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Abstract

The vagus nerve, also known as the 10" cranial nerve, is a critical component of the parasympathetic
nervous system, playing a fundamental role in the regulation of various physiological functions,
including glucose metabolism and cardiac regulation. Originating in the brainstem, the vagus nerve
extends through the neck and thorax to the abdomen, innervating major organs such as the heart, lungs,
and digestive tract. Central to its function is the dorsal motor nucleus of the vagus (DMV), located in the

medulla oblongata, which serves as a primary source of vagal efferent fibers.

The vagus nerve significantly influences glucose homeostasis. It modulates pancreatic insulin secretion
and hepatic glucose production through its efferent and afferent pathways. The efferent fibers of the
vagus nerve facilitate the release of insulin from the pancreas, thus promoting glucose uptake by tissues
and maintaining blood glucose levels. Additionally, the DMV has been implicated in the feed forward
release of insulin prior to meal consumptions known as the cephalic phase insulin response.
Dysregulation of vagal activity has been implicated in metabolic disorders such as diabetes mellitus,

where impaired vagal signaling can lead to reduced insulin sensitivity and abnormal glucose production.

In addition to its role in metabolic control, the vagus nerve exerts a profound influence on cardiac
function. It modulates heart rate, myocardial contractility, and atrioventricular conduction through its
extensive innervation of the heart. The vagal efferent fibers, originating from the DMV, release
acetylcholine, which binds to muscarinic receptors on cardiac cells, leading to a decrease in heart rate
(negative chronotropic effect) and a reduction in the force of contraction (negative inotropic effect).
This parasympathetic control counterbalances the sympathetic nervous system, maintaining
cardiovascular stability. Furthermore, the effects of the DMV and vagus nerve on the heart are clinically

significant for mood disorders such as anxiety and post-traumatic stress disorder (PTSD), where



dysregulated heart rate variability and vagal tone have been observed. Dysfunction in vagal activity has
been associated with various cardiac pathologies, including arrhythmias and heart failure, where

diminished vagal tone can exacerbate disease progression.

This dissertation aims to explore the intricate roles of the vagus nerve and the DMV in regulating

glucose tolerance and cardiac functions. By elucidating the mechanisms underlying vagal control of
these vital processes, this research seeks to contribute to a better understanding of how autonomic
dysregulation can lead to metabolic and cardiovascular phenotypes and how these systems may be

therapeutically targeted for interventions.

Understanding the multifaceted roles of the vagus nerve and the DMV in glucose and cardiac regulation
is crucial for developing novel strategies to treat metabolic and cardiovascular disorders. This
dissertation will delve into the physiological, cellular, and molecular mechanisms by which the vagus

nerve maintains homeostasis, highlighting its importance as a therapeutic target in modern medicine.
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Summary of Figures

Introduction

Figure 1: Schematic of the functional organization of Nerve X- DMV.

Figure 2: Contrasting effects of glucagon and insulin within glucose regulating tissues
Figure 3: Neuronal innervation of the pancreatic nervous system

Vagal Motor Neurons Control Heart Rate and Anxiety

Figure 4. Optogenetic stimulation of DMV elicits bradycardia in male and female mice:
A: Genetic crossbreeding paradigm used to generate transgenic mice harboring loxP-flanked
ChR2 in Chat-positive motor neurons
B: Photostimulation-evoked action potentials from DMV motor neurons to 20 Hz stimulation.
Representative diagram illustrating confirmed locations of optogenetic probes
D: Representative images of DMV (top) and NA (bottom) stained for the neuronal activation
marker, c-Fos (middle panel; red) and GFP (left panel; green) immunoreactivity confirming c-Fos
activation in DMV, but not NA, after DMV photostimulation
E: Schematic illustrating time course of optogenetic studies in awake mice

F-G: Representative trace (F) and mean HR (G) showing optogenetic stimulation of DMV

produced a bradycardia in mice expressing Chat¢€;ChR2 but not in ChatCr€ mice.

H-I: Representative trace (H) and mean HR (I) showing i.p. muscarinic parasympathetic blocker,
methyl-scopolamine, eliminated the photostimulation-induced bradycardia, while sympathetic
blockage with b-1 receptor blocker atenolol mildly reduced this bradycardia.

J: Representative images of probe site (top) and immunohistochemical staining of NA showing c-
Fos activation after stimulation of NA

K-L: Representative trace (K) and mean HR (L) showing the nicotinic antagonist, hexamethonium

(i.p.) abolished photostimulation-induced bradycardia in both DMV and NA.



Figure 5. DMV innervates cardiac tissue through the vagus nerve in male mice:
A: Schematic showing injection into the epicardial fat pad and labeling in both CVN brain regions
B: Representative images of DMV and NA after cardiac injection of retrograde tracers,
rhodamine (left in red) and cholera toxin subunit B (CT-B; right in green)
C: Both rhodamine and CT-B significantly labeled cardiac projecting neurons in NA and DMV as
analyzed by a repeated measure two-way ANOVA with Sidak’s post hoc

D-E: Representative image (D) and mean cell count (E) showing a right cervical vagotomy

significantly attenuated CVNPMV humbers ipsilateral to vagotomy as analyzed by a two-tailed
paired Student’s t test.
Figure 6. Differential electrophysiological properties of CVN°™Y compared to CVN"* in male mice:

A: Rhodamine-positive DMV neurons showing pipette (top) and rhodamine (bottom; red)

B: Representative immunofluorescence image of CVNDMV showing biocytin recovered patched

cardiac-labeled neurons are cholinergic
C-D: Representative trace (C) and mean firing rate (D) of CVNPMV neurons show significantly

higher spontaneous firing rates compared to CVNNA, with the majority of cvNDMV firing as

analyzed by a Mann Whitney test.

