A). The presence of
the Katp channel has been identified by its characteristic
electrophysiological and pharmacological properties
(49, 56), and its role has been confirmed by genetic
approaches. For instance, in mice with whole body
knockout of the Kir6.2 subunit of the Katp channel, glu-
cose-responsive neurons are no longer detected in the
VMN, and the mice show defective glucagon secretion
in response to hypoglycemia (58). Also, specific overex-
pression in hypothalamic proopiomelanocortin (POMC)
or melanin-concentrating hormone (MCH) neurons of a
mutant of the Kir6.2 subunit, which suppresses the ATP
sensitivity of the channel, blocks the response of these
neurons to high glucose, leading to the development of
glucose intolerance (59-61). In POMC and MCH neu-
rons, the mitochondrial UCP2 uncoupling protein has
been found to control ATP production and glucose
responsiveness (59, 60).

In VMN neurons, UCP2 is also required to control the
level of phosphorylation of Drp1, a protein that regulates
mitochondria fission and activation of GE neurons by
glucose (62). A requirement for adequate regulation of
mitochondria dynamics for the glucose responsiveness
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of POMC GE neurons has also been reported in mice
with knockout of Mitofusin 2, a regulator of mitochondria
fusion, or of Drp1 (63—65). These studies highlight the
critical role of mitochondria and ATP production in the
signaling pathway that activates GE neuron firing. An
obligatory role for mitochondrion-produced reactive ox-
ygen species (ROS) has also been reported for the
response of GE neurons of the VMN and ARH to high
glucose (10 mM), a response that can be suppressed by
various antioxidants (66, 67).

However, how glucose metabolism is regulated is not
fully established. Because of the similarity with the activa-
tion of pancreatic B-cells by glucose, notably the role of
the Katp channel, it is widely assumed that glucokinase
(Gck), which catalyzes the rate-limiting step in glucose-
stimulated insulin secretion (68), also plays a critical role in
both GE and GI neurons (50, 69, 70). However, the glu-
cose responsiveness of GE and Gl neurons is over a glu-
cose concentration range, 0.5 mM to 5 mM, that is much
lower than the K, for glucose of glucokinase (~8 mM)
and below the glucose concentration range that stimu-
lates insulin secretion, ~3.4 mM to 20 mM (71, 72). In addi-
tion, these studies (50, 69, 70) mostly used glucokinase
pharmacological inhibitors such as alloxan, glucosamine,
or mannoheptulose or siRNA-mediated silencing of the
glucokinase mRNA in dissociated neuronal cells, and non-
specific or off-target effects cannot be excluded. In con-
trast, targeted inactivation of Gck in Sfl-expressing
neurons of the VMN, which represent a very large majority
of the VMN neurons, had no impact on the glucose
responsiveness of GE or Gl neurons as detected by elec-
trophysiological recordings on acute brain slices (73).
Thus, although widely considered in the literature to be
required for the function of the classically defined GE and
Gl neurons, Gek inactivation did not confirm the assumed
role of this enzyme. Nevertheless, mice with inactivation
of Gck in Sfl neurons displayed impaired control by glu-
cose of both branches of the autonomic nervous system,
reduced hypoglycemia-induced glucagon secretion, and
increased fat mass; these phenotypes were, however,
only observed in female mice (73). The role of glucokinase

in hypothalamic neurons, which appears to be sex de-
pendent, still needs to be fully elucidated.

Additional unresolved questions related to the func-
tion of the GE neurons include the following: Why does
glucose lead to closure of the Kxtp channel only in GE
neurons when this channel is expressed in all neurons?
Do GE neurons that that are protected or not by the
blood-brain barrier sense glucose with the same or a dif-
ferent mechanism? In the ARH, which is at least in part
outside the blood-brain barrier, neurons have been
characterized that respond to increases in glucose con-
centrations from 5 mM to 20 mM (54, 55). These HGE
neurons are activated in a Katp channel-independent
manner but require the production of ROS and the acti-
vation of the TRPC3 nonselective cation channel (67).
Other mechanisms associated with GE neuron activation
include the detection of glucose by the TIR2/T1R3 sweet
taste receptor or the uptake of glucose by the Na™-glu-
cose symporters Sgltl and Sglt3 (66, 74) (FIGURE 3A).
There is obviously a need to better define the respective
importance of each of these mechanisms in the activa-
tion of GE neurons, whether they are present in the
same or distinct GE neurons, and whether these neu-
rons are part of different neuronal circuits that control
pancreatic endocrine cells.

3.2. How Are GI Neurons Activated by
Hypoglycemia?

The mechanisms of activation of Gl neurons by hypogly-
cemia are also diverse and depend on the modulation of
either K* or CI~ conductance to depolarize the plasma
membrane in low-glucose conditions (49, 75—78) (FIGURE
3B). One study also suggested that activation of orexin Gl
neurons of the LH depends on a cell surface glucose re-
ceptor (79), which has, however, not yet been character-
ized. Thus, activation of Gl neurons is currently viewed as
being triggered by a decrease in cellular glucose metabo-
lism that lowers intracellular ATP levels, leading to activa-
tion of AMP-dependent protein kinase (AMPK) and
reduced activity of the Na™-K "-ATPase.

FIGURE 3. Proposed modes of glucose signaling in glucose-excited (GE) and glucose-inhibited (Gl) neurons. A: GE neurons. Glucose induces mem-
brane depolarization through a glucose metabolism-dependent pathway, which requires glucose uptake by Glutl, Glut2, or Glut3, although whether
specific transporters are required for glucose sensing by various GE neurons has not yet been tested. After glucose uptake, glucose phosphorylation
by glucokinase (Gck) has been reported to be required, although gene knockout studies in mice showed that Geck was not required for GE neuron acti-
vation by glucose. Increased oxidative phosphorylation (OXPHOS)-dependent ATP production then leads to the inhibition of the ATP-sensitive K"
(Katp) channel and membrane depolarization (Ay). Katp channel-independent GE neuron activation has been reported that required TRPC3 channel
participation or the induction of membrane depolarization by Na* cotransport with glucose through the SGLT1 or SGLT3 cotransporter. Other reports
provided evidence for the T1IR2/T1R3 heterodimer sweet taste receptor, which is linked to intracellular phospholipase Cf (PLCP) signaling. PDH, pyru-
vate dehydrogenase. B: Gl neurons. Decreases in extracellular glucose concentrations reduce the glycolytic flux, Krebs cycle activity, and OXPHOS-de-
pendent ATP production. The decrease in intracellular ATP lowers the activity of the Na“-K"-ATPase, leading to membrane depolarization and
neuronal firing. Reduced ATP production also leads to increased intracellular AMP levels that activate AMP-dependent protein kinase (AMPK), which
can control the membrane potential by regulating the activity of CI channels, such as the cystic fibrosis transmembrane regulator (CFTR) or, as demon-
strated in gene knockout experiments, Ano4. AMPK also controls intracellular reactive oxygen species (ROS) levels, by triggering the expression of the
mitochondria detoxifying enzyme Txn2. Figure generated with BioRender.com, with permission.
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In Gl neurons of the VMN, AMPK has been reported to
phosphorylate and activate guanylate cyclase; the
increased production of cGMP further stimulates AMPK
activity, which regulates plasma membrane ion chan-
nels, possibly the cystic fibrosis transmembrane regula-
tor (CFTR), a chloride channel (77). However, more
recent studies have identified and provided genetic evi-
dence that the chloride channel anoctamin 4 (Ano4) is
required for hypoglycemia sensing by Gl neurons of the
VMN (78, 80).

The role of AMPK in activation of neurons by hypogly-
cemia has been shown with the GT1-7 hypothalamic Gl
cell line (81). In mice, this has been demonstrated by
genetic inactivation of AMPK in Sfl neurons of the VMN
(82). Inactivation of either the a1 or a2 catalytic subunit
of AMPK only partially reduced the number of Gl neu-
rons, whereas simultaneous inactivation of both subu-
nits completely suppressed their presence. Of note,
VMN GE neurons were not affected by these genetic
modifications. Analysis of the transcriptome of the
VMN neurons of double ol-a2-subunit-knockout mice
revealed a strong decreased expression of TxnZ2,
which encodes a mitochondrial reactive oxygen spe-
cies (ROS) scavenging enzyme. Virus-directed overex-
pression of Txn2 in the VMN of the double-knockout
mice restored Gl neuron activity. Thus, AMPK contrib-
utes to hypoglycemia sensing also by inducing the
expression of a gene that limits the production of
ROS. This is also supported by another study that
showed that overexpressing Txn1, a cytoplasmic form
of the enzyme, in the VMN of streptozotocin-induced
diabetic rats preserves normal glucagon secretion
(83). ROS are known to be increased upon hypoglyce-
mia following the activation of various enzymes, such
as NADPH oxidase, xanthine oxidase, or the Ca?*-de-
pendent phospholipase A, and their overproduction
may have a deleterious impact on glucose sensing
(84-86).

Another established mechanism by which a fall in in-
tracellular ATP levels induces neuronal firing, possibly
independently of a role of AMPK, is by reducing the ac-
tivity of the Na'-K™-ATPase, leading to membrane
depolarization and neuron activation. This mechanism
has been observed in the rat LH and VMN, in experi-
ments where blood and parenchymal glucose levels
and firing activity were recorded simultaneously (49): af-
ter insulin injection, Gl neuron activity progressively
increases until the parenchymal glucose levels decrease
to 1.0 to 0.5 mM; at lower glucose levels the neurons
stop firing at all. In mouse AgRP neurons, evidence has
been obtained for the crucial role of the Na™-K*-ATPase
in triggering firing activity in response to hypoglycemia;
this response can be replicated by application of the so-
dium pump inhibitor ouabain (87).

4. NEURONAL CONTROL OF INSULIN
SECRETION

4.1. Cephalic Phase of Insulin Release

The cephalic phase of insulin release (CPIR) is triggered
by stimuli conveyed by the senses of sight, smell, and
taste (7). In the oral cavity, glucose is detected by taste
cells, which transfer this information to the chorda tym-
pani, the nerve that connects the tongue to the NTS (87).
This signal is then transferred to the vagal nerve to stimu-
late insulin secretion, a response that can be blocked by
vagotomy or by administration of the muscarinic antago-
nist atropine (88—90). How glucose is initially detected by
taste cells to control CPIR is not fully characterized yet.
Taste cells express the sweet taste receptor TIR2-T1R3
(91), which is activated by nonnutritive sweeteners and by
glucose, and the glucose transporters Glut2, Glutb, and
SGLT1 (92). In TIR3-knockout mice glucose still activates
the CPIR (93, 94), whereas it is reduced by the glucose
transporter inhibitors phloretin and phlorizin (95); this sug-
gests that glucose transporters rather than the sweet
taste receptors are involved in triggering CPIR.

In addition, CPIR can also be stimulated by the sight or
smell of food. For instance, in a recent report Montaner
et al. (96) showed that the odor of food, without direct
contact with the food pellets, induced insulin release.
They showed that this response required the production
of GLP-1 by olfactory bulb glomerular layer cells and the
activation of local GLP1-R-expressing cells; this was fol-
lowed by vagal nerve activation and stimulation of insu-
lin secretion. In a different setting, a CPIR was elicited in
mice by a short-term (60 s) contact with food pellets. In
this experiment, activation of the vagal nerve, and the
consequent secretion of insulin, were found to depend
on II-1B secreted by microglial cells (97), suggesting that
the CPIR can be modulated by the local inflammatory
state. Together, these observations indicate that the
vagal nerve innervating the B-cells can be activated by
multiple pathways in anticipation of food ingestion. This
anticipatory insulin secretion plays an important role to
ensure normal postprandial glucose tolerance (98, 99).

4.2. Vagal Control of p-Cell Proliferation and Mass

Appropriate insulin secretion to maintain normoglycemia
over a lifetime requires preservation of B-cell mass (100,
101) and function (102, 103). The role of the vagal nerve in
controlling B-cell mass has been demonstrated, for
instance, in rats with lesion of the ventromedial hypothal-
amus, which display higher vagal nerve activity, leading
to increased insulin secretion, B-cell proliferation, and
mass (104, 105). Also, intracerebroventricular injection of
NPY, which is normally secreted by ARH NPY/AgRP
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neurons, increases insulin secretion and triggers an obe-
sity phenotype; the hyperinsulinemic response depends
on vagal afferent signals (106). A more recent study
showed that inactivation of Glut2 selectively in neurons in
mice suppresses the activation by glucose of the vagal
nerve (107). This led to a lower rate of B-cell proliferation
around the weaning period and a consequent ~30%
reduction in adult B-cell mass. This defect, together with
the loss of vagally controlled first-phase insulin secretion,
induces a progressive development of glucose intoler-
ance (107). This indicates that the direct effects of glucose
on B-cell proliferation and GSIS are not sufficient to main-
tain glucose homeostasis in the absence of glucose-de-
pendent vagal input (FIGURE 4).

A physiological increase in B-cell mass is also a com-
pensatory mechanism to the development of insulin resist-
ance. In a mouse model of liver-specific insulin resistance
induced by activation of the hepatocyte Erk pathway,
B-cell proliferation and mass are strongly increased (109).
The signal linking liver to B-cells was shown to depend on
splanchnic afferent signals that increase vagal nerve-de-
pendent B-cell proliferation, an effect mediated by cholin-
ergic and VIP/PACAP signaling and induction of the B-cell
transcription factor FoxM1 (109-111).

4.3. Neuronal Circuits Controlling Insulin
Secretion

With the use of green fluorescent protein (GFP)-express-
ing pseudorabies viruses in retrograde labeling techni-
ques, the hypothalamic neurons connected to the
pancreas and B-cells could be more precisely mapped.
For instance, infection of mouse pancreatic B-cells led to
the expression of a reporter GFP protein in hypothalamic
PVN, VMN, ARH, and LH neurons (112). Adenovirus-
directed overexpression of hexokinase 1in these nuclei,
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which was hypothesized to alter their glucose sensing
properties, induced glucose intolerance with reduced in-
sulin secretion when the virus was injected in the ARC
and VMN and increased glucagon secretion when
injected in the LH. No discernible effect on glucose ho-
meostasis was observed when hexokinase 1 was over-
expressed in the PVN. These experiments confirmed
that neurons within several hypothalamic nuclei control
efferent circuits that regulate insulin and glucagon
secretion. In addition, they show that modifying the glu-
cose metabolism of these neurons can have a direct
impact on glucose homeostasis.

With the development of genetically engineered mice
in combinations of viral tracing, chemogenetic, and
optogenetic techniques it is now possible to test the
role of specific genes, expressed in defined brain cells,
in the control of pancreatic hormone secretion (108). For
instance, a conditional retrograde viral tracing study that
used Ins1-Cre mice to selectively label the neurons
that contact B-cells established the existence of a multi-
synaptic, sympathetic connection between B-cells and
oxytocin neurons of the PVN (113) (FIGURE 5). These
neurons are activated by glucoprivation, and their
chemogenetic activation suppresses insulin secretion
whereas their inhibition by expression of tetanus toxin,
which blocks synaptic transmission, increases insulin
secretion, and induces hypoglycemia. Similarly, chemo-
genetic activation of PACAP-expressing Gl neurons of
the VMN inhibits insulin secretion (114). This study indi-
cates that the VMN has a tonic inhibitory role in insulin
secretion, in line with the early report that lesion of this
nucleus increases vagal activity and B-cell proliferation
(104). Thus, the neuronal circuits that control B-cells char-
acterized so far are recruited by hypoglycemia to inhibit
insulin secretion; they are thus part of the global counter-
regulatory response to hypoglycemia.

