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Abstract  
 
The vagus nerve, also known as the 10th 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 
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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 Chatcre;ChR2 but not in Chatcre 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.  
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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 Sıdak’s post hoc  

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

significantly attenuated CVNDMV numbers ipsilateral to vagotomy as analyzed by a two-tailed 

paired Student’s t test.  

Figure 6. Differential electrophysiological properties of CVNDMV compared to CVNNA 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 CVNDMV 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 CVNDMV and 

CVNNA using a two-tailed unpaired Student’s t test 

F: Representative traces of membrane responses from CVNNA (top) and CVNDMV (bottom) to 

stepped current injections  

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

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

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

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

in CVNDMV compared to CVNNA in response to 50 pA-step injections of direct depolarizing 

current as analyzed by a repeated measure two-way ANOVA with Sıdak’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/FlpON-

hM3Dq-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/ FlpON-hM3Dq-HA  

C. Percentage of H2b-GFP+ cells immunoreactive for hM3Dq-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  



 11 

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-hM3Dq 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/FlpON-

hM3Dq-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- hM3Dq mice on head dip events in the elevated 

plus maze.  
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F. Effect of saline, CNO and CNO+MA in DMV- hM3Dq 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  
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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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Chapter 1. Introduction 

Functional Organization of the Efferent Vagus Nerve 

 

The vagus nerve (VN) or 10th 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 

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 XIIth nucleus, running adjacent to the IVth 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 

Figure 1: Nerve-X; Functional Targets of the Dorsal Motor Nucleus of the Vagus (DMV). {Modified from 24} 
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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 GI 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 
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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): 

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

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

• Delta cells, 3-10%, produce somatostatin 

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

• Epsilon cells, <1%, produce ghrelin. 
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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). 

Figure 2: Contrasting functions of insulin and glucagon in glucose regulating tissues, islet-islet interactions {Modified from 46} 
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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 

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} 
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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. Ivan 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, a rate-limiting enzyme in gluconeogenesis (78). In a separate study, optogenetic 

stimulation of glucose-dependent inhibitory (Glut2+) neurons in the NTS led to an increase of vagal 

activity and an increase in glucagon secretion (9). Therefore, DMV neuron activity is necessary for 

glycemic control and so likely the locus of CPIR. 
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While parasympathetic fibers originating in the DMV innervate both endocrine and exocrine aspects of 

the pancreas, it is this innervation of the endocrine pancreas through intrapancreatic ganglia which gives 

rise to insulin secretion and CPIR (48,80). It is still unclear if parallel or collateral projections from the 

DMV innervate the islets directly or if all parasympathetic efferents are first relayed through 

intrapancreatic ganglia (49). Within intrapancreatic ganglia, preganglionic fibers from the DMV primarily 

release acetylcholine (ACh) onto their postganglionic targets, although they have also shown to release 

vasoactive intestinal peptide (VIP), gastrin releasing peptide (GRP), pituitary adenylate cyclase activating 

polypeptide (PACAP) and nitric oxide (NO) (50). These signaling molecules are also released from the 

intrapancreatic postganglionic target neurons in addition to neuropeptide Y (NPY), noradrenaline (NE), 

galanin and substance P (SP) (50). Acteylcholine (Ach) signaling in the islets primarily stimulates insulin 

secretion via beta cell M3 muscarinic receptors. Glucagon secretion can be controlled by ACh, GRP and 

VIP, norepinephrine (NE), and epinephrine (EPI) signaling. These signals represent a small fraction of the 

forces that can influence beta and alpha cell secretion. 

 

Hormonal control of glycemia is influenced by the release of ACh, GRP, VIP, NE, and EPI. The DMV may 

have access to circulating hormones through the nearby circumventricular organ, area postrema, since 

DMV dendrites extend close to the AP (6). DMV neurons express receptors for pancreatic polypeptide 