E: No statistical differences in resting membrane potential were found between CVNPMV and
CVNNA using a two-tailed unpaired Student’s t test

F: Representative traces of membrane responses from CVNNA (top) and CVNPMV (phottom) to
stepped current injections

G: Current-voltage (I-V) relationship graph obtained from CVNNA and cyNDMV

H: Rinput was higher in CVNDMV compared to CVNNA ¢ analyzed by a two-tailed unpaired

Student’s t test
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J: Representative action potential responses in CVNNA (top) and CVNPMV (bottom) in response

to 300 pA injection of direct depolarizing current (1). Action potential response curves were higher

in CyNDMV compared to cVNNA i response to 50 pA-step injections of direct depolarizing
current as analyzed by a repeated measure two-way ANOVA with Sidak’s post hoc
Figure 7: Chemogenetic Stimulation of the DMV produces bradycardia and reduces anxiety in both male
and female mice.

A. Schematic of dorsal vagal complex genetic targeting strategy and virus (AAV1-CreON/FIpON-
hM3Dg-HA

B. Representative images of rostral, intermediate, caudal DMV and nAMB stained for HA
(magenta) and H2b-GFP (green) immunoreactivity in Chat-Cre;hox2b-Flp;R26-dsHTB mice
after DMV injection of AAV1-CreON/ FIpON-hM3Dg-HA

C. Percentage of H2b-GFP+ cells immunoreactive for hM3Dg-HA in the rostral, intermediate,
and caudal DMV and nAMB(C). Effect of CNO on HR in DMV-hM3Dq mice over 24-h period.
CNO (1 mg/kg, i.p.) injected at time = 0 min. Data analyzed using repeated measure ANOVA
with Tukey’s post hoc.

D. Effect of i.p. saline, CNO and CNO+MA on HR in DMV-hM3Dq (magenta) and control mice
(black); comparisons are to baseline using a repeated measure ANOVA with Tukey’s post
hoc

E. Effect of i.p. saline, CNO and CNO+MA on HR in DMV-hM3Dq (magenta) and control mice
(black); comparisons are to baseline using a repeated measure ANOVA with Tukey’s post
hoc

F. Schematic of open field experiment

G. Effects of i.p saline and CNO on time in the center

H. Effects of i.p saline and CNO on time spent moving
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I. Correlation between changes in HR and center time between saline and CNO conditions in
DMV-hM3Dq mice

J. Schematic of elevated plus maze (EPM) experiment

K. Effects of i.p. saline vehicle, CNO and CNO+MA administration on open-arm time

L. Effects of i.p. saline vehicle, CNO and CNO+MA administration on time spent moving

M. Pearson correlation between changes in HR and open-arm time in saline vs. CNO conditions
in DMV-hM3Dg mice

N. Effects of i.p. MA and AQ-RA-741 on open-arm time in elevated plus maze, compared to
saline; same saline and CNO+MA data as in Figure 7K.

Supplementary Figure 1: Related to Figure 7

A. Representative images of intermediate DMV hemisphere stained for H2b-GFP (green) and
fluorogold immunoreactivity (blue) in Chat-Cre;Phox2b-Flp;dsHTB mice after (i.p.) systemic
injection of retrograde tracer Fluorogold (136 of 139, 97.8%, Fluorogold+ DMV neurons
were also H2b-GFP+); n=4 mice).

B. Representative images of intermediate DMV stained for HA (magenta) and H2b-GFP (green)

immunoreactivity in R26dS'HTB mice (Cre-/Flp-) after DMV injection of AAV1-CreON/FIpON-
hM3Dg-HA. (n=3)

C. Effect of saline (white), CNO (magenta) and CNO+MA (green) on HR in DMV-hM3Dq and
control mice; comparisons to vehicle. (n=8)

D. Effect of saline or CNO on control mice, which lack hM3Dq expression, open arm time in the
elevated plus maze, n=8 mice.

E. Effect of saline, CNO and CNO+MA in DMV- hM3Dg mice on head dip events in the elevated

plus maze.
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F. Effect of saline, CNO and CNO+MA in DMV- hM3Dg mice on velocity in the elevated plus
maze

Vagal Motor Control of Glucose Metabolism

Figure 8. Calb2 expression marks a discrete population of DMV neurons with unique spatial localization
A. Calb2 expression levels in Chat+DMV neurons
B. Representative RNA scope in situ hybridization of Calb2, Grp and Chat
C. Calb2+ DMV spatial localization model
D. Schematic of DMV; intersectional approach for targeting Calb2+ DMV
E. Calb2-Cre;Chat-Flp;dsHTB mouse
F. Chat-Cre;Phox2b-Flp;CaTCh construct,
G. Representative images of CaTCh expression in rostral, intermediate, and caudal DMV.
Figure 9. Calb2+ DMV neurons project to the pancreas
A: Schematic of PLAP anterograde tracing (top) and fluorescence anterograde tracing (bottom)
B: PLAP anterograde tracing in pancreas from Chat-Cre+ DMV cells
C: PLAP anterograde tracing in pancreas from Calb2-Cre+ DMV cells
D: PLAP anterograde tracing in pancreas from Grp-Cre+ DMV cells
E: PLAP anterograde tracing in stomach from Calb2-Cre+ DMV cells
F-H: Fluorescent anterograde tracing in cleared pancreas from Calb2-Cre+ DMV cells
Figure 10. DMV chemogenetic activation improves glucose tolerance
A. Schematic of optogenetic-IPGTT paradigm
B. Optogenetic-IPGTT, Chat-Cre;Phox2b-Flp;CaTCh, absolute values,
C. Optogenetic-IPGTT, Chat-Cre;Phox2b-Flp;CaTCh, % baseline change
D. Optogenetic-IPGTT, Chat-Cre;Phox2b-Flp;CaTCh, area under the curve

E. Schematic of chemogenetic-IPGTT paradigm



F. Chemogenetic-IPGTT, Chat-Cre;Phox2b-Flp;dsHTB, absolute values,

G. Chemogenetic-IPGTT, Chat-Cre;Phox2b-Flp;dsHTB, baseline change,

H. Chemogenetic-IPGTT, Chat-Cre;Phox2b-Flp;dsHTB, area under the curve

I. Chemogenetic-IPGTT, Calb2-Cre;Chat-Flp;dsHTB, absolute values,

J. Chemogenetic-IPGTT, Calb2-Cre;Chat-Flp;dsHTB, % baseline change,

K. Chemogenetic-IPGTT, Calb2-Cre;Chat-Flp;dsHTB, area under the curve

L. Insulin ELISA Calb2-Cre;Chat-Flp;dsHTB; baseline saline and CNO 1.0mg/kg
Supplementary Figure 2 Related to Figure 9,10