FIGURE 4. Glucose controls B-cell proliferation and mass
through Glut2-dependent glucose sensing neurons that
control vagal activity. In mice lacking Glut2 expression in
neurons, the vagal nerve is no longer activated by glucose,
and this leads to reduced B-cell proliferation during the
weaning period and lower B-cell mass in adult mice. In adult
mice, this is also associated with the absence of first-phase
insulin secretion. These combined defects lead to the pro-
gressive development of glucose intolerance, even though
the direct effects of glucose on B-cell proliferation and insu-
lin secretion are present. Thus, glucose-dependent vagal
activity is required for the long-term preservation of glucose
homeostasis. GSIS, glucose-stimulated insulin secretion;
PNS, parasympathetic nervous system. Figure modified
from Ref. 108, with permission from Trends in Endocrinology
& Metabolism, and generated with BioRender.com, with
permission.
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5. NEURONAL CIRCUITS CONTROLLING
GLUCAGON SECRETION

5.1. The Dorsal Vagal Complex

The immediate response to a fall in blood glucose con-
centrations below the euglycemic level is the secretion of
glucagon triggered by vagal nerve activation, and at
deeper hypoglycemic levels the sympathetic nervous
system also becomes activated (115). The dorsal vagal
complex, which comprises the vagal neurons of the
DMNX, the AP, and the NTS (FIGURE 2), is an important
site of hypoglycemia sensing that triggers counterregula-
tion and feeding (116, 117). In the NTS, neurons are directly
sensitive to small variations in circulating glucose concen-
trations (47, 57). For instance, neurons of the NTS that
express the glucose transporter Glut2 are activated by
hypoglycemia in a concentration- and AMPK-dependent
manner when glucose decreases below 5 mM. These
neurons send projections to the DMNX, and their optoge-
netic activation increases vagal nerve firing, leading to
increased glucagon secretion. This NTS-DMNX-a-cell cir-
cuit links central hypoglycemia sensing to the secretion
of glucagon to restore euglycemia (118) (FIGURE 6).

5.2. Hypothalamic Mechanisms
5.2.1. The VMN.

The VMN is an important nucleus involved in the control of
glucose homeostasis (119, 120), which contains functionally

FIGURE 5. Hypoglycemia activates the
sympathetic nerve to suppress insulin
secretion as part of a global counterregu-
latory response that restores normogly-
cemia. Oxytocin (OXT) neurons of the
paraventricular nucleus (PVN) are in mul-
tisynaptic contact with pancreatic B-cells
through the sympathetic nerve. Their
activation by hypoglycemia suppresses
insulin secretion. Activation of glucose-
inhibited (Gl) pituitary adenylate cyclase-
activating polypeptide (PACAP) neurons

IML of the ventromedial hypothalamus (VMN)
also suppresses insulin secretion. BLM,
SNSl basolateral medulla; IML, intermediolat-
eral column; SNS, sympathetic nervous

system.

A%
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well-characterized GE, Gl, and glucose-nonresponding
neurons (121-123). The role of the VMN neurons in physio-
logical regulation has now been tested with genetic
approaches. For instance, Sfl-Cre mice have been used to
allow Cre-dependent expression of light-activated or light-
inhibited ion channels. Activation of Sfl neurons by laser
light stimulates glucagon secretion and increases glyce-
mia, whereas their silencing markedly delays the glycemic
recovery from insulin-induced hypoglycemia (124).
Similarly, expression of a magnetically controlled ion chan-
nel in glucokinase neurons of the VMN, which also repre-
sent a large fraction of the neurons in this nucleus, allows
their activation by an external magnetic field (125). This
results in a robust increase in blood glucose levels, associ-
ated with higher plasma glucagon and reduced insulin
secretion. Although these studies provide clear evidence
for the role of the VMN neurons in stimulating glucagon
secretion, they do not distinguish between the role of GE
and Gl neurons. A more recent study, however, showed
that estrogen receptor-expressing (Esr*) neurons of the
ventrolateral part of the VMN are either GE or Gl. The
authors showed that the Esr™ Gl neurons require the pres-
ence of the chloride channel anoctamine 4 (Ano4) for their
activation by hypoglycemia (78). These Gl neurons project
to the medioposterior part of the ARH, and their stimulation
increases glycemia. Interestingly, the Esr™ GE neurons,
whose activation by high glucose depends on the pres-
ence of the Katp channel, project to the dorsal raphe nu-
cleus, and their optogenetic inhibition increases glycemia
(78). Thus, hypoglycemia triggers glucagon secretion by a
dual action on activating Gl neurons and inhibiting GE neu-
rons. However, inactivation of the Ano4 gene in the VMN,
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FIGURE 6. Glut2 neurons of the nucleus tractus solitarii (NTS) are connected to dorsal motor nucleus of the vagus (DMNX) neurons to control gluca-
gon secretion through the vagal nerve. Glut2- and channelrhodopsin2 (ChR2)-expressing neurons of the NTS send projections (labeled with biocytin,
green) to the DMNX neurons identified by choline acetyltransferase (ChAT) labeling (violet). When stimulated by light, the NTS Glut2 neurons of mice
that express ChR2, but not those of control mice, activate vagal nerve firing and glucagon secretion. AP, area postrema. Figure modified from Ref. 118,
with permission from Cell Metabolism, and generated with BioRender.com, with permission. Significant difference: *P < 0.05; **P < 0.01.

which suppresses Gl neuron activity, is sufficient to reduce
glycemia and cause defective glucagon secretion in
response to 2-deoxy-D-glucose (2DG)-induced neuroglu-
copenia or to insulin-induced hypoglycemia (80).

An interesting question is whether the glucose sensing
properties of VMN Gl neurons are required for the physio-
logical response to hypoglycemia. These VMN neurons
receive information from afferent Gl neurons located at vari-
ous anatomical sites, such as the hepatoportal vein area,
the NTS, or the parabrachial nucleus (PBN). In the PBN,
CCK-expressing neurons are activated by hypoglycemia
and project to VMN Sfl neurons, which then control gluca-
gon secretion through a synaptic relay in the bed nucleus of
the stria terminalis (BNST) (124, 126, 127). In this PBN-VMN-
BNST circuit (FIGURE 7), VMN neurons are required to
transmit the information about hypoglycemia. Indeed,
genetic inactivation of the vesicular glutamate transporter
vGLUT2 in Sfl neurons prevents synaptic communication,
and mice carrying this mutation display defective glucagon

response to hypoglycemia, indicating that these neurons
form an essential link in this circuit (128). However, suppres-
sion of hypoglycemia sensing by these neurons by inactiva-
tion of the al- and a2-subunits of AMPK does not impair
hypoglycemia-induced glucagon secretion (82). Thus, the
hypoglycemia sensing property of these neurons appears
to be dispensable for the physiological response to hypogly-
cemia; it may nevertheless be recruited in the case of dys-
function of the peripheral glucose sensors or in response to
fast development of hypoglycemia (see sect. 6), which
would lead to development of central hypoglycemia.

6. HEPATOPORTAL GLUCOSE SENSORS AND
AUTONOMIC CONTROL OF PANCREATIC
ISLETS

The hepatoportal vein area is richly innervated by nutri-
ent-sensitive vagal and spinal afferents (FIGURE 8) that
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FIGURE 7. A lateral parabrachial nucleus (LPBN)-ventromedial hypothalamus (VMN)-bed nucleus of the stria terminalis (BNST) circuit that controls
hypoglycemia-induced glucagon secretion. CCK-expressing neurons of the PBN are activated by hypoglycemia, an activation countered by leptin
action. These neurons project to Sfl neurons of the VMN that express the CCKB receptor (CCKBR). When activated, these VMN neurons trigger gluca-
gon secretion through a relay in the BNST. Whether the BNST activates the sympathetic nervous system (SNS) or parasympathetic nervous system
(PNS) to control glucagon secretion is not established. LepR, leptin receptor. Figure generated with BioRender.com, with permission.

monitor the local concentrations not only of glucose but
also of amino acids and lipids. These nutrient sensing
afferents have profound effects on feeding behavior
and glucose homeostasis, in part by modulating auto-
nomic nervous activity (129-134).

Vagal afferents have their cell bodies mainly in the left
nodose ganglion and project to the DMNX, the NTS, and
the AP; the projections to the DMNX can activate a
vago-vagal reflex to rapidly control pancreatic islet hor-
mone secretion (132). The spinal sensory fibers of the
hepatoportal vein area originate from dorsal root gan-
glion bipolar neurons, which are connected to second-
order neurons present in the spinal cord; these project
to the DVC and to other central regions (129); the projec-
tions to the DMNX indicate that spino-vagal connections
can control islet hormone secretion (135).

Vagal sensory fibers are responsive to glucose injec-
tions in the portal vein (136). When glucose is infused in
the portal vein at a relatively high rate, corresponding to
endogenous glucose production, it triggers glucose
uptake in muscle, heart, and brown fat by an insulin-in-
dependent mechanism (137-139). Both pharmacological
and genetic studies showed that glucose sensing by

this system depends on the expression of Glut2 and of
the GIp-1IR and can be inhibited by somatostatin (140,
141) (FIGURE 8), thereby sharing similarities with glucose
sensing by pancreatic B-cells. Notably, this sensing sys-
tem also controls the first phase of insulin secretion
induced by an intraperitoneal glucose injection. The
necessity for Glut2 expression was demonstrated by
studies revealing suppressed first-phase insulin secre-
tion in mice lacking Glut2 in their nervous system
(107). Activation of a first phase of insulin secretion
can also be induced by portal infusion of GLP-1, a
response triggered by a hepatopancreatic vago-vagal
reflex (142-144).

Slow-onset hypoglycemia (reaching ~2.5 mM over 75
min) activates spinal afferents and induces expression of
c-Fos (a marker of neuron activation) in the AP, the NTS,
and the DMNX (145) and triggers the counterregulatory
secretion of epinephrine, norepinephrine, and glucagon
(146, 147) (FIGURE 8). This response is prevented by ce-
liac-superior mesenteric ganglionectomy but not by va-
gotomy or cooling-induced inhibition of vagal nerve
firing (146, 148). Notably, if hypoglycemia develops faster
(reaching 2.5 mM within 20 min), a normal CRR develops
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FIGURE 8. The hepatoportal glucose sensors and islet hormone secretion. The hepatoportal vein area contains glucose sensors that are linked
to vagal and spinal afferents. Vagal afferent activity is controlled by sensors that depend on the expression of Glut2 and the glucagon-like protein-1
(GLP-1) receptor (GLP-1R) and are inhibited by somatostatin. The signal transmitted to the dorsal motor nucleus of the vagus (DMNX) can induce a vago-
vagal reflex that is responsible for glucose and GLP-1induction of first-phase insulin secretion. Activation of these sensors also increases insulin-inde-
pendent glucose uptake by muscle, heart, and brown adipose tissue (see text). Spinal afferents are activated by slow-developing hypoglycemia. The
signal generated is transmitted to the DMNX and to hypothalamic sites. The connection to the DMNX can induce a spino-vagal reflex to stimulate glu-
cagon secretion. DRG, dorsal root ganglia; NTS, nucleus tractus solitarii; SMG, superior mesenteric ganglia; SSTR, somatostatin receptor. Figure gener-

ated with BioRender.com, with permission.

even upon ganglionectomy (149, 150). This may be
explained by the recruitment of central glucose sensors,
possibly the Gl neurons of the VMN that are part of a
neuronal circuit that controls glucagon secretion, as dis-
cussed above.

The mechanism of hypoglycemia sensing that acti-
vates spinal afferent is not established. It may depend
on Sglt3 (151), an isoform of the Na*-glucose symporter
family that does not transport glucose but induces so-
dium currents upon glucose binding (152). Genetic evi-
dence for the role of this symporter in glucose sensing
is, however, still to be obtained.

Collectively, the above information indicates that the
hepatoportal vein area contains multiple glucose sens-
ing mechanisms that activate vagal and spinal afferents
(FIGURE 8). These are connected to the dorsal vagal
complex, which can transfer information to hypothalamic
nuclei or other central areas. Importantly, vagal and spi-
nal afferents projecting to the DMNX can initiate vagal
reflexes to rapidly control the secretion of pancreatic is-
let hormones.

Through stimulating first-phase insulin secretion and
enhancing peripheral tissue glucose uptake, vagal affer-
ents play a critical role in the anticipatory adjustment of
the body to incoming glucose loads. Conversely, during
slow development of hypoglycemia spinal afferents are
essential to trigger the secretion of counterregulatory
hormones.
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7. GENETIC IDENTIFICATION OF
HYPOTHALAMIC MECHANISMS
CONTROLLING THE CRR

As described above, the DMNX neurons receive input
from second-order neurons located not only in the NTS
but also in several hypothalamic nuclei where glucose
sensing neurons are also located (15, 45). Thus, activation
of DMNX vagal neurons may also be controlled by hypo-
glycemia sensing by these hypothalamic neurons. To iden-
tify, in an unbiased manner, novel hypothalamic regulators
of glucagon secretion, Picard et al. (153, 154) performed
genetic screens. They used a panel of recombinant inbred
BXD mice, derived from the cross of C57BL/6 and DBA/2
mice (155), and induced glucagon secretion by intraperito-
neal injection of 2DG or of insulin (insulin-induced hypogly-
cemia, lIH) (FIGURE 9). Interestingly, the two screens
revealed different quantitative trait loci (QTLs) for the con-
trol of glucagon secretion, indicating that the response to
2DG-induced neuroglucopenia and IIH depends on differ-
ent molecular mechanisms (FIGURE 9). The screen for
2DG-induced glucagon secretion led to the identification
of a single QTL on the distal part of chromosome 7.
Combining this information with RNA sequencing data
from the hypothalami of the BXD mice identified Fgf15 as
the mRNA whose hypothalamic level of expression corre-
lated most, and negatively, with the glucagon trait (153).
In the IIH screen, two QTLs were identified, one on
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chromosome 8 and one on chromosome 15. On chromo-
some 8 Agpat5 and on chromosome 15 /rak4 and
Tmem117 were the best candidates (154). Analysis of these
genes yielded new information about the complexity of
the neuronal mechanisms and circuits that regulate gluca-
gon secretion. These genes are described below (and see
FIGURE 9).

7.1. Fgf15 in Neurons of the DMH

Fgf15 mRNA was found to be expressed in the perifornical
area (PeF) and by glutamatergic neurons of the dorsome-
dial hypothalamus (DMH). Intracerebroventricular injection
of FGF19, the human ortholog of Fgf15, decreases hypo-
glycemia-induced activation of NTS and DMNX neurons
as measured by c-Fos immunostaining and reduces gluca-
gon secretion (153), in line with the negative correlation
between Fgfl5 expression and plasma glucagon levels.
Fgf15-Cre mice were then generated to allow for virus-
directed expression of hM3Dq receptors, which can be
activated by intraperitoneal clozapine or clozapine-N-ox-
ide, specifically in Fgfi5 neurons of the DMH (156, 157).

A C
C57BL6/J DBA2

- m

Chemogenetic activation of the Fgfi5 neurons reduces
hypoglycemia-activated vagal activity and glucagon
secretion, confirming the negative role of these neurons
in vagal nerve activation. However, activation of the Fgf15
neurons induces intraperitoneal glucose intolerance. This
effect is not caused by reduced insulin secretion or by
increased insulin resistance. Instead, it is caused by a
strong activation of the parasympathetic nerve leading to
phosphorylation of the transcription factor CREBP in
the liver, increased expression of Pepck, a rate-limiting
enzyme in gluconeogenesis, and increased hepatic glu-
cose production (FIGURE 10). In basal conditions activa-
tion of Fgfl5 neurons also led to an ~1-mM increase in
glycemia (156). Thus, Fgf15 neurons of the DMH suppress
hypoglycemia-induced vagal nerve activity and glucagon
secretion, but, at the same time, they activate hepatic glu-
cose production through a direct sympathetic pathway.
Only a small fraction of Fgf15 neurons of the DMH are Gl,
a higher proportion are GE, and the majority are glucose
nonresponders, and IIH does not induce c-Fos expression
in these neurons. Thus, these Fgfli5 neurons may not
directly respond to hypoglycemia. However, viral tracing
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FIGURE 9. Recombinant inbred mice for the identification of gene loci controlling glucagon secretion. A: recombinant inbred BXD mice were gener-
ated from the breeding of C57BL/6 and DBA/2 mice. Mice with unique combinations of the parental chromosomes are obtained after several back-
crossings; their genotype has been established, allowing identification of quantitative trait loci (QTLs) for 2-deoxy-D-glucose (2DG)- or insulin-induced
glucagon secretion. B: illustration of the variability of the glucagon response to insulin-induced hypoglycemia across all tested BXD lines. C: identifica-
tion of QTLs for insulin-induced glucagon secretion. The candidate genes are indicated. D: identification of a QTL for 2DG-induced glucagon secretion
and of Fgf15 as the candidate gene. LRS, likelihood ratio statistic.
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1 Gluconeogenesis

SNS PNS

| Glucagon

FIGURE 10. Fgf15 neurons of the dorsomedial hypothalamus (DMH) that express the hM3Dq receptor can be activated by intraperitoneal injection of
clozapine-N-oxide (CNO). This suppresses hypoglycemia-induced dorsal motor nucleus of the vagus (DMNX) neuron activation and vagal nerve firing
but increases sympathetic nerve activity, and that stimulates hepatic glucose output. BLM, basolateral medulla; IML, intermediolateral column; NTS, nu-
cleus tractus solitarii; PNS, parasympathetic nervous system; SNS, sympathetic nervous system. Figure generated with BioRender.com, with

permission.

experiments showed that they receive inputs from neu-
rons in the ARH, the VMN, the PVN, and the LH and may
thus be activated indirectly by hypoglycemia. In addition,
viral tracing showed that these neurons send projections
to the medial preoptic nucleus (MPO), the ARH, and the
LC. The latter is a site that controls activation of the sym-
pathetic nerve and inhibition of the parasympathetic nerve
(158); it may thus form an important relay for the glucore-
gulatory effect of the Fgfi5 neurons. The dual effect on
both branches of the ANS may be required when a rapid
hepatic glucose release is required without triggering
other glucagon responses, for instance, a reduction in
food intake (159).

7.2. Agpat5in AgRP Neurons

Agpath encodes acylglycerolphosphate-acyltransferase
5, an enzyme associated with the outer mitochondrial
membrane, which catalyzes the formation of phosphati-
dic acid from lysophosphatidic acid and fatty acyl-CoA. It
is ubiquitously expressed, including in the ARH and

Physiol Rev -VOL 104 . OCTOBER 2024 . www.prv.org

PVN, two nuclei that show intense c-Fos labeling upon
insulin-induced hypoglycemia (154). Knockout of Agpat5
in PVN neurons had no effect on any measured glucose
homeostasis parameters. Its inactivation in AgRP neu-
rons of the ARH, in contrast, reduced the number of
AgRP Gl neurons, decreased hypoglycemia-induced
vagal nerve activity, and blunted glucagon secretion
(160) (FIGURE 11). Why is this lipid-modifying enzyme
required to preserve hypoglycemia sensing? Activation
of AgRP Gl neurons by hypoglycemia is triggered by a
fall in intracellular ATP concentration, which reduces the
activity of the Na*-K"-ATPase, leading to membrane
depolarization and neuron firing (161). Thus, for the intra-
cellular ATP levels to reflect a fall in extracellular glucose
concentrations, ATP should not be produced from other
substrates, in particular from free fatty acids, whose cir-
culating concentrations augment during fasting, i.e.,
when glucagon secretion is needed. In this context,
Agpatb, whose expression level increases in AgRP neu-
rons during fasting (162), converts fatty acyl-CoAs into
phosphatidic acid and thus diverts them away from
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FIGURE 11. Agpat5 is required for the response to hypoglycemia in a subset of AQRP neurons. Top: the schemes illustrate the role of Agpat5 in pre-
venting fatty acyl-CoAs (FA-CoA) from entering the mitochondria to generate B-oxidation-derived ATP. In the absence of Agpat5, FA-CoAs can enter
the mitochondria through Cptia, leading to increased ATP levels. This prevents ATP levels from decreasing in proportion to the developing hypoglyce-
mia and activating AgRP neuron firing. Bottom: when activated by hypoglycemia, Agpat5-expressing AgRP neurons trigger dorsal motor nucleus of the
vagus (DMNX) neuron activity, increase vagal nerve firing, and increase glucagon secretion. ARH, arcuate nucleus; LPA, lysophosphatidic acid;
OXPHOS, oxidative phosphorylation; PA, phosphatidic acid; PDH, pyruvate dehydrogenase; PNS, parasympathetic nervous system; PVN, paraventricu-

lar nucleus. Figure generated with BioRender.com, with permission.

Cptla-dependent entry into the mitochondria and B-oxida-
tion-directed ATP production (see FIGURE 3B). This role
was proven in the GT1-7 cell line by showing that ATP pro-
duction is increased by silencing Agpat5 expression and
that simultaneous silencing of Cptla returned ATP to basal
levels. Similarly, in AGRP*9?*KC mice the loss of Gl neu-
rons is fully reversed by additional inactivation of the
Cptla gene. Thus, Agpatb, in a subset of GI AgRP neu-
rons, is required for proper hypoglycemia sensing, induc-
tion of vagal activity, and full glucagon response.

7.3. Irak4 and II-1f Signaling

Irak4 is a kinase that acts downstream of the II-1BR or
the Toll-like receptors (TLRs) and upstream of the
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transcription factor NF-kB (163). Its expression in the
hypothalamus is negatively correlated with the glucagon
response, and studies of C57BL/6 and DBA/2 mice
showed that lrak4 is much more expressed in the hypo-
thalamus of DBA/2 mice than in that of C57BL/6 mice
and that insulin, despite inducing the same hypoglyce-
mia in both strains, triggers a lower glucagon response
in DBA/2 mice (154). The relative unresponsiveness
of DBA/2 mice is also associated with higher hypothala-
mic II-1B expression. Intracerebroventricular injection of
an IR antagonist (anakinra) increases hypoglycemia-
induced c-Fos expression in the ARH but not in the PVN,
vagal activity, and glucagon secretion. These effects are
seen in DBA/2 mice but not in C57BL/6 mice. Thus,
Irak4 expression level is genetically determined and
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controls II-1B production and II-1B signaling (164), which
controls the response to hypoglycemia and glucagon
secretion. How does II-1 decrease hypoglycemia sens-
ing and the CRR? II-1B can be produced by neurons,
astrocytes, or microglial cells, and microglia-produced II-
1B has been reported to decrease AgRP neuron activa-
tion and glucagon secretion (165). lI-1B increases glu-
cose uptake and glycolysis in neurons and astrocytes
and thus shifts the relationship between the fall in
extracellular glucose concentration and the decreased
production of ATP, thereby dampening the normal
induction of Gl neuron firing (166).

7.4. Tmem117, AVP Secretion, and Glucagon
Response

Tmem117 is an eight transmembrane domain-containing
protein (167), which regulates ROS production and endo-
plasmic reticulum (ER) stress (168) and whose expres-
sion is inversely correlated with I[IH-induced glucagon
secretion (154). In the hypothalamus, Tmem117 is
expressed in AVP magnocellular neurons of the PVN
and supraoptic nucleus (SON) (169). Its knockout in AVP
neurons increases ROS production and AVP mRNA
expression, in agreement with studies showing tran-
scriptional upregulation of this gene by ROS (170, 171).
In addition, knockout of Tmeml17 in AVP neurons
increases their intracellular Ca®* response to insulin-
induced hypoglycemia as measured by fiber photometry
in living mice. Noteworthy, in female mice the effect of
Tmem117 inactivation on glucagon secretion was only
observed during the proestrus phase, indicating a
strong sex-dependent role of this protein. Because
Tmem117 was identified in an unbiased genetic screen
for hypothalamic regulator of glucagon secretion, this
highlights the role of the AVP neurons in the physiologi-
cal response to hypoglycemia. This is in line with previ-
ous studies showing that hypoglycemia triggers AVP
secretion and that AVP can stimulate glucagon secre-
tion by binding to the pancreatic a-cell AVP1b receptor
(172-174). A more recent study further showed that AVP
is a physiological regulator of glucagon secretion in
humans and that part of the defective CRR observed
in individuals with type 1 diabetes is linked to a defect in
the AVP response to hypoglycemia (175). This study also
provided evidence that activation of AVP neurons is, at
least in part, secondary to activation of Gl neurons of the
basolateral medulla (BLM), which send projection to
these neurons in the SON, thus forming a BLM-SON-
posterior pituitary axis for the controlled release of AVP
(FIGURE 12). It is also interesting to note that in a mouse
model of type 2 diabetes with defective CRR induced by
repeated IIH, which displays reduced glucagon secre-
tion, Avp is one of the most downregulated mRNAs

Physiol Rev -VOL 104 . OCTOBER 2024 . www.prv.org

compared with gene expression in the hypothalamus of
control mice (176).

The integration of AVP magnocellular neurons/AVP
as a physiological axis in the control of glucagon secre-
tion is of significant importance. It expands the diversity
of the central mechanisms that control the CRR to hypo-
glycemia and more specifically of glucagon. This axis
comes in addition to both branches of the autonomic
nervous system and of the sympatoadrenal axis that
releases epinephrine, which secondarily stimulates glu-
cagon secretion.

8. INTEGRATION OF NEURONAL GLUCOSE
SENSING IN THE CONTROL OF INSULIN
AND GLUCAGON SECRETION

Glucose sensing cells regulate insulin and glucagon
secretion through the modulation of sympathetic and par-
asympathetic nerve activity and by controlling the secre-
tion of the neurohormone AVP. These sensing cells are
situated in the hepatoportal vein area and in several
nuclei of the brain stem and hypothalamus. An often-dis-
cussed question is whether this glucose sensing system
has a hierarchical organization, with one region exerting
a dominant role in triggering islet hormone secretion or,
alternatively, whether glucose sensing neurons form a
distributed system that monitors local glucose concentra-
tions and integrate this information at a preautonomic
level to trigger hormone secretion.

In anticipation of food absorption, the sight or smell of
food or the initial presence of sugar-containing food in
the oral cavity triggers a CPIR, a response that is vagally
controlled. Then, appearance of glucose in the portal
vein activates sensors that trigger a vagal-dependent
first phase of insulin release and an insulin-independent
stimulation of glucose uptake by peripheral tissues.
These anticipatory, neuronally mediated responses are
activated sequentially. Their overall goal is to minimize
postabsorptive glucose excursions and ensure normal
glucose tolerance.

The neural response to hypoglycemia involves glucose
sensing cells in the hepatoportal vein area, the brain
stem, and the hypothalamus. Early studies showed that
hypoglycemia-induced CRR is suppressed by infusion of
glucose in the VMN and, conversely, that administration
of 2DG in the VMN of euglycemic rats stimulates gluca-
gon secretion (177, 178). These observations suggested a
primordial role of the VMN in CRR. However, other experi-
ments showed that glucose infusion in the portal vein of
hypoglycemic rats reduces the CRR and that spinal de-
nervation impairs the CRR induced by hypoglycemia (146,
179), thereby supporting a crucial role of the hepatoportal
vein sensors. More recently, these sensors were shown
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FIGURE 12. Vasopressin (AVP) neurons of the supraoptic nucleus (SON) can be activated by hypoglycemia, probably directly but also indirectly by
glucose-inhibited (Gl) neurons of the basolateral medulla (BLM). They then secrete AVP in the blood at the level of the posterior pituitary. AVP binding
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tein, negatively controls AVP secretion at least in part by regulating intracellular Ca®" concentration ([Ca“]i). Figure generated with BioRender.com,

with permission.

to be essential for the CRR induced by slow- but not fast-
onset hypoglycemia. Thus, depending on the experimen-
tal conditions, a primary role in the CRR can be attributed
to central or peripheral sensors.

Additionally, not all central sensing units are equal. For
instance, hypoglycemia sensing neurons of the NTS are
directly sensitive to small blood glucose variations (47);
they may thus participate in the CRR response to slow-
onset hypoglycemia. Also, their presence can explain
why celiac-superior mesenteric ganglionectomy does not
completely suppress the counterregulatory hormone
secretion (146). In contrast, VMN Gl neurons, which are
located within the blood-brain barrier, are activated when
parenchymal glucose concentrations decrease below a
certain threshold, well under the blood glucose concen-
trations. Such low central glucose concentrations prob-
ably occur rarely, possibly when peripheral sensors
dysfunction or, experimentally, during fast-onset hypogly-
cemia. The central Gl neurons located within the blood-
brain barrier may thus be a fail-safe system activated only
when central hypoglycemia develops.

Additional differences between glucose sensing neu-
rons are their sensitivities to metabolites, immune, and
hormonal signals. For instance, the CCK GI neurons of

the PBN express the leptin receptor (LepRb) whose acti-
vation reduces hypoglycemia-induced CRR (127); the
response to hypoglycemia of ARH AgRP neurons is
impacted by circulating free fatty acid levels (160); II-1B
decreases the responsiveness of ARH neurons and the
activation of the vagal nerve and glucagon secretion
(154); and Tmem117, a regulator of ER stress and ROS
production, modulates the secretory activity of AVP neu-
rons and the glucagon response in a sex-specific man-
ner (169). Thus, although the CRR is triggered by a fall of
glycemia it is also modulated by information about the
body energy level and the local or global inflammatory
state and is influenced by sex hormones, all acting on
different glucose sensing neurons. Another aspect of
the CRR is that it not only induces counterregulatory hor-
mone secretion but also suppresses insulin secretion, as
controlled by oxytocin neurons of the PVN and PACAP
neurons of the VMN.