A: PLAP anterograde tracing in stomach from Chat-Cre+ DMV cells

B: PLAP anterograde tracing in liver from Chat-Cre+ DMV cells

C: PLAP anterograde tracing in stomach/LES from Grp-Cre+ DMV cells

D: 3.5mg/kg CNO Chemogenetic-IPGTT, Calb2-Cre;Chat-Flp;dsHTB

E: Males 3.5mg/kg CNO Chemogenetic-IPGTT, Calb2-Cre;Chat-Flp;dsHTB

F: Females 3.5mg/kg CNO Chemogenetic-IPGTT, Calb2-Cre;Chat-Flp;dsHTB

Conclusion Figures

Figure 11: DMV-mediated glucose tolerance Model
Figure 12: DMV-mediated anxiolysis schematic

Figure 13: Hypothesized schematic of DMV-mediated pro-foraging behavior
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Summary of Acronyms

ACh- Acetylcholine

ANS- Autonomic Nervous System
ARC- Arcuate nucleus

AQ- AQ-RA-741

CaTCh- Cre and Flp dependent excitatory opsin
CeA- Central nucleus of the amygdala
CG- Celiac ganglia

ChAT- Choline-acetyltransferase
CNS-Central Nervous System

CNO- Clozapine-n-oxide

CVN- Cardiovagal neurons

DMV- Dorsal Motor Nucleus of the Vagus
DVC- Dorsal Vagal Complex

ENS- Enteric Nervous System

EPM- Elevated Plus Maze

GLP-1- Glucagon like peptide 1

GRP- Gastrin releasing peptide

GSSG- Glucagon receptor

HFD- High Fat Diet

IC- Insular cortex

ISH- in situ hybridization

[.P.- Intra peritoneal

IPG- Intra pancreatic ganglia
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LH- Lateral hypothalamus

MA- Methyl-atropine

mRF- Medullary reticular formation
nAMB- nucleus ambiguous

NE- Noradrenaline

NO- Nitric oxide

NPY- Neuropeptide Y

NRO- Raphe obscurus nucleus

NTS- Nucleus of the solitary tract
OF- Open field maze

PACAP- Pituitary adenylate cyclase activating polypeptide
PB- Parabrachial nucleus

PG- Paravertebral ganglia

PNS- Peripheral Nervous System
PP- Pancreatic Polypeptide

PVH- Paraventricular hypothalamus
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SP- Substance P

T2D- Type 2 Diabetes
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Chapter 1. Introduction

Functional Organization of the Efferent Vagus Nerve

The vagus nerve (VN) or 10" cranial nerve serves as the parasympathetic conduit between the central
nervous system (CNS) and organs of the cardiac, digestive, and immune systems in the abdominal and
thoracic cavities. It is the longest nerve in the autonomic nervous system. While generally referred to by
the singular ‘vagus’ it is important to note that the right and left vagal branches have different, and
sometimes overlapping innervation of target organs (2). The vagus nerve contains both the efferent
motor and parasympathetic fibers from CNS vagal nuclei to visceral organs as well as afferent sensory
fibers from those organs back up to the CNS (1). Approximately ~80% of the VN's fibers are afferent
sensory fibers while only ~20% are efferent motor fibers (2). The VN innervates the pharynx, soft palate,
larynx, heart, lungs, liver, gallbladder, stomach, pancreas, and intestines. In addition to motor reflexes
such as coughing, sneezing, swallowing, and vomiting, the vagus nerve coordinates a host of
physiological functions such as cardiovascular activity, respiration, and digestive processes such as

gastric acid secretion, insulin secretion, and gastrointestinal motility.

The vagus nerve (VN) innervates various tissues, making it a significant focus of research due to
heterogeneity and the multitude of pathological states that can result from its dysfunction. However,
this functional complexity and heterogeneity also poses a challenge, as activating the entire VN affects
multiple organ systems via efferent pathways and alters afferent signaling, complicating the study of
vagal communication between the gut and CNS. This multifunctionality allows for multiple therapeutic
avenues but represents a research obstacle. My research focuses on two key functions of the vagus
nerve: its role in heart rate and glucose tolerance, with particular emphasis on the Dorsal Motor Nucleus

of the Vagus (DMV).
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Anatomy, connectivity, and function of the Dorsal Motor Nucleus of the Vagus (DMV)

The dorsal motor nucleus of the vagus (DMV) is one of four major vagal nuclei in the brain. The DMV,
first described in 1843 (3), is an asymmetrical bilateral nucleus located within the dorsomedial caudal
medulla oblongata of the brainstem. DMV neurons are cholinergic preganglionic motor neurons that

provide parasympathetic motor outputs to the heart, esophagus, stomach, intestines, pancreas, portal

Dorsal motor
‘ nucleus of the vagus

{(OMV) acradas

Figure 1: Nerve-X; Functional Targets of the Dorsal Motor Nucleus of the Vagus (DMV). {Modified from 24}
vein, biliary and the liver [Figure 1, modified from 4] (1,4). The preganglionic motor fibers of the DMV
synapse onto postganglionic neurons located in or around the targeted organs. In a coronal slice of the
brainstem, the DMV lays sandwiched inferior to the NTS (nucleus of the solitary tract) and superior to
the XII™" nucleus, running adjacent to the IVt ventricle (2). In a horizontal brain section, the DMV makes
a Y shape. Anterior to the central canal, both hemispheres of the DMV are bifurcated distally. At the
rostral-caudal level of the central canal both hemispheres of DMV converge into a unified midline
nucleus just dorsal to the canal. Most, or all these preganglionic parasympathetic motor neurons are
cholinergic. However, catecholaminergic and nitrergic neurons projecting subdiaphragmatically have

also been categorized (5). Smaller neurons also exist within the DMV that don’t project through the
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vagus and are thought to be inhibitory interneurons (6). In addition to neurons, astrocytes may play a
role in vagal regulation as astrocyte depletion in the NTS leads to decreased vagal function such as

decreased baroreflex and cardiorespiratory reflex (7).

The anatomy of the DMV provides insights into its functional structure. Vagal afferents innervating the
NTS form a viscerotropic map of subnuclei organized along the rostro-caudal axis (8). NTS axons and
DMV dendrites extend across their common border, this loose border can make spatial stimulation
results difficult to interpret (6,10). The DMV is also organized viscerotopically but instead along the
mediolateral axis. The orthogonal arrangement between the NTS and DMV means that each functional
column of the DMV is physically near all of the subnuclei of the NTS (9). This physical proximity and
organization mean that all sensory inputs can connect with all motor outputs of the vagal system.
Anterograde and retrograde tracing studies have elucidated some of the structural organization within
the DMV. Neurons within the DMV are situated in longitudinal columns which lay medial-lateral and run
rostral-caudal (12,13). These columns represent a viscerotropic map as these columns correspond to
different branches of the vagus. Neurons in the left DMV form columns which represent the hepatic,
accessory coeliac, and anterior gastric branches while neurons in the right DMV represent the coeliac
and posterior gastric branches (10,11,12). The relationship between spatial position and functional
output within the DMV can be shown experimentally. Microinjection of glutamate into the rostral and
caudal extents of the DMV typically result in opposing functional outcomes. For example, glutamate
injection into the rostral DMV elicited gastric contraction while injection into the caudal DMV increased

gastric relaxation (9,13).

Inputs and Outputs of the DMV
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DMV neurons receive interoceptive and exteroceptive input from the viscera and CNS, respectively.
Sensory information from the viscera travels along vagal afferents to the NTS which in turn densely
innervates the DMV. The DMV also receives afferent inputs from other CNS structures. Hypothalamic
regions such as the arcuate nucleus (ARC) and lateral hypothalamus (LH) and the paraventricular
hypothalamus (PVH) send direct projections to DMV. Indirect inputs from other CNS structures such as
the insular cortex (IC), central nucleus of the amygdala (CeA), mesencephalic central grey matter,
parabrachial nucleus (PB), medullary reticular formation (mRF), and the raphe obscurus nucleus (NRO)
have also been previously described (14,15,16). One of the main inputs to the DMV is the NTS which
modulates DMV activity via both inhibitory and excitatory synaptic inputs (14,17,18). As the NTS
receives vagal sensory information the DMV-NTS represents a bridge between vagal sensory information

and vagal motor output.

Approximately ~80% of DMV neurons give rise to preganglionic parasympathetic fibers which innervate
the airways, heart, esophagus, stomach, intestines, pancreas, hepatic portal vein and biliary (2,4). The
DMV also projects to the liver, but whether the DMV directly innervates the liver or signals indirectly is
still a matter of debate (20,51,52,166). Preganglionic parasympathetic motor neurons of the DMV
synapse onto postganglionic cells in or around target organs of the digestive system. In the pancreas
these postganglionic cells form intrapancreatic ganglia which then synapse onto effector cells such as
the beta cell of the islets. In the heart, the target of DMV innervation are cardiac ganglia which go onto

the innervate the SA node (19).

In addition to its synaptic inputs, the DMV also receives endocrine signals. Adjacent to the DMV, the
area postrema (AP) is one of the select brain regions not enveloped by the blood brain barrier. Dendrites

from DMV neurons extend far beyond their regional boundary, reaching out through the NTS and
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towards the AP. This proximity of the DMV and AP, coupled with the dendritic morphology of DMV
neurons allows the DMV access to circulating signaling molecules not available in most brain regions.
Indeed, within the AP, NTS and DMV there exist receptors for Gl peptides (ghrelin, TRH, pancreatic
polypeptide) which are secreted from digestive organs. In one experiment, ghrelin infusion into the
intracerebroventricular space led to an increase in pancreatic secretion, with vagotomy completely
removing this effect (21). The contribution of nonneuronal signaling to DMV function is not fully

understood.

While the innervation targets and structural organization of the DMV has largely been elucidated, what
remains unclear is the molecular composition and functional organization of neuronal cell types within
the DMV. Two potential models for the DMV’s functional architecture have been proposed. In the “one-
to-all” model, neurons of the DMV are all one molecular subtype but innervate different organs. In the
second “functional units” model, molecularly distinct subgroups of the DMV carry out different

physiological functions (24,25).

In support of the “functional units” theory, at least seven genetically distinct subtypes of neurons were
recently found in the mouse DMV. Two of these genetically distinct subgroups (DMV-Cck and DMV-
Pdyn) are distinct but both innervate the glandular stomach, where they appear to carry out opposing
functions. DMV-Cck neurons preferentially synapse onto Chat* neurons in the stomach while DMV-Pdyn
neurons preferentially synapse onto Nos1® neurons in the stomach (24). The functionally opposite roles
of Chat* and Nos1* neurons in the stomach (e.g., gastric contraction and gastric relaxation respectively)
point towards a functional units model of the DMV in which spatially and genetically distinct neurons
mediate discrete vagal functions. Recently, this model has received additional support as genetically

distinct subpopulations within the nucleus ambiguous have been shown to separately innervate either
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the esophagus or pharynx (25,27). If the functional units model of the Dorsal Motor Nucleus of the
Vagus (DMV) is correct, we would expect distinct molecular groups within the DMV to control specific
target organs, such as the pancreas and heart, thereby regulating functions like glucose and cardiac

regulation, respectively.

DMV Modulation of Cardiac Function

Subsets of vagal efferent neurons project from the hindbrain (DMV and nAMB) to the cardiac ganglia via
the vagus nerve and are known as cardiovagal neurons (CVNs). Upon activation, CVNs release
acetylcholine onto ganglionic nicotinic acetylcholine (ACh) receptors. These cardiac ganglia neurons then
release ACh onto muscarinic receptors on cardiac pacemaker cells, primarily located in the sinoatrial
(SA) node and atrioventricular (AV) node. This binding inhibits the activity, thereby slowing the heart
rate and decreasing ventricular contractility. These CVN projections elicit cardioinhibition at both rest
and during homeostatic reflexes. Of the two vagal efferent regions, the nAMB, which contains 80% of
CVNs, has been shown to significantly affect heart rate and is thought to be the major, if not the sole,

arbiter of parasympathetic modulation of heart rate (5,28,26).