Collectively, the above information supports a model
in which the CRR is under the control of a distributed glu-
cose sensing system. Information collected by portal
vein sensing neurons is directed to the DVC and hypo-
thalamic nuclei. From the DMNX a spino-vagal reflex
can directly control glucagon secretion, although this
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has not yet been formally demonstrated. The informa-
tion conveyed from portal glucose sensors to hypothala-
mic nuclei utilizes these central neurons as a relay for
the subsequent activation of sympathetic and parasym-
pathetic nerves innervating pancreatic islets. This relay
function allows these centrally located glucose sensing
neurons to fine-tune the CRR to the metabolic status of
the organism. Their glucose sensing properties may,
however, only be recruited when local hypoglycemia
develops, which must remain a rare event. Additionally,
AVP secretion triggered, at least in part, by Gl neurons
of the basolateral medulla represents a parallel, neuro-
hormonal system to restore normoglycemia.

9. CONCLUSIONS

The existence of a link between the central nervous sys-
tem and the control of glucose homeostasis was described
in the middle of the nineteenth century by Claude Bernard
(180). Since then, glucose-responsive neurons have been
identified that are excited either by hyperglycemia or by
hypoglycemia and that are localized not only centrally but
also at peripheral sites such as the hepatoportal vein area.
The diversity of glucose sensing mechanisms used by GE
and Gl neurons is still not fully described. Initial investiga-
tions relied mostly on electrophysiological recordings of
neurons exposed to different concentrations of glucose
in combination with various pharmacological inhibitors.
Newer technologies now allow for the genetic identifica-
tion of specific genes required for GE or Gl glucose sens-
ing. Virus-based neuronal circuit mapping, together with
chemogenetic and optogenetic techniques, allow precise
characterization of the neuronal circuits that functionally
link glucose sensing neurons to the control of pancreatic
islet cells. With these tools and the use of single-cell
genomic and spatial transcriptomic technologies (181), it
can be expected that the diversity of the glucose sensing
mechanisms can not only be expanded but also be attrib-
uted to specific neurons, neuronal circuits, and physiologi-
cal functions. Another frontier in this field of research will
be to understand the molecular basis for defective CRR
induced by insulin treatment of patients with diabetes and
whether it can be prevented or reversed. Initial studies
using single-cell genomics analysis of the hypothalamus
have revealed that impaired glucagon response to hypo-
glycemia is associated with multiple defects in neurons,
astrocytes, and oligodendrocytes that explain defective
hypoglycemia sensing and indicate global impairment in
synaptic transmission with signs of neurodegeneration
(176). Further studies along these lines are expected to bet-
ter define the molecular and cellular origin of defective
CRR. This could then lead to the prevention and better
management of this dangerous condition. Finally, the
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progressive loss of glucose-stimulated insulin secretion
that is associated with, and characterizes, the development
of type 2 diabetes may be caused by dysfunctions of not
only pancreatic -cells but also of the numerous extra-pan-
creatic glucose-sensing cells discussed here that indirectly
control B-cell mass and function. This strongly argues for
further extensive characterization of this integrated net-
work of glucose-sensing cells to better understand the
pathogenesis of diabetes.

CORRESPONDENCE

B. Thorens (Bernard.Thorens@unil.ch).

ACKNOWLEDGMENTS

The author thanks Dr. Sophie Croizier for help with the figures
and for critical reading of the manuscript and Dr. Gwenaél
Labouebe for help with figure preparation.

GRANTS

Work in the author’s laboratory has been supported by grants
from the Swiss National Science Foundation (310030-182496),
by a European Research Council Advanced Grant (INTEGRATE,
No. 694798), and by the Innovative Medicines Initiative 2
Joint Undertaking (JU) under grant agreement No 777460
(HypoRESOLVE). The JU receives support from the European
Union’s Horizon 2020 research and innovation program and
EFPIA and TID Exchange, JDRF, International Diabetes
Federation (IDF), and The Leona M. and Harry B. Helmsley
Charitable Trust.

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by
the author.

AUTHOR CONTRIBUTIONS

B.T. drafted manuscript; edited and revised manuscript; and
approved final version of manuscript.

REFERENCES

1. Saltiel AR. Insulin signaling in health and disease. J Clin Invest 131:
e142241,2021. doi:10.1172/JCI142241.

2. Heedersdal S, Andersen A, Knop FK, Vilsbell T. Revisiting the role of
glucagon in health, diabetes mellitus and other metabolic diseases.

1479

Downloaded from journals.physiology.org/journal/physrev at Bibliotheque Cantonale Et Universitaire (155.105.125.086) on July 19, 2024.


mailto:Bernard.Thorens@unil.ch
https://doi.org/10.1172/JCI142241
http://www.prv.org

10.

.

12.

13.

14.

15.

16.

17.

1480

§) THORENS

Nat Rev Endocrinol 19: 321-335, 2023. doi:10.1038/s41574-023-
00817-4.

IDF Diabetes Atlas. 2023. https://diabetesatlasorg.

Gelling RW, Du XQ, Dichmann DS, Romer J, Huang H, Cui L, Obici
S, Tang B, Holst JJ, Fledelius C, Johansen PB, Rossetti L, Jelicks LA,
Serup P, Nishimura E, Charron MJ. Lower blood glucose, hyperglu-
cagonemia, and pancreatic alpha cell hyperplasia in glucagon re-
ceptor knockout mice. Proc Natl Acad Sci USA 100: 1438-1443,
2003. doi:10.1073/pnas.0237106100.

Dean ED, Li M, Prasad N, Wisniewski SN, Von Deylen A, Spaeth J,
Maddison L, Botros A, Sedgeman LR, Bozadjieva N, llkayeva O,
Coldren A, Poffenberger G, Shostak A, Semich MC, Aamodt KiI,
Phillips N, Yan H, Bernal-Mizrachi E, Corbin JD, Vickers KC, Levy
SE, Dai C, Newgard C, Gu W, Stein R, Chen W, Powers AC.
Interrupted glucagon signaling reveals hepatic o cell axis and role
for L-glutamine in o cell proliferation. Cell Metab 25: 1362-1373.e5,
2017. doi:10.1016/j.cmet.2017.05.011.

Prentki M, Nolan CJ. Islet beta cell failure in type 2 diabetes. J Clin
Invest 116: 1802-1812, 2006. doi:10.1172/JCI29103.

Langhans W, Watts AG, Spector AC. The elusive cephalic phase in-
sulin response: triggers, mechanisms, and functions. Physiol Rev
103:1423-1485, 2023. doi:10.1152/physrev.00025.2022.

Holst JJ, Gasbjerg LS, Rosenkilde MM. the role of incretins on insulin
function and glucose homeostasis. Endocrinology 162: bgab065,
2021. doi:10.1210/endocr/bgab065.

Hjorne AP, Modvig IM, Holst JJ. The sensory mechanisms of nutrient-
induced GLP-1 secretion. Metabolites 12: 420, 2022. doi:10.3390/
metabo12050420.

Egan JM, Bulotta A, Hui H, Perfetti R. GLP-1 receptor agonists are
growth and differentiation factors for pancreatic islet beta cells.
Diabetes Metab Res Rev 19: 115-123, 2003. doi:10.1002/dmrr.357.

Cornu M, Thorens B. GLP-1 protects beta-cells against apoptosis by
enhancing the activity of an IGF-2/IGF1-receptor autocrine loop.
Islets 1: 280-282, 2009. doi:10.4161/is.1.3.9932.

Régnier M, Carbinatti T, Parlati L, Benhamed F, Postic C. The role
of ChREBP in carbohydrate sensing and NAFLD development.
Nat Rev Endocrinol 19: 336-349, 2023. doi:10.1038/s41574-023-
00809-4.

Seyer P, Vallois D, Poitry-Yamate C, Schiitz F, Metref S, Tarussio D,
Maechler P, Staels B, Lanz B, Grueter R, Decaris J, Turner S, da
Costa A, Preitner F, Minehira K, Foretz M, Thorens B. Hepatic glu-
cose sensing is required to preserve beta cell glucose competence.
J Clin Invest 123: 1662—-1676, 2013. doi:10.1172/JCI65538.

Levin BE, Routh VH, Kang L, Sanders NM, Dunn-Meynell AA.
Neuronal glucosensing: what do we know after 50 years? Diabetes
53:2521-2528, 2004. doi:10.2337/diabetes.53.10.2521.

Marty N, Dallaporta M, Thorens B. Brain glucose sensing, counter-
regulation, and energy homeostasis. Physiology (Bethesda) 22:
241-251, 2007. doi:10.1152/physiol.00010.2007.

Thorens B. Neuronal regulation of glucagon secretion and gluco-
neogenesis. J Diabetes Investig 13: 599-607, 2022., doi:10.1111/
jdi13745.

Croizier S, Prevot V, Bouret SG. Leptin controls parasympathetic
wiring of the pancreas during embryonic life. Cell Rep 15: 3644,
2016. doi:10.1016/j.celrep.2016.02.088.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Borden P, Houtz J, Leach SD, Kuruvilla R. Sympathetic innervation
during development is necessary for pancreatic islet architecture
and functional maturation. Cell Rep 4: 287-301, 2013. doi:10.1016/j.
celrep.2013.06.019.

McCrimmon RJ. Consequences of recurrent hypoglycaemia on
brain function in diabetes. Diabetologia 64: 971-977, 2021.
doi:10.1007/s00125-020-05369-0.

Hampton RF, Jimenez-Gonzalez M, Stanley SA. Unravelling inner-
vation of pancreatic islets. Diabetologia 65: 1069-1084, 2022.
doi:10.1007/s00125-022-05691-9.

Faber CL, Deem JD, Campos CA, Taborsky GJ Jr, Morton GJ. CNS
control of the endocrine pancreas. Diabetologia 63: 2086—-2094,
2020. doi:10.1007/s00125-020-05204-6.

Li W, Yu G, Liu Y, Sha L. Intrapancreatic ganglia and neural regula-
tion of pancreatic endocrine secretion. Front Neurosci 13: 21, 2019.
doi:10.3389/fnins.2019.00021.

Ahrén B. Autonomic regulation of islet hormone secretion—implica-
tions for health and disease. Diabetologia 43: 393-410, 2000.
doi:10.1007/s001250051322.

Rodriguez-Diaz R, Abdulreda MH, Formoso AL, Gans |, Ricordi C,
Berggren PO, Caicedo A. Innervation patterns of autonomic axons
in the human endocrine pancreas. Cell Metab 14: 45-54, 2011.
doi:10.1016/j.cmet.2011.05.008.

Chien HJ, Chiang TC, Peng SJ, Chung MH, Chou YH, Lee CY, Jeng
YM, Tien YW, Tang SC. Human pancreatic afferent and efferent
nerves: mapping and 3-D illustration of exocrine, endocrine, and
adipose innervation. Am J Physiol Gastrointest Liver Physiol 317:
G694-G706, 2019. doi:10.1152/ajpgi.00116.2019.

Tang SC, Baeyens L, Shen CN, Peng SJ, Chien HJ, Scheel DW,
Chamberlain CE, German MS. Human pancreatic neuro-insular net-
work in health and fatty infiltration. Diabetologia 61: 168—181, 2018.
doi:10.1007/s00125-017-4409-x.

Woods SC, Porte D. Jr. Neural control of the endocrine pancreas.
Physiol Rev 54: 596-619, 1974. doi:10.1152/physrev.1974.54.3.596.

Yamada M, Miyakawa T, Duttaroy A, Yamanaka A, Moriguchi T,
Makita R, Ogawa M, Chou CJ, Xia B, Crawley JN, Felder CC, Deng
CX, Wess J. Mice lacking the M3 muscarinic acetylcholine receptor
are hypophagic and lean. Nature 410: 207-212, 2001. doi:10.1038/
35065604.

Schuit FC, Pipeleers DG. Differences in adrenergic recognition by
pancreatic A and B cells. Science 232: 875-877, 1986. doi:10.1126/
science.2871625.

Rossi J, Santamaki P, Airaksinen MS, Herzig KH. Parasympathetic
innervation and function of endocrine pancreas requires the
glial cell line-derived factor family receptor alpha2 (GFRalpha2).
Diabetes 54: 1324-1330, 2005. doi:10.2337/diabetes.54.5.1324.

Burris RE, Hebrok M. Pancreatic innervation in mouse development
and beta-cell regeneration. Neuroscience 150: 592-602, 2007.
doi:10.1016/j.neuroscience.2007.09.079.

Krivova YS, Proshchina AE, Otlyga DA, Leonova OG, Saveliev SV.
Prenatal development of sympathetic innervation of the human
pancreas. Ann Anat 240: 151880, 2022. doi:10.1016/j.aanat.2021.
151880.

Samario-Roman J, Larqué C, Panico P, Ortiz-Huidobro RI, Velasco
M, Escalona R, Hiriart M. NGF and its role in immunoendocrine com-
munication during metabolic syndrome. Int J Mol Sci 24: 1957,
2023. doi:10.3390/ijms24031957.

Physiol Rev -VOL 104 . OCTOBER 2024 . www.prv.org
Downloaded from journals.physiology.org/journal/physrev at Bibliotheque Cantonale Et Universitaire (155.105.125.086) on July 19, 2024.


https://doi.org/10.1038/s41574-023-00817-4
https://doi.org/10.1038/s41574-023-00817-4
https://diabetesatlasorg
https://doi.org/10.1073/pnas.0237106100
https://doi.org/10.1016/j.cmet.2017.05.011
https://doi.org/10.1172/JCI29103
https://doi.org/10.1152/physrev.00025.2022
https://doi.org/10.1210/endocr/bqab065
https://doi.org/10.3390/metabo12050420
https://doi.org/10.3390/metabo12050420
https://doi.org/10.1002/dmrr.357
https://doi.org/10.4161/isl.1.3.9932
https://doi.org/10.1038/s41574-023-00809-4
https://doi.org/10.1038/s41574-023-00809-4
https://doi.org/10.1172/JCI65538
https://doi.org/10.2337/diabetes.53.10.2521
https://doi.org/10.1152/physiol.00010.2007
https://doi.org/10.1111/jdi.13745
https://doi.org/10.1111/jdi.13745
https://doi.org/10.1016/j.celrep.2016.02.088
https://doi.org/10.1016/j.celrep.2013.06.019
https://doi.org/10.1016/j.celrep.2013.06.019
https://doi.org/10.1007/s00125-020-05369-0
https://doi.org/10.1007/s00125-022-05691-9
https://doi.org/10.1007/s00125-020-05204-6
https://doi.org/10.3389/fnins.2019.00021
https://doi.org/10.1007/s001250051322
https://doi.org/10.1016/j.cmet.2011.05.008
https://doi.org/10.1152/ajpgi.00116.2019
https://doi.org/10.1007/s00125-017-4409-x
https://doi.org/10.1152/physrev.1974.54.3.596
https://doi.org/10.1038/35065604
https://doi.org/10.1038/35065604
https://doi.org/10.1126/science.2871625
https://doi.org/10.1126/science.2871625
https://doi.org/10.2337/diabetes.54.5.1324
https://doi.org/10.1016/j.neuroscience.2007.09.079
https://doi.org/10.1016/j.aanat.2021.151880
https://doi.org/10.1016/j.aanat.2021.151880
https://doi.org/10.3390/ijms24031957
http://www.prv.org

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

§) NEURONAL GLUCOSE SENSING CIRCUITS AND GLUCOSE HOMEOSTASIS

Cabrera-Vasquez S, Navarro-Tableros V, Sanchez-Soto C, Gutiérrez-
Ospina G, Hiriart M. Remodelling sympathetic innervation in rat pan-
creatic islets ontogeny. BMC Dev Biol 9: 34, 2009. doi:10.1186/1471-
213X-9-34.

Edwards RH, Rutter WJ, Hanahan D. Directed expression of NGF to
pancreatic beta cells in transgenic mice leads to selective hyperin-
nervation of the islets. Cell 58: 161-170, 1989. do0i:10.1016/0092-
8674(89)90412-1.

Chen CC, Peng SJ, Wu PY, Chien HJ, Lee CY, Chung MH, Tang SC.
Heterogeneity and neurovascular integration of intraportally trans-
planted islets revealed by 3-D mouse liver histology. Am J Physiol
Endocrinol Metab 320: E1007-E1019, 2021. doi:10.1152/ajpendo.
00605.2020.

Juang JH, Peng SJ, Kuo CH, Tang SC. Three-dimensional islet graft
histology: panoramic imaging of neural plasticity in sympathetic
reinnervation of transplanted islets under the kidney capsule. Am J
Physiol Endocrinol Metab 306: E559-E570, 2014. doi:10.1152/
ajpendo.00515.2013.

Rodriguez-Diaz R, Speier S, Molano RD, Formoso A, Gans |,
Abdulreda MH, Cabrera O, Molina J, Fachado A, Ricordi C, Leibiger
I, Pileggi A, Berggren PO, Caicedo A. Noninvasive in vivo model
demonstrating the effects of autonomic innervation on pancreatic
islet function. Proc Natl Acad Sci USA 109: 21456-21461, 2012.
doi:10.1073/pnas.1211659110.

Alvarsson A, Jimenez-Gonzalez M, Li R, Rosselot C, Tzavaras N, Wu
Z, Stewart AF, Garcia-Ocana A, Stanley SA. A 3D atlas of the
dynamic and regional variation of pancreatic innervation in diabe-
tes. Sci Adv 6: eaaz9124, 2020. doi:10.1126/sciadv.aaz9124.

Cinti F, Mezza T, Severi |, Suleiman M, Cefalo CM, Sorice GP, Moffa S,
Impronta F, Quero G, Alfieri S, Mari A, Pontecorvi A, Marselli L, Cinti S,
Marchetti P, Giaccari A. Noradrenergic fibers are associated with
beta-cell dedifferentiation and impaired beta-cell function in humans.
Metabolism 114: 154414, 2021. doi:10.1016/j.metabol.2020.154414.

Ahlgvist E, Storm P, Karajamaki A, Martinell M, Dorkhan M, Carlsson
A, Vikman P, Prasad RB, Aly DM, Almgren P, Wessman Y, Shaat N,
Spégel P, Mulder H, Lindholm E, Melander O, Hansson O,
Malmaqvist U, Lernmark A, Lahti K, Forsén T, Tuomi T, Rosengren
AH, Groop L. Novel subgroups of adult-onset diabetes and their
association with outcomes: a data-driven cluster analysis of six vari-
ables. Lancet Diabetes Endocrinol 6: 361-369, 2018. doi:10.1016/
$2213-8587(18)30051-2.

Kirchgessner AL, Gershon MD. Innervation of the pancreas by neu-
rons in the gut. J Neurosci 10: 1626-1642, 1990. doi:10.1523/
JNEUROSCI.10-05-01626.1990.

Liu M, Seino S, Kirchgessner AL. Identification and characterization
of glucoresponsive neurons in the enteric nervous system. J
Neurosci 19: 10305-10317, 1999. doi:10.1523/JNEUROSCI.19-23-
10305.1999.

Furness JB. The enteric nervous system and neurogastroenterology.
Nat Rev Gastroenterol Hepatol 9: 286-294, 2012. doi:10.1038/
nrgastro.2012.32.

Buijs RM, Chun SJ, Niijjima A, Romijn HJ, Nagai K. Parasympathetic and
sympathetic control of the pancreas: a role for the suprachiasmatic nu-
cleus and other hypothalamic centers that are involved in the regula-
tion of food intake. J Comp Neurol 431: 405-423, 2001. doi:10.1002/
1096-9861(20010319)431:4<405::AID-CNE1079>3.0.CO;2-D.

Jansen AS, Hoffman JL, Loewy AD. CNS sites involved in sympa-
thetic and parasympathetic control of the pancreas: a viral tracing

Physiol Rev -VOL 104 . OCTOBER 2024 . www.prv.org

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

study. Brain Res 766: 29-38, 1997. doi:10.1016/s0006-8993(97)
00532-5.

Dallaporta M, Himmi T, Perrin J, Orsini JC. Solitary tract nucleus sen-
sitivity to moderate changes in glucose level. Neuroreport 10:
2657-2660, 1999. doi:10.1097/00001756-199908200-00040.

Silver |A, Erecinska M. Extracellular glucose concentration in mam-
malian brain: continuous monitoring of changes during increased
neuronal activity and upon limitation in oxygen supply in normo-,
hypo-, and hyperglycemic animals. J Neurosci 14: 5068-5076,
1994. doi:10.1523/JNEUROSCI.14-08-05068.1994.

Silver IA, Erecinska M. Glucose-induced intracellular ion changes in
sugar-sensitive hypothalamic neurons. J Neurophysiol 79: 1733—
1745, 1998. doi:10.1152/jn.1998.79.4.1733.

Kang L, Routh VH, Kuzhikandathil EV, Gaspers LD, Levin BE.
Physiological and molecular characteristics of rat hypothalamic ven-
tromedial nucleus glucosensing neurons. Diabetes 53: 549-559,
2004. doi:10.2337/diabetes.53.3.549.

Routh VH. Glucose-sensing neurons: are they physiologically rele-
vant? Physiol Behav 76: 403—-413, 2002. doi:10.1016/s0031-9384
(02)00761-8.

Mizuno Y, Oomura Y. Glucose responding neurons in the nucleus
tractus solitarius of the rat: in vitro study. Brain Res 307: 109-116,
1984. doi:10.1016/0006-8993(84)90466-9.

Minami T, Oomura Y, Sugimori M. Electrophysiological properties
and glucose responsiveness of guinea-pig ventromedial hypothala-
mic neurones in vitro. J Physiol 380: 127-143, 1986. doi:10.1113/
jphysiol.1986.sp016276.

Yang XJ, Kow LM, Funabashi T, Mobbs CV. Hypothalamic glucose
sensor: similarities to and differences from pancreatic beta-cell
mechanisms. Diabetes 48: 1763—-1772, 1999. doi:10.2337/diabetes.
48.9.1763.

Fioramonti X, Lorsignol A, Taupignon A, Pénicaud L. A new ATP-
sensitive K* channel-independent mechanism is involved in glu-
cose-excited neurons of mouse arcuate nucleus. Diabetes 53:
2767-2775, 2004. doi:10.2337/diabetes.53.11.2767.

Ashford ML, Boden PR, Treherne JM. Glucose-induced excitation of
hypothalamic neurones is mediated by ATP-sensitive K* channels.
Pflugers Arch 415: 479-483, 1990. doi:10.1007/BF00373626.

Balfour RH, Hansen AM, Trapp S. Neuronal responses to transient
hypoglycaemia in the dorsal vagal complex of the rat brainstem. J
Physiol 570: 469-484, 2006. doi:10.1113/jphysiol.2005.098822.

Miki T, Liss B, Minami K, Shiuchi T, Saraya A, Kashima Y, Horiuchi M,
Ashcroft F, Minokoshi Y, Roeper J, Seino S. ATP-sensitive K* chan-
nels in the hypothalamus are essential for the maintenance of glu-
cose homeostasis. Nat Neurosci 4: 507-512, 2001. doi:10.1038/
87455.

Kong D, Vong L, Parton LE, Ye C, Tong Q, Hu X, Choi B, Brlining JC,
Lowell BB. Glucose stimulation of hypothalamic MCH neurons
involves Katp channels, is modulated by UCP2, and regulates pe-
ripheral glucose homeostasis. Cell Metab 12: 545-552, 2010.
doi:10.1016/j.cmet.2010.09.013.

Parton LE, Ye CP, Coppari R, Enriori PJ, Choi B, Zhang CY, Xu C,
Vianna CR, Balthasar N, Lee CE, ElImquist JK, Cowley MA, Lowell
BB. Glucose sensing by POMC neurons regulates glucose homeo-
stasis and is impaired in obesity. Nature 449: 228-232, 2007.
doi:10.1038/nature06098.

1481

Downloaded from journals.physiology.org/journal/physrev at Bibliotheque Cantonale Et Universitaire (155.105.125.086) on July 19, 2024.


https://doi.org/10.1186/1471-213X-9-34
https://doi.org/10.1186/1471-213X-9-34
https://doi.org/10.1016/0092-8674(89)90412-1
https://doi.org/10.1016/0092-8674(89)90412-1
https://doi.org/10.1152/ajpendo.00605.2020
https://doi.org/10.1152/ajpendo.00605.2020
https://doi.org/10.1152/ajpendo.00515.2013
https://doi.org/10.1152/ajpendo.00515.2013
https://doi.org/10.1073/pnas.1211659110
https://doi.org/10.1126/sciadv.aaz9124
https://doi.org/10.1016/j.metabol.2020.154414
https://doi.org/10.1016/S2213-8587(18)30051-2
https://doi.org/10.1016/S2213-8587(18)30051-2
https://doi.org/10.1523/JNEUROSCI.10-05-01626.1990
https://doi.org/10.1523/JNEUROSCI.10-05-01626.1990
https://doi.org/10.1523/JNEUROSCI.19-23-10305.1999
https://doi.org/10.1523/JNEUROSCI.19-23-10305.1999
https://doi.org/10.1038/nrgastro.2012.32
https://doi.org/10.1038/nrgastro.2012.32
https://doi.org/10.1002/1096-9861(20010319)431:4%3C405::AID-CNE1079%3E3.0.CO;2-D
https://doi.org/10.1002/1096-9861(20010319)431:4%3C405::AID-CNE1079%3E3.0.CO;2-D
https://doi.org/10.1016/s0006-8993(97)00532-5
https://doi.org/10.1016/s0006-8993(97)00532-5
https://doi.org/10.1097/00001756-199908200-00040
https://doi.org/10.1523/JNEUROSCI.14-08-05068.1994
https://doi.org/10.1152/jn.1998.79.4.1733
https://doi.org/10.2337/diabetes.53.3.549
https://doi.org/10.1016/s0031-9384(02)00761-8
https://doi.org/10.1016/s0031-9384(02)00761-8
https://doi.org/10.1016/0006-8993(84)90466-9
https://doi.org/10.1113/jphysiol.1986.sp016276
https://doi.org/10.1113/jphysiol.1986.sp016276
https://doi.org/10.2337/diabetes.48.9.1763
https://doi.org/10.2337/diabetes.48.9.1763
https://doi.org/10.2337/diabetes.53.11.2767
https://doi.org/10.1007/BF00373626
https://doi.org/10.1113/jphysiol.2005.098822
https://doi.org/10.1038/87455
https://doi.org/10.1038/87455
https://doi.org/10.1016/j.cmet.2010.09.013
https://doi.org/10.1038/nature06098
http://www.prv.org

61

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

1482

§) THORENS

Ibrahim N, Bosch MA, Smart JL, Qiu J, Rubinstein M, Rennekleiv
OK, Low MJ, Kelly MJ. Hypothalamic proopiomelanocortin neurons
are glucose responsive and express Karp channels. Endocrinology
144:1331-1340, 2003. d0i:10.1210/en.2002-221033.

Toda C, Kim JD, Impellizzeri D, Cuzzocrea S, Liu ZW, Diano S. UCP2
regulates mitochondrial fission and ventromedial nucleus control of
glucose responsiveness. Cell 164: 872-883, 2016. doi:10.1016/j.
cell.2016.02.010.

Santoro A, Campolo M, Liu C, Sesaki H, Meli R, Liu ZW, Kim JD,
Diano S. DRP1 suppresses leptin and glucose sensing of POMC
neurons. Cell Metab 25: 647-660, 2017. doi:10.1016/j.cmet.2017.01.
003.

Ramirez S, Gdémez-Valadés AG, Schneeberger M, Varela L,
Haddad-Tovolli R, Altirriba J, Noguera E, Drougard A, Flores-
Martinez A, Imbernon M, Chivite I, Pozo M, Vidal-ltriago A, Garcia A,
Cervantes S, Gasa R, Nogueiras R, Gama-Perez P, Garcia-Roves
PM, Cano DA, Knauf C, Servitja JM, Horvath TL, Gomis R, Zorzano
A, Claret M. Mitochondrial dynamics mediated by Mitofusin 1 is
required for POMC neuron glucose-sensing and insulin release
control. Cell Metab 25: 1390-1399.e1396, 2017. doi:10.1016/j.
cmet.2017.05.010.

Schneeberger M, Dietrich MO, Sebastian D, Imbernén M, Castano
C, Garcia A, Esteban Y, Gonzalez-Franquesa A, Rodriguez IC,
Bortolozzi A, Garcia-Roves PM, Gomis R, Nogueiras R, Horvath TL,
Zorzano A, Claret M. Mitofusin 2 in POMC neurons connects ER
stress with leptin resistance and energy imbalance. Cell 155: 172—
187, 2013. doi:10.1016/j.cell.2013.09.003.

Fioramonti X, Chrétien C, Leloup C, Pénicaud L. Recent advances
in the cellular and molecular mechanisms of hypothalamic neuronal
glucose detection. Front Physiol 8: 875, 2017. doi10.3389/
fphys.2017.00875.

Chrétien C, Fenech C, Liénard F, Grall S, Chevalier C, Chaudy S,
Brenachot X, Berges R, Louche K, Stark R, Nédélec E, Laderriere A,
Andrews ZB, Benani A, Flockerzi V, Gascuel J, Hartmann J, Moro C,
Birnbaumer L, Leloup C, Pénicaud L, Fioramonti X. Transient Receptor
Potential Canonical 3 (TRPC3) channels are required for hypothalamic
glucose detection and energy homeostasis. Diabetes 66: 314-324,
2017. doi:10.2337/db16-1114.

Matschinsky FM, Glaser B, Magnuson MA. Pancreatic beta-cell gluco-
kinase: closing the gap between theoretical concepts and experimen-
tal realities. Diabetes 47: 307-315, 1998. doi:10.2337/diabetes.47.
3.307.

Kang L, Dunn-Meynell AA, Routh VH, Gaspers LD, Nagata Y,
Nishimura T, Eiki J, Zhang BB, Levin BE. Glucokinase is a critical regu-
lator of ventromedial hypothalamic neuronal glucosensing. Diabetes
55: 412-420, 2006. doi:10.2337/diabetes.55.02.06.db05-1229.

Dunn-Meynell AA, Routh VH, Kang L, Gaspers L, Levin BE.
Glucokinase is the likely mediator of glucosensing in both glucose-
excited and glucose-inhibited central neurons. Diabetes 51: 2056—
2065, 2002. doi:10.2337/diabetes.51.7.2056.

Matschinsky FM. A lesson in metabolic regulation inspired by the
glucokinase sensor paradigm. Diabetes 45: 223-241, 1996.
doi:10.2337/diab.45.2.223.