Despite anatomical evidence for CVNs in the DMV, conflicting functional data has kept the DMV’s
control of heart rate as controversial. In previous studies electrical activation of the DMV resulted in no
change significant change to HR (28,29). Contrasting these findings, L-glutamate injected into the left
DMV causes a significant reduction in both left ventricle contractility and heart rate (30). Recently it has
been shown that Vagal nerve stimulation can facilitate CPR in rodents. Animals with CPR+VNS were
resuscitated 90.91% rather than 83.33% with CPR alone. Both the increased resuscitation probability

and the lower amounts of myocardial ischemia were linked to the decreased use of oxygen as a result of
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vagal-bradycardia (31). One major limitation of previous studies was the inability to look at heart rate in
awake behaving mice as their protocols required anesthesia which would impact basal heart function.
Another critical limitation was the inability to specifically target DMV CVN’s without influencing other
neuronal populations such as the NTS or potentially inhibitory interneurons of the DMV. Both of which
are populations that exert inhibitory effects on the DMV and could significantly influence DMV activity.

Therefore, whether DMV neurons are capable of decreasing heart rate remains unclear.

Vagal Control of Emotions

Interest in vagal physiology has surged lately, largely spurred by the expanding therapeutic applications
of vagus nerve stimulation (32) and the importance of interoception to health and well-being. Beyond its
cardiovascular effects, emerging research has highlighted the vagus nerve's involvement in the
regulation of emotional states and motivation. Recently, it has been shown that a gut-brain circuit from
vagal sensory neurons plays a role in motivation and dopamine release (33). In addition, the vagus nerve
serves as a crucial component of the neurobiological pathways underlying the stress response,

influencing both the physiological and psychological aspects of anxiety (165).

Notably, vagus nerve stimulation shows promise in treating anxiety and post-traumatic stress disorder
(32). In studies with rats, vagus nerve stimulation has been shown to hasten the extinction of
conditioned fear and reduce anxiety-like behavior (34,35). Similarly, in humans, there's evidence
suggesting that vagal nerve stimulation could alleviate treatment-resistant anxiety disorders (36).
However, the precise mechanism behind the anxiolytic effect of vagal stimulation remains elusive. Given
that the vagus nerve operates bidirectionally, transmitting sensory information from the body to the

brain and motor signals from the brain to the body, it's unclear whether the reduction in anxiety stems



23

from sensory or motor signaling. It also remains unclear why the DMV, which canonically handles

anticipatory gut-brain metabolism would be having such a pronounced effect on heart rate/anxiety.

Glucose Homeostasis

Glucose regulation is essential for maintaining brain function and overall neural health. The brain,
despite making up only 2% of body weight, consumes about 20% of the body's glucose supply, reflecting
its high energy demands. This energy requirement is crucial but comes with significant risks to survival.
The digestion and absorption of nutrients can disrupt internal osmolarity and cause rapid increases in
blood glucose levels, which, if not properly controlled, can be harmful. Glucose is vital for numerous
neural processes such as synaptic transmission, neurogenesis, and cellular homeostasis. However,
excessive circulating glucose can damage the vascular system and impair organ function. Therefore,
maintaining blood glucose within a narrow range (4-6 mM) (108) is critical for health. This tight
regulation is primarily managed by the pancreas, liver, adipose tissue, muscle, and brain, which
communicate through neural and endocrine signals to maintain glucose homeostasis. Dysregulation of
glucose levels, as observed in conditions such as diabetes and hypoglycemia, can lead to vascular
damage, cognitive deficits, mood disorders, and an increased risk of neurodegenerative diseases like

Alzheimer's disease.

Glucose tolerance refers to the body's ability to regulate blood glucose levels following the ingestion of
glucose, which is vital for maintaining glucose homeostasis. An organism with higher glucose tolerance
can consume more glucose before reaching the same blood glucose levels as one with lower tolerance.
There are two types of glucose tolerance mechanisms: reactive mechanisms, which activate in response

to glucose blood levels, and anticipatory mechanisms, which are triggered before glucose enters
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circulation. The brain plays a key role in managing both types of mechanisms by sensing blood glucose
changes and activating the appropriate regulatory pathways. This involves a complex interplay of neural
circuits, metabolic pathways, and hormonal signals, making it essential to understand these processes

for developing interventions that address impaired glucose metabolism.

Glucose, Insulin, Glucagon, Somatostatin, GLP-1

Glucose is monosaccharide, a subset of carbohydrate, and the body’s main source of energy. Glucose is
broken down through glycolysis to pyruvate and usable energy in the form of adenosine triphosphate
(ATP). Prior to meal consumption, glucose levels are low. Glucose levels being to steadily rise shortly
after meal consumption (0-10min) and peak (~1hour) after meal ingestion, returning to baseline in (~2-
3hours) (40,41). When glucose levels are high, glucose can be converted into glycogen through
glycogenesis to be stored for later use. When these glycogen stores are needed, they can be broken
down into glucose in a process called glycogenolysis. And finally, in the absence of available stores,
glucose can be synthesized in the liver from amino acids and pyruvate in a process called
gluconeogenesis. These processes allow glucose to be generated or stored as needed and are subject to
regulatory mechanisms which control blood glucose levels. The major molecules involved in glucose
homeostasis are glucose, insulin, glucagon, somatostatin, and glucagon-like peptide (GLP-1). These

molecules each affect the others in a complex web of regulation.