Henquin JC. Glucose-induced insulin secretion in isolated human
islets: does it truly reflect B-cell function in vivo? Mol Metab 48:
101212, 2021. doi:10.1016/j.molmet.2021.101212.

Steinbusch LK, Picard A, Bonnet MS, Basco D, Labouebe G,
Thorens B. Sex-specific control of fat mass and counterregulation

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

by hypothalamic glucokinase. Diabetes 65: 2920-2931, 2016.
doi:10.2337/db15-1514.

Thorens B. Sensing of glucose in the brain. Handb Exp Pharmacol
209: 277-294, 2012. doi:10.1007/978-3-642-24716-3_12.

Oomura Y, Ooyama H, Sugimori M, Nakamura T, Yamada Y.
Glucose inhibition of the glucose-sensitive neurone in the rat lateral
hypothalamus. Nature 247: 284-286, 1974. doi:10.1038/247284a0.

Burdakov D, Lesage F. Glucose-induced inhibition: how many ionic
mechanisms? Acta Physiol (Oxf) 198: 295-301, 2010. doi:10.1111/
j1748-1716.2009.02005.x.

Murphy BA, Fakira KA, Song Z, Beuve A, Routh VH. AMP-activated
protein kinase and nitric oxide regulate the glucose sensitivity
of ventromedial hypothalamic glucose-inhibited neurons. Am J
Physiol Cell Physiol 297: C750-C758, 2009. doi:10.1152/ajpcell.
00127.20009.

He Y, Xu P, Wang C, Xia Y, Yu M, Yang Y, Yu K, Cai X, Qu N, Saito
K, Wang J, Hyseni |, Robertson M, Piyarathna B, Gao M, Khan SA,
Liu F, Chen R, Coarfa C, Zhao Z, Tong Q, Sun Z, Xu Y. Estrogen re-
ceptor-o. expressing neurons in the ventrolateral VMH regulate glu-
cose balance. Nat Commun 11: 2165, 2020. doi:10.1038/s41467-
020-15982-7.

Gonzélez JA, Jensen LT, Fugger L, Burdakov D. Metabolism-inde-
pendent sugar sensing in central orexin neurons. Diabetes 57:
2569-2576, 2008. doi:10.2337/db08-0548.

Tu L, Bean JC, He Y, Liu H, Yu M, Liu H, Zhang N, Yin N, Han J,
Scarcelli NA, Conde KM, Wang M, Li Y, Feng B, Gao P, Cai ZL,
Fukuda M, Xue M, Tong Q, Yang Y, Liao L, Xu J, Wang C, He Y, Xu
Y. Anoctamin 4 channel currents activate glucose-inhibited neurons
in the mouse ventromedial hypothalamus during hypoglycemia. J
Clin Invest 133: 163391, 2023. doi:10.1172/JCI163391.

Beall C, Hamilton DL, Gallagher J, Logie L, Wright K, Soutar MP,
Dadak S, Ashford FB, Haythorne E, Du Q, Jovanovi¢ A, McCrimmon
RJ, Ashford ML. Mouse hypothalamic GT1-7 cells demonstrate
AMPK-dependent intrinsic glucose-sensing behaviour. Diabetologia
55: 2432-2444, 2012. doi:10.1007/s00125-012-2617-y.

Quenneville S, Labouébe G, Basco D, Metref S, Viollet B, Foretz M,
Thorens B. Hypoglycemia-sensing neurons of the ventromedial
hypothalamus require AMPK-induced Txn2 expression but are dis-
pensable for physiological counterregulation. Diabetes 69: 2253~
2266, 2020. doi:10.2337/db20-0577.

Zhou C, Routh VH. Thioredoxin-1 overexpression in the ventrome-
dial nucleus of the hypothalamus preserves the counterregulatory
response to hypoglycemia during type 1 diabetes in male rats.
Diabetes 67: 120-130, 2018. doi:10.2337/db17-0930.

Kajihara N, Kukidome D, Sada K, Motoshima H, Furukawa N,
Matsumura T, Nishikawa T, Araki E. Low glucose induces mitochon-
drial reactive oxygen species via fatty acid oxidation in bovine aor-
tic endothelial cells. J Diabetes Investig 8: 750-761, 2017.
doi:10.1111/jdi.12678.

Paramo B, Hernandez-Fonseca K, Estrada-Sanchez AM, Jiménez N,
Hernandez-Cruz A, Massieu L. Pathways involved in the generation
of reactive oxygen and nitrogen species during glucose deprivation
and its role on the death of cultured hippocampal neurons.
Neuroscience 167: 10571069, 2010. doi:10.1016/j.neuroscience.2010.
02.074.

Languren G, Montiel T, Julio-Amilpas A, Massieu L. Neuronal dam-
age and cognitive impairment associated with hypoglycemia: an
integrated view. Neurochem Int 63: 331-343, 2013. doi:10.1016/].
neuint.2013.06.018.

Physiol Rev -VOL 104 . OCTOBER 2024 . www.prv.org
Downloaded from journals.physiology.org/journal/physrev at Bibliotheque Cantonale Et Universitaire (155.105.125.086) on July 19, 2024.


https://doi.org/10.1210/en.2002-221033
https://doi.org/10.1016/j.cell.2016.02.010
https://doi.org/10.1016/j.cell.2016.02.010
https://doi.org/10.1016/j.cmet.2017.01.003
https://doi.org/10.1016/j.cmet.2017.01.003
https://doi.org/10.1016/j.cmet.2017.05.010
https://doi.org/10.1016/j.cmet.2017.05.010
https://doi.org/10.1016/j.cell.2013.09.003
https://doi.org/10.3389/fphys.2017.00875
https://doi.org/10.3389/fphys.2017.00875
https://doi.org/10.2337/db16-1114
https://doi.org/10.2337/diabetes.47.3.307
https://doi.org/10.2337/diabetes.47.3.307
https://doi.org/10.2337/diabetes.55.02.06.db05-1229
https://doi.org/10.2337/diabetes.51.7.2056
https://doi.org/10.2337/diab.45.2.223
https://doi.org/10.1016/j.molmet.2021.101212
https://doi.org/10.2337/db15-1514
https://doi.org/10.1007/978-3-642-24716-3_12
https://doi.org/10.1038/247284a0
https://doi.org/10.1111/j.1748-1716.2009.02005.x
https://doi.org/10.1111/j.1748-1716.2009.02005.x
https://doi.org/10.1152/ajpcell.00127.2009
https://doi.org/10.1152/ajpcell.00127.2009
https://doi.org/10.1038/s41467-020-15982-7
https://doi.org/10.1038/s41467-020-15982-7
https://doi.org/10.2337/db08-0548
https://doi.org/10.1172/JCI163391
https://doi.org/10.1007/s00125-012-2617-y
https://doi.org/10.2337/db20-0577
https://doi.org/10.2337/db17-0930
https://doi.org/10.1111/jdi.12678
https://doi.org/10.1016/j.neuroscience.2010.02.074
https://doi.org/10.1016/j.neuroscience.2010.02.074
https://doi.org/10.1016/j.neuint.2013.06.018
https://doi.org/10.1016/j.neuint.2013.06.018
http://www.prv.org

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

§) NEURONAL GLUCOSE SENSING CIRCUITS

Liu WW, Bohdrquez DV. The neural basis of sugar preference. Nat
Rev Neurosci 23: 584-595, 2022. doi:10.1038/s41583-022-00613-5.

Berthoud HR, Powley TL. Identification of vagal preganglionics that
mediate cephalic phase insulin response. Am J Physiol Regul
Integr Comp Physiol 258: R523-R530, 1990. doi:10.1152/ajpregu.
1990.258.2.R523.

Berthoud HR, Jeanrenaud B. Sham feeding-induced cephalic
phase insulin release in the rat. Am J Physiol Endocrinol Metab
242: E280-E285, 1982. doi:10.1152/ajpendo.1982.242.4.E280.

Berthoud HR, Trimble ER, Siegel EG, Bereiter DA, Jeanrenaud B.
Cephalic-phase insulin secretion in normal and pancreatic islet-
transplanted rats. Am J Physiol Endocrinol Metab 238: E336-
E340, 1980. doi:10.1152/ajpendo.1980.238.4.E336.

Nelson G, Hoon MA, Chandrashekar J, Zhang Y, Ryba NJ, Zuker
CS. Mammalian sweet taste receptors. Cell 106: 381-390, 2001.
doi:10.1016/s0092-8674(01)00451-2.

Merigo F, Benati D, Cristofoletti M, Osculati F, Sbarbati A. Glucose
transporters are expressed in taste receptor cells. J Anat 219: 243—
252, 2011. doi:10.1111/j.1469-7580.2011.01385.x.

Damak S, Rong M, Yasumatsu K, Kokrashvili Z, Varadarajan V, Zou
S, Jiang P, Ninomiya Y, Margolskee RF. Detection of sweet and
umami taste in the absence of taste receptor T1r3. Science 301:
850-853, 2003. doi:10.1126/science.1087155.

Glendinning JI, Stano S, Holter M, Azenkot T, Goldman O,
Margolskee RF, Vasselli JR, Sclafani A. Sugar-induced cephalic-
phase insulin release is mediated by a T1r2+T1r3-independent taste
transduction pathway in mice. Am J Physiol Regul Integr Comp
Physiol 309: R552—-R560, 2015. doi:10.1152/ajpregu.00056.2015.

Takamori M, Mitoh Y, Horie K, Egusa M, Miyawaki T, Yoshida R.
Sugar signals from oral glucose transporters elicit cephalic-phase
insulin release in mice. J Physiol Sci 73: 16, 2023. doi:10.1186/
$12576-023-00875-3.

Montaner M, Denom J, Jiang W, Magnan C, Trapp S, Gurden H. The
local GLP-1system in the olfactory bulb is required for odor-evoked
cephalic phase of insulin release in mice. Mol Metab 73: 101738,
2023. doi:10.1016/j.molmet.2023.101738.

Wiedemann SJ, Trimigliozzi K, Dror E, Meier DT, Molina-Tijeras JA,
Rachid L, Le Foll C, Magnan C, Schulze F, Stawiski M, Hauselmann
SP, Méreau H, Boni-Schnetzler M, Donath MY. The cephalic phase
of insulin release is modulated by IL-1B. Cell Metab 34: 991-1003.
€6, 2022. doi:10.1016/j.cmet.2022.06.001.

Ahrén B, Holst JJ. The cephalic insulin response to meal ingestion
in humans is dependent on both cholinergic and noncholinergic
mechanisms and is important for postprandial glycemia. Diabetes
50:1030-1038, 2001. doi:10.2337/diabetes.50.5.1030.

Capozzi ME, D’Alessio DA, Campbell JE. The past, present, and
future physiology and pharmacology of glucagon. Cell Metab 34:
1654-1674, 2022. doi:10.1016/j.cmet.2022.10.001.

Nir T, Melton DA, Dor Y. Recovery from diabetes in mice by beta
cell regeneration. J Clin Invest 117: 2553-2561, 2007. doi:10.1172/
JCI32959.

Stanger BZ, Tanaka AJ, Melton DA. Organ size is limited by the
number of embryonic progenitor cells in the pancreas but not the
liver. Nature 445: 886—891, 2007. doi:10.1038/nature05537.

Solimena M, Schulte AM, Marselli L, Ehehalt F, Richter D, Kleeberg
M, et al. Systems biology of the IMIDIA biobank from organ donors
and pancreatectomised patients defines a novel transcriptomic

Physiol Rev -VOL 104 . OCTOBER 2024 . www.prv.org

103.

104.

105.

106.

107.

108.

109.

110.

.

12.

13.

14.

AND GLUCOSE HOMEOSTASIS

signature of islets from individuals with type 2 diabetes.
Diabetologia, 61: 641-657, 2018. d0i:10.1007/s00125-017-4500-3.

Wigger L, Barovic M, Brunner AD, Marzetta F, Schoniger E, Mehl F,
Kipke N, Friedland D, Burdet F, Kessler C, Lesche M, Thorens B,
Bonifacio E, Legido-Quigley C, Barbier Saint Hilaire P, Delerive P,
Dahl A, Klose C, Gerl MJ, Simons K, Aust D, Weitz J, Distler M,
Schulte AM, Mann M, Ibberson M, Solimena M. Multi-omics profiling
of living human pancreatic islet donors reveals heterogeneous beta
cell trajectories towards type 2 diabetes. Nat Metab 3: 1017-1031,
2021. doi:10.1038/s42255-021-00420-9.

Kiba T, Tanaka K, Numata K, Hoshino M, Misugi K, Inoue S.
Ventromedial hypothalamic lesion-induced vagal hyperactivity stim-
ulates rat pancreatic cell proliferation. Gastroenterology 110: 885—
893, 1996. doi:10.1053/gast.1996.v110.pm8608899.

Berthoud HR, Jeanrenaud B. Acute hyperinsulinemia and its rever-
sal by vagotomy after lesions of the ventromedial hypothalamus in
anesthetized rats. Endocrinology 105: 146—151, 1979. doi:10.1210/
endo-105-1-146.

Sainsbury A, Rohner-Jeanrenaud F, Cusin |, Zakrzewska KE, Halban
PA, Gaillard RC, Jeanrenaud B. Chronic central neuropeptide Y
infusion in normal rats: status of the hypothalamo-pituitary-adrenal
axis, and vagal mediation of hyperinsulinaemia. Diabetologia 40:
1269-1277,1997. doi:10.1007/s001250050820.

Tarussio D, Metref S, Seyer P, Mounien L, Vallois D, Magnan C,
Foretz M, Thorens B. Nervous glucose sensing regulates postnatal
beta cell proliferation and glucose homeostasis. J Clin Invest 124:
413-424,2014. doi10.1172/JC169154.

Steinbusch L, Labouébe G, Thorens B. Brain glucose sensing in
homeostatic and hedonic regulation. Trends Endocrinol Metab 26:
455-466, 2015. doi:10.1016/j.tem.2015.06.005.

Imai J, Katagiri H, Yamada T, Ishigaki Y, Suzuki T, Kudo H, Uno K,
Hasegawa Y, Gao J, Kaneko K, Ishihara H, Niijjima A, Nakazato M,
Asano T, Minokoshi Y, Oka Y. Regulation of pancreatic beta cell
mass by neuronal signals from the liver. Science 322: 1250-1254,
2008. doi:10.1126/science.1163971.

Imai J. Regulation of adaptive cell proliferation by vagal nerve sig-
nals for maintenance of whole-body homeostasis: potential thera-
peutic target for insulin-deficient diabetes. Tohoku J Exp Med 254:
245-252,2021. doi:10.1620/tjem.254.245.

Yamamoto J, Imai J, lzumi T, Takahashi H, Kawana Y, Takahashi K,
Kodama S, Kaneko K, Gao J, Uno K, Sawada S, Asano T,
Kalinichenko VV, Susaki EA, Kanzaki M, Ueda HR, Ishigaki Y,
Yamada T, Katagiri H. Neuronal signals regulate obesity induced
B-cell proliferation by FoxM1 dependent mechanism. Nat Commun
8:1930, 2017. d0i:10.1038/541467-017-01869-7.

Rosario W, Singh |, Wautlet A, Patterson C, Flak J, Becker TC, Ali A,
Tamarina N, Philipson LH, Enquist LW, Myers MG Jr, Rhodes CJ.
The brain-to-pancreatic islet neuronal map reveals differential glu-
cose regulation from distinct hypothalamic regions. Diabetes 65:
2711-2723, 2016. doi:10.2337/db15-0629.

Papazoglou I, Lee JH, Cui Z, Li C, Fulgenzi G, Bahn YJ,
Staniszewska-Goraczniak HM, Pinol RA, Hogue IB, Enquist LW,
Krashes MJ, Rane SG. A distinct hypothalamus-to-f cell circuit mod-
ulates insulin secretion. Cell Metab 34: 285-298.e7, 2022.
doi:10.1016/j.cmet.2021.12.020.

Khodai T, Nunn N, Worth AA, Feetham CH, Belle MDC, Piggins HD,
Luckman SM. PACAP neurons in the ventromedial hypothalamic
nucleus are glucose inhibited and their selective activation induces

1483

Downloaded from journals.physiology.org/journal/physrev at Bibliotheque Cantonale Et Universitaire (155.105.125.086) on July 19, 2024.


https://doi.org/10.1038/s41583-022-00613-5
https://doi.org/10.1152/ajpregu.1990.258.2.R523
https://doi.org/10.1152/ajpregu.1990.258.2.R523
https://doi.org/10.1152/ajpendo.1982.242.4.E280
https://doi.org/10.1152/ajpendo.1980.238.4.E336
https://doi.org/10.1016/s0092-8674(01)00451-2
https://doi.org/10.1111/j.1469-7580.2011.01385.x
https://doi.org/10.1126/science.1087155
https://doi.org/10.1152/ajpregu.00056.2015
https://doi.org/10.1186/s12576-023-00875-3
https://doi.org/10.1186/s12576-023-00875-3
https://doi.org/10.1016/j.molmet.2023.101738
https://doi.org/10.1016/j.cmet.2022.06.001
https://doi.org/10.2337/diabetes.50.5.1030
https://doi.org/10.1016/j.cmet.2022.10.001
https://doi.org/10.1172/JCI32959
https://doi.org/10.1172/JCI32959
https://doi.org/10.1038/nature05537
https://doi.org/10.1007/s00125-017-4500-3
https://doi.org/10.1038/s42255-021-00420-9
https://doi.org/10.1053/gast.1996.v110.pm8608899
https://doi.org/10.1210/endo-105-1-146
https://doi.org/10.1210/endo-105-1-146
https://doi.org/10.1007/s001250050820
https://doi.org/10.1172/JCI69154
https://doi.org/10.1016/j.tem.2015.06.005
https://doi.org/10.1126/science.1163971
https://doi.org/10.1620/tjem.254.245
https://doi.org/10.1038/s41467-017-01869-7
https://doi.org/10.2337/db15-0629
https://doi.org/10.1016/j.cmet.2021.12.020
http://www.prv.org

15.

116.

17.

118.

19.

120.

121.

122.

123.

124.

125.

126.

127.

128.

1484

§) THORENS

hyperglycaemia. Front Endocrinol (Lausanne) 9: 632, 2018.
doi:10.3389/fendo.2018.00632.

Taborsky GJ Jr, Mundinger TO. Minireview: the role of the auto-
nomic nervous system in mediating the glucagon response to
hypoglycemia. Endocrinology 153: 1055-1062, 2012. doi:10.1210/
en.2011-2040.

Grill HJ, Hayes MR. Hindbrain neurons as an essential hub in the
neuroanatomically distributed control of energy balance. Cell
Metab 16: 296-309, 2012. doi:10.1016/j.cmet.2012.06.015.

Pitra S, Smith BN. Musings on the wanderer: What's new in our
understanding of vago-vagal reflexes? VI. Central vagal circuits that
control glucose metabolism. Am J Physiol Gastrointest Liver
Physiol 320: G175-G182, 2021. d0i:10.1152/ajpgi.00368.2020.

Lamy CM, Sanno H, Labouebe G, Picard A, Magnan C, Chatton JY,
Thorens B. Hypoglycemia-activated GLUT2 neurons of the nucleus
tractus solitarius stimulate vagal activity and glucagon secretion.
Cell Metab 19: 527-538, 2014. d0i:10.1016/j.cmet.2014.02.003.

Berthoud HR, Jeanrenaud B. Changes of insulinemia, glycemia and
feeding behavior induced by VMH-procainization in the rat. Brain
Res 174:184-187, 1979. doi:10.1016/0006-8993(79)90816-3.

Krause WC, Ingraham HA. Origins and functions of the ventrolateral
VMH: a complex neuronal cluster orchestrating sex differences in
metabolism and behavior. Adv Exp Med Biol 1043: 199-213, 2017.
doi:10.1007/978-3-319-70178-3_10.

Chan O, Sherwin R. Influence of VMH fuel sensing on hypoglycemic
responses. Trends Endocrinol Metab 24: 616—-624, 2013. doi:10.1016/
jtem.2013.08.005.

Hirschberg PR, Sarkar P, Teegala SB, Routh VH. Ventromedial
hypothalamus glucose-inhibited neurones: a role in glucose and
energy homeostasis? J Neuroendocrinol 32: e12773, 2020.
doi:10.1111/jne.12773.

Oomura Y, Yoshimatsu H. Neural network of glucose monitoring
system. J Auton Nerv Syst 10: 359-372, 1984. doi:10.1016/0165-
1838(84)90033-x.

Meek TH, Nelson JT, Matsen ME, Dorfman MD, Guyenet SJ,
Damian V, Allison MB, Scarlett JM, Nguyen HT, Thaler JP, Olson
DP, Myers MG Jr, Schwartz MW, Morton GJ. Functional identifica-
tion of a neurocircuit regulating blood glucose. Proc Natl Acad Sci
USA 113: E2073-E2082, 2016. doi:10.1073/pnas.1521160113.

Stanley SA, Kelly L, Latcha KN, Schmidt SF, Yu X, Nectow AR, Sauer
J, Dyke JP, Dordick JS, Friedman JM. Bidirectional electromagnetic
control of the hypothalamus regulates feeding and metabolism.
Nature 531: 647-650, 2016. doi:10.1038/nature17183.

Garfield AS, Shah BP, Madara JC, Burke LK, Patterson CM, Flak J,
Neve RL, Evans ML, Lowell BB, Myers MG Jr, Heisler LK. A parabra-
chial-hypothalamic cholecystokinin neurocircuit controls counterre-
gulatory responses to hypoglycemia. Cell Metab 20: 1030-1037,
2014. doi:10.1016/j.cmet.2014.11.006.

Flak JN, Patterson CM, Garfield AS, D’Agostino G, Goforth PB,
Sutton AK, Malec PA, Wong JM, Germani M, Jones JC, Rajala M,
Satin L, Rhodes CJ, Olson DP, Kennedy RT, Heisler LK, Myers MG
Jr. Leptin-inhibited PBN neurons enhance responses to hypoglyce-
mia in negative energy balance. Nat Neurosci 17: 1744-1750, 2014.
doi:10.1038/nn.3861.

Tong Q, Ye C, McCrimmon RJ, Dhillon H, Choi B, Kramer MD, Yu J,
Yang Z, Christiansen LM, Lee CE, Choi CS, Zigman JM, Shulman Gl,
Sherwin RS, EiImquist JK, Lowell BB. Synaptic glutamate release by
ventromedial hypothalamic neurons is part of the neurocircuitry

129.

130.

131

132.

133.

134.

135.

136.

137.

138.

139.

140.

4.

142.

143.

that prevents hypoglycemia. Cell Metab 5: 383-393, 2007.
doi:10.1016/j.cmet.2007.04.001.

Berthoud HR. Anatomy and function of sensory hepatic nerves.
Anat Rec A Discov Mol Cell Evol Biol 280: 827-835, 2004.
doi:10.1002/ar.a.20088.

Bacharach SZ, Tordoff MG, Alhadeff AL. Glucose sensing in the he-
patic portal vein and its role in food intake and reward. Cell Mol
Gastroenterol Hepatol 16: 189-199, 2023. doi:10.1016/j.
jecmgh.2023.03.012.

Thorens B, Larsen PJ. Gut-derived signaling molecules and vagal
afferents in the control of glucose and energy homeostasis. Curr
Opin Clin Nutr Metab Care 7: 471-478, 2004. doi:10.1097/01.mco.
0000134368.91900.84.

Nijjima A. Glucose-sensitive afferent nerve fibers in the liver and
their role in food intake and blood glucose regulation. J Auton
Nerv Syst 9: 207-220, 1983. d0i:10.1016/0165-1838(83)90142-x.

Russek M. Demonstration of the influence of an hepatic glucosensi-
tive mechanism on food-intake. Physiol Behav 5: 1207-1209, 1970.
doi:10.1016/0031-9384(70)90218-0.

Russek M. Participation of hepatic glucoreceptors in the control of
intake of food. Nature 197: 79-80, 1963. doi:10.1038/197079b0.

Garcia-Luna C, Sanchez-Watts G, Arnold M, de Lartigue G, DeWalt N,
Langhans W, Watts AG. The medullary targets of neurally conveyed
sensory information from the rat hepatic portal and superior mesen-
teric veins. eNeuro 8: ENEURO.0419-20.2021, 2021. doi:10.1523/
ENEURO.0419-20.2021.

Niijima A. Glucose-sensitive afferent nerve fibres in the hepatic
branch of the vagus nerve in the guinea-pig. J Physiol 332: 315—
323,1982. doi:10.1113/jphysiol.1982.sp014415.

Burcelin R, Dolci W, Thorens B. Portal glucose infusion in the mouse
induces hypoglycemia. Evidence that the hepatoportal glucose sen-
sor stimulates glucose utilization. Diabetes 49: 1635-1642, 2000.
doi:10.2337/diabetes.49.10.1635.

Burcelin R, Crivelli V, Perrin C, Da Costa A, Mu J, Kahn BB,
Birnbaum MJ, Kahn CR, Vollenweider P, Thorens B. GLUT4, AMP ki-
nase, but not the insulin receptor, are required for hepatoportal glu-
cose sensor-stimulated muscle glucose utilization. J Clin Invest 111:
1555-1562, 2003. doi:10.1172/JCI1200316888.

Thorens B. The hepatoportal glucose sensor. Mechanisms of glu-
cose sensing and signal transduction. In: Glucokinase and
Glycemic Disease: from Basics to Novel Therapeutics, edited by
Matschinski FM, Magnuson MA. Basel: Karger, 2004, p. 327-338.

Burcelin R, Da Costa A, Drucker D, Thorens B. Glucose compe-
tence of the hepatoportal vein sensor requires the presence of an
activated glucagon-like peptide-1 receptor. Diabetes 50: 1720—
1728, 2001. doi:10.2337/diabetes.50.8.1720.

Burcelin R, Dolci W, Thorens B. Glucose sensing by the hepatopor-
tal sensor is GLUT2-dependent. In vivo analysis in GLUT2-null mice.
Diabetes 49: 1643-1648, 2000. doi:10.2337/diabetes.49.10.1643.

Nishizawa M, Nakabayashi H, Uehara K, Nakagawa A, Uchida K,
Koya D. Intraportal GLP-1 stimulates insulin secretion predominantly
through the hepatoportal-pancreatic vagal reflex pathways. Am J
Physiol Endocrinol Metab 305: E376-E387, 2013. doi10.1152/
ajpendo.00565.2012.

Nakabayashi H, Nishizawa M, Nakagawa A, Takeda R, Niijima A.
Vagal hepatopancreatic reflex effect evoked by intraportal

Physiol Rev -VOL 104 . OCTOBER 2024 . www.prv.org
Downloaded from journals.physiology.org/journal/physrev at Bibliotheque Cantonale Et Universitaire (155.105.125.086) on July 19, 2024.


https://doi.org/10.3389/fendo.2018.00632
https://doi.org/10.1210/en.2011-2040
https://doi.org/10.1210/en.2011-2040
https://doi.org/10.1016/j.cmet.2012.06.015
https://doi.org/10.1152/ajpgi.00368.2020
https://doi.org/10.1016/j.cmet.2014.02.003
https://doi.org/10.1016/0006-8993(79)90816-3
https://doi.org/10.1007/978-3-319-70178-3_10
https://doi.org/10.1016/j.tem.2013.08.005
https://doi.org/10.1016/j.tem.2013.08.005
https://doi.org/10.1111/jne.12773
https://doi.org/10.1016/0165-1838(84)90033-x
https://doi.org/10.1016/0165-1838(84)90033-x
https://doi.org/10.1073/pnas.1521160113
https://doi.org/10.1038/nature17183
https://doi.org/10.1016/j.cmet.2014.11.006
https://doi.org/10.1038/nn.3861
https://doi.org/10.1016/j.cmet.2007.04.001
https://doi.org/10.1002/ar.a.20088
https://doi.org/10.1016/j.jcmgh.2023.03.012
https://doi.org/10.1016/j.jcmgh.2023.03.012
https://doi.org/10.1097/01.mco.0000134368.91900.84
https://doi.org/10.1097/01.mco.0000134368.91900.84
https://doi.org/10.1016/0165-1838(83)90142-x
https://doi.org/10.1016/0031-9384(70)90218-0
https://doi.org/10.1038/197079b0
https://doi.org/10.1523/ENEURO.0419-20.2021
https://doi.org/10.1523/ENEURO.0419-20.2021
https://doi.org/10.1113/jphysiol.1982.sp014415
https://doi.org/10.2337/diabetes.49.10.1635
https://doi.org/10.1172/JCI200316888
https://doi.org/10.2337/diabetes.50.8.1720
https://doi.org/10.2337/diabetes.49.10.1643
https://doi.org/10.1152/ajpendo.00565.2012
https://doi.org/10.1152/ajpendo.00565.2012
http://www.prv.org

144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

§) NEURONAL GLUCOSE SENSING CIRCUITS

appearance of tGLP-1. Am J Physiol Endocrinol Metab 271: EB08—
E813, 1996. doi:10.1152/ajpendo.1996.271.5.E808.

Balkan B, Li X. Portal GLP-1 administration in rats augments the insu-
lin response to glucose via neuronal mechanisms. Am J Physiol
Regul Integr Comp Physiol 279: R1449-R1454, 2000. doi:10.1152/
ajpregu.2000.279.4.R1449.

Bohland M, Matveyenko AV, Saberi M, Khan AM, Watts AG,
Donovan CM. Activation of hindbrain neurons is mediated by por-
tal-mesenteric vein glucosensors during slow-onset hypoglycemia.
Diabetes 63: 2866—2875, 2014. doi:10.2337/db13-1600.

Fujita S, Donovan CM. Celiac-superior mesenteric ganglionectomy,
but not vagotomy, suppresses the sympathoadrenal response to in-
sulin-induced hypoglycemia. Diabetes 54: 3258-3264, 2005.
doi:10.2337/diabetes.54.11.3258.

Jackson PA, Pagliassotti MJ, Shiota M, Neal DW, Cardin S,
Cherrington AD. Effects of vagal blockade on the counterregulatory
response to insulin-induced hypoglycemia in the dog. Am J Physiol
Endocrinol Metab 273: E1178-E1188, 1997. doi:10.1152/ajpendo.
1997.273.6.E1178.