Insulin is an anabolic peptide hormone produced by the beta cells of the pancreas. Insulin regulates
carbohydrate metabolism by facilitating glucose absorption from the blood and into adipose, liver, and
skeletal muscle cells. Insulin has tissue specific effects. In skeletal muscles insulin signaling increases

glucose uptake and glycogen synthesis while decreasing glycogenolysis and gluconeogenesis. In adipose
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tissue, insulin causes an increase in glucose uptake, glycogen synthesis and triglyceride synthesis while
decreasing lipolysis. In the liver insulin acts to increase glycogen synthesis while decreasing
glycogenolysis. Insulin release occurs in a biphasic manner. The first phase is a rapid, short-term
response that uses pre-stored insulin. The second phase is a slower, more sustained response involving
newly synthesized insulin. The first phase of insulin release is an initial and rapid release of insulin from
the pancreas in response to elevated glucose levels. Lasting ~10min and primarily driven by pre-stored
insulin, this phase is crucial for reducing blood glucose levels quickly. The second phase is induced by
blood glucose levels rising during nutrient absorption, represents the bulk of insulin released, and
reaches a peak after ~2-3 hours (61). Interestingly, one of the first beta-cell deficits seen in individuals
who develop T2D is the attenuation of first phase insulin secretion (63). The loss of first phase insulin
secretion occurs in patients with impaired glucose tolerance or who are in the initial stages of T2D
(63,64)). Interestingly, while these individuals have decreased first phase secretion, they generally have
a higher second phase insulin secretion. Indicating compensation, this increase in second phase insulin
secretion represents a net increase in insulin secretion across both phases yet is less effective at limiting

post-prandial glycemia.

Glucagon, produced in the alpha cells, is a catabolic peptide hormone that opposes the function of
insulin. Glucagon’s ultimate effect is to increase available glucose in the blood. Like insulin, glucagon has
tissue dependent effects. In adipose tissue glucagon decreases the level of lipolysis. The liver is the main
locus of glucagon’s glycemic effects. Glucagon signals the liver to increase glycogenolysis,
gluconeogenesis, amino acid uptake and fatty acid catabolism. Despite glucagon’s canonical role as a
catabolic peptide there are, conditions under which glucagon may act to paradoxically potentiate insulin
release and decrease glucose levels. Glucagon is known to stimulate insulin secretion indirectly by

promoting hepatic glucose output, which elevates blood glucose levels. This rise in blood glucose can
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enhance insulin secretion from beta cells. Glucagon has also been shown to directly this process through
the beta-cell's glucagon receptor (GCGR) (44). In a fed, high glucose state glucagon can also act on beta-
cells GLP-1Rs to increase insulin secretion and lower glucose (42). Similarly, ablation of alpha cells or
alpha cell secretory products resulted in impaired insulin secretion (43). These studies suggest that
glucagon may be an important potentiation mechanism of beta cell insulin secretion. The consequences
of glucagon’s contrasting functions to glucose regulation will be explored during the summary. The
dynamics and relative abundance of these signaling molecules work in concert to modulate blood

glucose levels.

Glucagon-like peptide 1 or GLP-1 is the only major glucose-regulating peptide not secreted by the
pancreas. Instead, GLP-1 is secreted by enteroendocrine L-cells of the intestine. These L cells act as
nutrient sensors, and release GLP-1 in response to sugars. GLP-1 has two major roles in digestion and
glucose homeostasis. First at the local environment level GLP-1 activates parasympathetic vagal-vagal
reflexes. In the intestine GLP-1 activates vagal afferent fibers that terminate in the brainstem where
they initiate efferent vagal activity to target organs such as the liver, pancreas, muscles, and blood
vessels. In the pancreas GLP-1 acts directly on the islet cells to suppress glucagon release while
stimulating insulin release (44,45). In the liver, it acts to reduce glucose production. Glucose levels must
be elevated above fasting levels for GLP-1 to have its reductive effect. Consequentially, the ability for
GLP-1 to reduce blood glucose levels is glucose dependent. This property is also dose/concentration
dependent. So as post-meal glucose levels fall (partly in response to GLP-1’s actions) so too does GLP-1's
effectiveness at lowering those levels. The functions and properties of GLP-1 have made it a prime
target for diabetic therapies. GLP-1 analogs, GLP-1 receptor agonists and drugs which prevent enzymatic

cleavage of GLP-1 are all current therapies used in the treatment of type 2 diabetes.
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Somatostatin is produced by delta cells. Unlike both insulin and glucagon, somatostatin does not act on
distant targets, instead it is released locally in the islet in response to a range of glucose levels.
Somatostatin inhibits both glucagon secretion from alpha cells as well as insulin secretion from beta
cells. Because somatostatin negatively regulates both hormones, it can act to fine tune pancreatic

hormone secretions and ultimately blood glucose levels.

Pancreas
By volume, most of the pancreas (98%) is exocrine acinar cells, which release the digestive enzymes
amylase and lipase through the pancreatic duct into the duodenum of the small intestine to break down
starches and fats, respectively. Since amylase breaks down starches into glucose, it directly increases the
amount of glucose that can be absorbed into the bloodstream. The relatively scarce endocrine cells form
morphologically and spatially distinct islands of endocrine tissue aptly named islets. The islets contain
five cell types in varying amounts, each responsible for the production and secretion of various
hormone(s):

e Alpha cells constitute 15-20% of the islet cells and produce/secrete glucagon.

e Beta cells, 65-80%, produce C-peptide and insulin.

e Delta cells, 3-10%, produce somatostatin

e Gamma cells, 3-5%, produce pancreatic polypeptide.

e Epsilon cells, <1%, produce ghrelin.
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Figure 2: Contrasting functions of insulin and glucagon in glucose regulating tissues, islet-islet interactions {Modified from 46}

The islet cell types, their hormones and their effects on blood glucose are summarized in Figure 2 (46).

Vascular innervation of the islets is essential as it allows for the endocrine delivery of these signaling
hormones to the blood stream, target organs and peripheral tissue. As such mechanisms that increase
or decrease blood flow could have effects on glucose regulation by increasing perfusion of insulin for
example. It is the production, secretion, timing, and efficacy of these hormones that is so essential to

the regulation of glycemic levels (2,77).

28
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Pancreatic islets are under both direct control from the pancreatic nervous tissue and indirect control
from the CNS. The pancreas nervous system consists of extrinsic nerves and intrinsic clusters of neural
cells known are intrapancreatic ganglia. These ganglia are made up of neurons, glial cells, and nerve
fibers and are found throughout the pancreas, alongside nerve trunks (49,50). They innervate islets and
receive innervation from the parasympathetic, sympathetic, and enteric nervous systems as well as
other intrapancreatic ganglia [Figure 3]. This interconnectedness allows these ganglia to integrate the
sensory/motor information coming from the brain/gut and coordinate islet functions (20, 28, 29). The
source of synaptic input to these ganglia is understood to some degree. Parasympathetic inputs
originate from the dorsal motor nucleus of the vagus (DMV) while sympathetic input originates from the

celiac ganglia (CG), superior mesenteric ganglia (SMG), and paravertebral ganglia (PG). Enteric neurons
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Figure 3: Intrapancreatic ganglia receive input from the PNS, SNS, ENS and other intrapancreatic ganglia (IGP). CG celiac
ganglia, SMG superior mesenteric ganglia, DRG dorsal root ganglia, NG nodose ganglia {modified from 28}



30

in the myenteric plexus also innervate these ganglia, though the effect and functional importance of
enteric innervation is not fully understood.

Liver

Claude Bernard was the first to outline the liver’s role in glucose production and regulation
experimentally, showing vagotomy reduced hepatic glucose production (51,52). Depending on need, the
liver can release/synthesize glucose to increase glycemia, or store excess glucose in the form of
glycogen, effectively lowering glycemia. Insulin signaling in the liver promotes a decrease in blood
glucose via two mechanisms. First, insulin promotes glycolysis by increasing expression of a gene which
codes for a crucial enzyme in the conversion of glucose into glucose-6-phosphate. Secondly, insulin acts
to downregulate glucose-6-phosphatase and phosphoenolpyruvate expression which promote glycolysis
and demote gluconeogenesis, respectively. Through these mechanisms, insulin signaling in the liver
decreases blood glucose levels. Opposing insulin, glucagon signaling in the liver promotes an increase in
blood glucose via activation of PKA. The effects of PKA activation inhibit glycolysis and glycogenesis and
stimulate glycogenolysis and gluconeogenesis (39). In addition to hormonal influences, recent studies

point to an increasingly key role of neuronal modulation in hepatic glucose production/regulation.

The liver, like the pancreas, receives input from both the parasympathetic and sympathetic branches of
the autonomic nervous system (51,52). Activation of the parasympathetic nervous system significantly
dampens hepatic gluconeogenesis (53). Additionally, a population of POMC+ neurons in the
hypothalamus signal via the DMV to the liver. Activation of melanocortin-4 (Mc4r) receptors inhibits
Chat+ DMV neurons and optogenetic inhibition of liver-projecting parasympathetic cholinergic fibers
increases blood glucose levels (56). However, the exact role of DMV signaling to the liver remains
controversial. Recent studies have shown that chemogenetic activation of cholinergic DMV neurons

increased glucose levels via hepatic gene expression in mice (56). The authors note the discrepancy of
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DMV neuron activation's effect on liver function, suggesting it may depend on the metabolic state, as
the study was conducted under fed- compared to the usual fasted-condition. Communication between
the brain and liver, as well as between the pancreas and liver, links glucose sensing and glucose

production, which is necessary for proper glycemic regulation.

Anticipatory Glucose Regulation

Prior to and throughout meal consumption the body acts in a feedforward fashion to minimize
homeostatic disruptions. For instance, anticipating an increase in blood osmolality due to absorption of
solutes, the brain triggers a pre-emptive increase in thirst. Similarly, the brain anticipates an increase in
blood glucose levels during a meal and so pre-emptively increases insulin release when a meal begins.
These anticipatory responses are essential to maintaining homeostatic variables, such as blood
osmolality and glucose, within a narrow range. This is because reactive mechanisms, such as glucose-
induced insulin release, tend to produce large oscillations in homeostatic variables. ‘Reactive’ glucose
regulating mechanisms only get activated in response to increasing blood glucose levels. The large
variance between internal glucose-states immediately preceding, during, and following a meal
represents a challenge for these reactive mechanisms. Primarily in that, feedback-only regulation could
result in oscillations that take the organisms outside of healthy glycemic ranges. If, however, an
organism can predict the timing and degree of homeostatic disturbance (e.g., large glucose influx)
before it occurs, it can make changes that “flatten the curve” in glycemia and so reduce the risk of tissue
damage due to hyperglycemia. This anticipatory, or feed forward, mechanism works in conjunction with
reactive feedback mechanism (e.g., glucose-induced insulin release) to efficiently maintain glycemic

homeostasis (33).
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Anticipatory responses to feeding were observed and studied as early as 1897. lvan Pavlov’s
experiments with dogs introduced classical conditioning and showed that anticipatory digestive
responses, such as salivation and gastric secretion, could be conditioned (58). For instance, his
experiments showed that the presence of food in the mouth is a powerful prompt for gastric secretions.
In anticipation of food entering the stomach, the brain, working through the vagus nerve, induces gastric
secretions to prepare for digestion (71). Dogs learned to associate an auditory cue with food
presentation and eventually would salivate upon hearing the auditory cue, without any food. This
demonstrates that anticipatory digestive responses can be cued by a conditioned environmental stimuli,
and how, once learned, those stimuli are sufficient to cause the same anticipatory responses as food
presentation itself. Pavlov referred to the anticipatory changes in digestive function that occurred at the
start of a meal as the cephalic phase of digestion. Cephalic phase responses (CPR) are those anticipatory
changes that occur during this pre-digestive state. Innately present but shaped by experience, these
cephalic responses use internal and external sensory information to mitigate the homeostatic

disruptions of meal consumption (57).

Cephalic Phase Insulin Response

Cephalic responses have been observed for many physiological processes: salivation, gastric acid
secretion, release of gastrin, lipase, immunoglobulins, ghrelin, bicarbonate, amylase, trypsin, insulin, and
pancreatic polypeptide (16,59). CPIR or the cephalic phase insulin response is defined as the anticipatory
release of insulin prior to meal digestion that facilitates post-prandial glucose homeostasis. In other
words, CPIR reduces the glucose load, or the extent to which a meal will increase blood glucose. In

humans, the peak increase in plasma insulin occurs shortly (4 minutes) after sensory stimulation and
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returns to baseline after about 10 minutes. This rapid response accounts for only ~1% of all secreted

insulin that occurs during a meal (37).