Cardin S, Jackson PA, Edgerton DS, Neal DW, Coffey CS,
Cherrington AD. Effect of vagal cooling on the counterregulatory
response to hypoglycemia induced by a low dose of insulin in the
conscious dog. Diabetes 50: 558-564, 2001. doi:10.2337/diabetes.
50.3.558.

Saberi M, Bohland M, Donovan CM. The locus for hypoglycemic
detection shifts with the rate of fall in glycemia: the role of portal-
superior mesenteric vein glucose sensing. Diabetes 57: 1380—
1386, 2008. doi:10.2337/db07-1528.

Matveyenko AV, Bohland M, Saberi M, Donovan CM. Portal vein
hypoglycemia is essential for full induction of hypoglycemia-associ-
ated autonomic failure with slow-onset hypoglycemia. Am J
Physiol Endocrinol Metab 293: E857-E864, 2007. doi:10.152/
ajpendo.00283.2007.

Delaere F, Duchampt A, Mounien L, Seyer P, Duraffourd C, Zitoun
C, Thorens B, Mithieux G. The role of sodium-coupled glucose co-
transporter 3 in the satiety effect of portal glucose sensing. Mol
Metab 2: 47-53, 2012. doi:10.1016/j.molmet.2012.11.003.

Diez-Sampedro A, Hirayama BA, Osswald C, Gorboulev V,
Baumgarten K, Volk C, Wright EM, Koepsell H. A glucose sensor
hiding in a family of transporters. Proc Natl Acad Sci U S A 100:
11753-11758, 2003. doi:10.1073/pnas.1733027100.

Picard A, Soyer J, Berney X, Tarussio D, Quenneville S, Jan M,
Grouzmann E, Burdet F, Ibberson M, Thorens B. A genetic screen
identifies hypothalamic Fgf15 as a regulator of glucagon secretion.
Cell Rep 17:17795-1806, 2016. doi:10.1016/j.celrep.2016.10.041.

Picard A, Berney X, Castillo-Armengol J, Tarussio D, Jan M,
Sanchez-Archidona AR, Croizier S, Thorens B. Hypothalamic Irak4
is a genetically-controlled regulator of hypoglycemia-induced glu-
cagon secretion. Mol Metab 61 101479, 2022. doi:10.1016/.
molmet.2022.101479.

Peirce JL, Lu L, Gu J, Silver LM, Williams RW. A new set of BXD
recombinant inbred lines from advanced intercross populations in
mice. BMC Genet 5: 7, 2004. doi:10.1186/1471-2156-5-7.

Picard A, Metref S, Tarussio D, Dolci W, Berney X, Croizier S,
Labouebe G, Thorens B. Fgf15 neurons of the dorsomedial hypo-
thalamus control glucagon secretion and hepatic gluconeogenesis.
Diabetes 70: 1443-1457, 2021. doi:10.2337/db20-1121.

Physiol Rev -VOL 104 . OCTOBER 2024 . www.prv.org

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

AND GLUCOSE HOMEOSTASIS

Urban DJ, Roth BL. DREADDs (designer receptors exclusively acti-
vated by designer drugs): chemogenetic tools with therapeutic util-
ity. Annu Rev Pharmacol Toxicol 55: 399-417, 2015. doi:10.1146/
annurev-pharmtox-010814-124803.

Samuels ER, Szabadi E. Functional neuroanatomy of the norad-
renergic locus coeruleus: its roles in the regulation of arousal
and autonomic function part Il: physiological and pharmacologi-
cal manipulations and pathological alterations of locus coeruleus
activity in humans. Curr Neuropharmacol 6: 254-285, 2008.
doi:10.2174/157015908785777193.

Andersen DB, Holst JJ. Peptides in the regulation of glucagon secre-
tion. Peptides 148: 1770683, 2022. doi:10.1016/j.peptides.2021.170683.

Strembitska A, Labouébe G, Picard A, Berney XP, Tarussio D, Jan
M, Thorens B. Lipid biosynthesis enzyme Agpat5 in AgRP-neurons
is required for insulin-induced hypoglycemia sensing and glucagon
secretion. Nat Commun 13: 5761, 2022. doi:10.1038/s41467-022-
33484-6.

Kurita H, Xu KY, Maejima Y, Nakata M, Dezaki K, Santoso P, Yang Y,
Arai T, Gantulga D, Muroya S, Lefor AK, Kakei M, Watanabe E, Yada
T. Arcuate Na™, K*-ATPase senses systemic energy states and reg-
ulates feeding behavior through glucose-inhibited neurons. Am J
Physiol Endocrinol Metab 309: E320-E333, 2015. doi:10.1152/
ajpendo.00446.2014.

Cedernaes J, Huang W, Ramsey KM, Waldeck N, Cheng L,
Marcheva B, Omura C, Kobayashi Y, Peek CB, Levine DC, Dhir R,
Awatramani R, Bradfield CA, Wang XA, Takahashi JS, Mokadem M,
Ahima RS, Bass J. Transcriptional basis for rhythmic control of hun-
ger and metabolism within the AgRP Neuron. Cell Metab 29: 1078-
1091.e5, 2019. doi:10.1016/j.cmet.2019.01.023.

Martin MU, Wesche H. Summary and comparison of the signaling
mechanisms of the Toll/interleukin-1 receptor family. Biochim
Biophys Acta 1592: 265-280, 2002. doi:10.1016/s0167-4889(02)
00320-8.

Barnes PJ. Nuclear factor-kappa B. Int J Biochem Cell Biol 29:
867-870, 1997. doi:10.1016/s1357-2725(96)00159-8.

Winkler Z, Kuti D, Polyak A, Juhasz B, Gulyés K, Lénért N, Dénes A,
Ferenczi S, Kovacs KJ. Hypoglycemia-activated hypothalamic
microglia impairs glucose counterregulatory responses. Sci Rep 9:
6224, 2019. doi:10.1038/s41598-019-42728-3.

Del Rey A, Verdenhalven M, Lérwald AC, Meyer C, Hernangémez
M, Randolf A, Roggero E, Konig AM, Heverhagen JT, Guaza C,
Besedovsky HO. Brain-borne IL-1 adjusts glucoregulation and pro-
vides fuel support to astrocytes and neurons in an autocrine/para-
crine manner. Mol Psychiatry 21: 1309-1320, 2016. doi:10.1038/
mp.2015.174.

Biirgi J, Xue B, Uversky VN, van der Goot FG. Intrinsic disorder in
transmembrane proteins: roles in signaling and topology prediction.
PLoS One 11: e0158594, 2016. doi:10.1371/journal.pone.0158594.

Tamaki T, Kamatsuka K, Sato T, Morooka S, Otsuka K, Hattori M,
Sugiyama T. A novel transmembrane protein defines the endoplas-
mic reticulum stress-induced cell death pathway. Biochem Biophys
Res Commun 486: 149-155, 2017. doi:10.1016/j.bbrc.2017.03.017.

Gaspari S, Labouebe G, Picard A, Berney X, Rodriguez Sanchez-
Archidona A, Thorens B. Tmem117 in AVP neurons regulates the
counterregulatory response to hypoglycemia. EMBO Rep 24:
e57344,2023. doi:10.15252/embr.202357344.

St-Louis R, Parmentier C, Grange-Messent V, Mhaouty-Kodja S,
Hardin-Pouzet H. Reactive oxygen species are physiological media-
tors of the noradrenergic signaling pathway in the mouse

1485

Downloaded from journals.physiology.org/journal/physrev at Bibliotheque Cantonale Et Universitaire (155.105.125.086) on July 19, 2024.


https://doi.org/10.1152/ajpendo.1996.271.5.E808
https://doi.org/10.1152/ajpregu.2000.279.4.R1449
https://doi.org/10.1152/ajpregu.2000.279.4.R1449
https://doi.org/10.2337/db13-1600
https://doi.org/10.2337/diabetes.54.11.3258
https://doi.org/10.1152/ajpendo.1997.273.6.E1178
https://doi.org/10.1152/ajpendo.1997.273.6.E1178
https://doi.org/10.2337/diabetes.50.3.558
https://doi.org/10.2337/diabetes.50.3.558
https://doi.org/10.2337/db07-1528
https://doi.org/10.1152/ajpendo.00283.2007
https://doi.org/10.1152/ajpendo.00283.2007
https://doi.org/10.1016/j.molmet.2012.11.003
https://doi.org/10.1073/pnas.1733027100
https://doi.org/10.1016/j.celrep.2016.10.041
https://doi.org/10.1016/j.molmet.2022.101479
https://doi.org/10.1016/j.molmet.2022.101479
https://doi.org/10.1186/1471-2156-5-7
https://doi.org/10.2337/db20-1121
https://doi.org/10.1146/annurev-pharmtox-010814-124803
https://doi.org/10.1146/annurev-pharmtox-010814-124803
https://doi.org/10.2174/157015908785777193
https://doi.org/10.1016/j.peptides.2021.170683
https://doi.org/10.1038/s41467-022-33484-6
https://doi.org/10.1038/s41467-022-33484-6
https://doi.org/10.1152/ajpendo.00446.2014
https://doi.org/10.1152/ajpendo.00446.2014
https://doi.org/10.1016/j.cmet.2019.01.023
https://doi.org/10.1016/s0167-4889(02)00320-8
https://doi.org/10.1016/s0167-4889(02)00320-8
https://doi.org/10.1016/s1357-2725(96)00159-8
https://doi.org/10.1038/s41598-019-42728-3
https://doi.org/10.1038/mp.2015.174
https://doi.org/10.1038/mp.2015.174
https://doi.org/10.1371/journal.pone.0158594
https://doi.org/10.1016/j.bbrc.2017.03.017
https://doi.org/10.15252/embr.202357344
http://www.prv.org

7.

172.

173.

174.

175.

1486

§) THORENS

supraoptic nucleus. Free Radic Biol Med 71 231-239, 2014.
doi:10.1016/j.freeradbiomed.2014.03.024.

St-Louis R, Parmentier C, Raison D, Grange-Messent V, Hardin-
Pouzet H. Reactive oxygen species are required for the hypothala-
mic osmoregulatory response. Endocrinology 153: 1317-1329, 2012.
doi:10.1210/en.2011-1350.

Baylis PH, Robertson GL. Rat vasopressin response to insulin-induced
hypoglycemia. Endocrinology 107: 1975-1979, 1980. doi:10.1210/
endo-107-6-1975.

Baylis PH, Zerbe RL, Robertson GL. Arginine vasopressin response
to insulin-induced hypoglycemia in man. J Clin Endocrinol Metab
53: 935-940, 1981. d0i:10.1210/jcem-53-5-935.

Liu L, Dattaroy D, Simpson KF, Barella LF, Cui Y, Xiong Y, Jin J,
Konig GM, Kostenis E, Roman JC, Kaestner KH, Doliba NM, Wess J.
Gq signaling in o cells is critical for maintaining euglycemia. JCI
Insight 6: 152852, 2021. doi:10.1172/jci.insight.152852.

Kim A, Knudsen JG, Madara JC, Benrick A, Hill TG, Abdul Kadir L,
Kellard JA, Mellander L, Miranda C, Lin H, James T, Suba K,
Spigelman AF, Wu Y, MacDonald PE, Wernstedt Asterholm I,
Magnussen T, Christensen M, Visbell T, Salem V, Knop FK,
Rorsman P, Lowell BB, Briant LJ. Arginine-vasopressin mediates
counter-regulatory glucagon release and is diminished in type 1 dia-
betes. eLife 10: €72919, 2021. doi:10.7554/eLife.72919.

176.

177.

178.

179.

180.

181.

Castillo-Armengol J, Marzetta F, Rodriguez Sanchez-Archidona A,
Fledelius C, Evans M, McNeilly A, McCrimmon RJ, Ibberson M,
Thorens B. Disrupted hypothalamic transcriptomics and proteomics
in a mouse model of type 2 diabetes exposed to recurrent hypogly-
cemia. Diabetologia 67: 371-391, 2024. doi:10.1007/s00125-023-
06043-x.

Borg MA, Sherwin RS, Borg WP, Tamborlane WV, Shulman Gl.
Local ventromedial hypothalamus glucose perfusion blocks coun-
terregulation during systemic hypoglycemia in awake rats. J Clin
Invest 99: 361-365, 1997. doi:10.1172/JCI119165.

Borg WP, Sherwin RS, During MJ, Borg MA, Shulman Gl. Local ventro-
medial hypothalamus glucopenia triggers counterregulatory hormone
release. Diabetes 44: 180-184, 1995. doi:10.2337/diab.44.2.180.

Donovan CM, Hamilton-Wessler M, Halter JB, Bergman RN.
Primacy of liver glucosensors in the sympathetic response to pro-
gressive hypoglycemia. Proc Natl Acad Sci USA 91: 2863-2867,
1994. doi:10.1073/pnas.91.7.2863.

Bernard C. Chiens rendus diabétiques. CR Soc Biol 1: 60, 1849.

Piwecka M, Rajewsky N, Rybak-Wolf A. Single-cell and spatial tran-
scriptomics: deciphering brain complexity in health and disease.
Nat Rev Neurol 19: 346-362, 2023. doi:10.1038/s41582-023-
00809-y.

Physiol Rev -VOL 104 . OCTOBER 2024 . www.prv.org
Downloaded from journals.physiology.org/journal/physrev at Bibliotheque Cantonale Et Universitaire (155.105.125.086) on July 19, 2024.


https://doi.org/10.1016/j.freeradbiomed.2014.03.024
https://doi.org/10.1210/en.2011-1350
https://doi.org/10.1210/endo-107-6-1975
https://doi.org/10.1210/endo-107-6-1975
https://doi.org/10.1210/jcem-53-5-935
https://doi.org/10.1172/jci.insight.152852
https://doi.org/10.7554/eLife.72919
https://doi.org/10.1007/s00125-023-06043-x
https://doi.org/10.1007/s00125-023-06043-x
https://doi.org/10.1172/JCI119165
https://doi.org/10.2337/diab.44.2.180
https://doi.org/10.1073/pnas.91.7.2863
https://doi.org/10.1038/s41582-023-00809-y
https://doi.org/10.1038/s41582-023-00809-y
http://www.prv.org

	bkmk_bookmark_1
	bkmk_bookmark_2
	bkmk_bookmark_3
	bkmk_bookmark_4
	bkmk_bookmark_5
	bkmk_bookmark_6

	bkmk_bookmark_7
	bkmk_bookmark_8
	bkmk_bookmark_9

	bkmk_bookmark_10
	bkmk_bookmark_11
	bkmk_bookmark_12
	bkmk_bookmark_13

	bkmk_bookmark_14
	bkmk_bookmark_15
	bkmk_bookmark_16
	bkmk_bookmark_17


	bkmk_bookmark_18
	bkmk_bookmark_19
	bkmk_bookmark_20
	bkmk_bookmark_21
	bkmk_bookmark_22
	bkmk_bookmark_23

	bkmk_bookmark_24
	bkmk_bookmark_25
	CORRESPONDENCE
	bkmk_bookmark_AC
	bkmk_bookmark_26
	bkmk_bookmark_27
	bkmk_bookmark_28
	bkmk_bookmark_29