While the amount of insulin released during CPIR is relatively tiny, blocking or circumventing CPIR can
have a dramatic effect on periprandial glycemia (61). The physiological significance of CPIR in rodents is
well established. Yet the significance of CPIR in humans has remained controversial. Human studies have
shown an absent, mild, or strong cephalic phase insulin response across different experimental
paradigms (62). The varying procedures, administration methods and analysis may make sense of inter-
study differences to some degree. Additionally, differences in prior diet could modulate an individual’s
response to those stimuli found in their diet. For example, one common discrepancy is whether
individuals have CPIR in response to nonnutritive sweeteners. It could be that individuals who always eat
lunch with a diet soda would show a significantly different effect when given the nonnutritive sweetener
within diet soda, than those who drink diet soda alone. While the CPIR is a clear mechanism for
improved glucose homeostasis and is vital in rodents, its importance in humans is mixed and

inconclusive.

The importance of anticipatory glucose regulation can be experimentally shown by bypassing or
removing the cephalic phase responses from the digestive process (done by injecting nutrients directly
into the stomach or bloodstream, bypassing the oral cavity). Without the experience of eating, food
entering the body circumvents feedforward control of digestion, decreasing the efficiency of nutrient
digestion, absorption, and metabolism (16). While not necessary for digestion, the cephalic phase

primes both the gastric and intestinal phases and allows for optimal digestion efficiency.
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What could be the evolutionary advantage of CPIR? One possibility is that it allows animals to consume
larger, less frequent meals. For instance, one study specifically denervated pancreatic beta cells in rats
to investigate the importance of CPIR to meal size. First, rats were given a drug (streptozotocin) which
destroys beta cells activity and induces a severe diabetic phenotype (65). After it was shown that these
rats cannot secrete insulin, they were given a beta-cell transplant. Importantly, these transplanted beta
cells can react to levels of glucose but are not neuronally innervated. Despite their beta cells still
working reactively to manage glycemia, these animals show no cephalic insulin secretion but do
behaviorally compensate by reducing their meal size (66,67). Animals who have had their vagus nerve
surgical cut (vagotomized) will also have significantly higher levels of blood glucose compared to control
animals given the same caloric load (65,66,67). Put another way, without CPIR, animals don’t secrete
enough insulin early enough to prime metabolic organs and ultimately can’t handle the glucose
challenge of larger meals. Interestingly, animals and people who have had a vagotomy consume smaller
meals, potentially as a means of alleviating the undesirable effects of high blood glucose brought about
by their lack of CPIR (65,66). CPIR likely evolved to enable optimal glucose homeostasis and allow for
less frequent and larger meals to be consumed (57) The larger the meal, the larger potential increase in
blood glucose levels. CPIR reduces the effective glucose load of a meal and therefore allows for larger

meals to be consumed at once.

The ability to consume larger meals reduces the energy expenditure and risks associated with extensive
foraging (70). In environments where food acquisition incurs no significant cost, animals typically
mitigate the potential negative effects of large meals by consuming many small meals throughout the
day (57). However, as risk or the energetic cost of acquiring food increases, animals tend to consume
larger meals less frequently. This behavior reflects a trend towards an equilibrium between the

metabolic consequences of larger meals and the costs associated with food acquisition. Mechanisms



35

such as the cephalic phase, which reduce the metabolic impact of larger meals, effectively shift this

equilibrium.

DMV Control of Anticipatory Glucose Homeostasis/Cephalic Phase

The vagus nerve (VN) is the cable through which the brain directs cephalic responses and is necessary
for the CPIR. The VN’s role in mediating cephalic responses has been studied since Pavlov (58,71)).
Interventions which inhibit vagal communication decrease cephalic responses while activating the VN
enhances or recapitulates these responses. Experimentally cutting the VN, a procedure known as a
vagotomy, significantly reduces cephalic phase insulin secretion in sheep (68) and reduces portal vein
insulin levels in dogs (79). Conversely, VN stimulation elicits insulin secretion in both dogs and rats

(72,73) and significantly improves insulin sensitivity in rats (74).

Several other lines of evidence point to the vagus as the locus for anticipatory glucose regulation. Firstly,
profound effects on glucose and insulin can be observed via vagal stimulation. Stimulation of both
afferent and efferent vagal fibers yields different results then stimulating efferent or afferent
projections independently (73). Dual afferent and efferent stimulation resulted in increased blood
glucose, increased glucagon secretion, and no change in insulin. Afferent VN stimulation alone resulted
in increased blood glucose with no changes to insulin or glucagon (73).Efferent stimulation alone
resulted in no increase in blood glucose while eliciting an increase in both insulin and glucagon secretion
(47). This has implications for VN stimulation therapies as it suggests that stimulation of the afferent VN
could suppress insulin secretion caused by efferent stimulation. As the vagus is critical, vagal nuclei are a

reasonable place to look for the control of this preemptive glucose control.
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The DMV is likely the locus for control of CPIR, since (1) it is the only vagal efferent nucleus which
innervates the pancreas and (2) previous studies have shown that manipulating DMV neuron activity
affects insulin secretion and glucose tolerance. Early studies showed a prompt rise of both glucagon and
insulin with electrical cervical-vagal stimulation which depended on the vagus nerve (29). DMV-specific
electrical stimulation has also been observed to cause significant insulin release and was abolished by
either pre-treatment of the muscarinic antagonist atropine or vagotomy (77). Chemogenetically
activating Chat+ neurons in the hindbrain with hM3Dq led to an increase in IPGTT tolerance while
inhibition via hM3Di conversely led to loss of tolerance (78). These results show that the DMV is capable

of increasing blood insulin levels and glucose tolerance.

The necessity of cholinergic signaling to cephalic responses can be shown as administration of the
muscarinic antagonist atropine blunts or blocks parasympathetic vagal motor activity and reduces
gastric tone, motility, and insulin secretion (15,17). The gene Chat encodes an enzyme necessary for the
biosynthesis of the neurotransmitter acetylcholine, and so cholinergic neurons express Chat. One
important aspect of Chat+ DMV neurons is their pace making activity, that is, intrinsic slow and
spontaneous activity. This is important as it means small changes in membrane potential within the
DMV can have magnified downstream effects (11). A neighboring brain region, the NTS, regulates the
DMV via both excitatory and inhibitory connections. Chemogenetic activation of inhibitory NTS neurons
reduced the tonic firing of DMV neurons, increased blood glucose, and elicited a significant increase in
PEPCK1 expression,