(PP), ghrelin, GLP-1, NO and thyrotrophin-releasing hormone (TRH) (19). The differential release of 

various hormones would have consequences on blood glucose levels as different aspects of the beta 

cells respond differently to different transmitters/hormones. Therefore, through the release of a 

cocktail of certain signals, the DMV can modulate pancreatic islet function.  The complex interplay of 

these signals helping to regulate insulin and glucagon secretion has not been fully explored. 
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The DMV’s role in glycemic regulation appears to be highly specialized and context dependent. It 

mediates the cephalic phase of digestion (~10-20m) prior to food ingestion to drive an increase in insulin 

secretion. As previously mentioned, the volume of insulin released through this mechanism accounts for 

only ~1% of insulin secreted throughout a meal (50). Yet when this 1% is lost, dramatic increases in post-

prandial glucose levels are observed (80,82)) How can such a small secretory effect have such a large 

impact on glucose homeostasis, and can these mechanisms be therapeutically manipulated as a means 

of combating glucose intolerance seen in metabolic conditions such as T2D? 

 

Anticipatory insulin release can act in at least three ways to affect blood glucose levels. The first way is 

to increase glucose uptake into muscle and adipose tissue. But as previously mentioned, the volume of 

insulin released during the cephalic phase would not be sufficient to counter glucose levels solely 

through this mechanism as there simply isn’t enough insulin secreted. Cephalic phase insulin must be 

acting through other mechanisms.  

 

The second effect of cephalic insulin is on the liver. The hepatic portal vein is extremely sensitive to 

small changes in insulin concentrations, especially when levels are low (79) Indeed, studies have shown 

very small volumes of insulin in the hepatic portal vein can led to transcriptional effects within the liver 

that promptly inhibit hepatic gluconeogenesis (53). Insulin levels also vary more widely in the portal vein 

than in peripheral tissues (81) . By inhibiting gluconeogenesis at the onset of feeding, the body can keep 

blood glucose levels within a healthy range and conserve energy.  This is important as it means that the 

small volume of insulin released during CPIR can have a magnified effect on glucose levels. The DMV 

also projects to the liver to control hepatic glucose metabolism. The connection between the DMV and 

the liver could be of vital importance for the DMV’s role in glucose regulation and will be mentioned in 
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the summary. However, the relative contributions of DMV-to-liver and DMV-to-pancreas projections to 

hepatic regulatory changes is currently unresolved (53, 80, 82, 83). 

 

The third effect of cephalic insulin is on vasculature recruitment. The hemodynamic effect of insulin 

increases capillary surface area (vascular recruitment), vasodilation and blood flow in muscle tissue (56). 

Approximately 25% of insulin’s effect on glucose uptake in muscle tissue is related to these 

hemodynamic actions (84, 85). This vascular recruitment paired with insulin’s dilatory effects increase 

microcirculation and allow for faster circulation of insulin and faster uptake of glucose (57)(56)(58). 

Obesity and insulin resistance have been shown to cause impairments in microcirculatory function (86). 

In contrast, functional capillary recruitment was increases in individuals who had received a stimulus 

designed to elicit cephalic responses (41). Studies also showed that intervention with metformin, a drug 

which decreases glucose production and increases insulin sensitivity not only increases glucose 

metabolism by also microcirculatory function/recruitment (87,88).  

 

There is a clear inverse relationship between CPIR and post-prandial glucose levels. Without CPIR, post-

prandial blood glucose levels reach a high peak and stay above baseline for a longer period. Post-

prandial glucose levels are of significant clinical relevance in diabetes. Elevated levels of blood glucose 

after a meal are hazardous, as they can cause tissue damage and more insulin to be released which can 

lead to longer periods of hyperinsulinemia and so contribute to insulin tolerance. High insulin levels 

sensitize apoptotic pathways, impair electrophysiological function of neurons and is consider toxic to 

cells as it increases their susceptibility to stress induced damage. Hyperinsulinemia is also associated 

with increased risk of  T2D, obesity, cardiovascular disease and decreases life span (89,90). A 

longitudinal study carried out with Pima Indians indicates that a defect in acute/early insulin release 

occurs early in the progression from glucose tolerance to intolerance to diabetes (91). A separate study 
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looked at the effects of supplementing both obese and lean subjects with insulin prior to meal 

consumption. They found that insulin supplementation during the pre-absorptive state (1st phase) 

lowered obese subjects’ post-prandial glucose levels while having no negative effects on lean subjects 

(77). These results support the link between pre-absorptive insulin secretion and post-prandial glucose 

levels and reinforce the potential therapeutic value of targeting anticipatory glucose regulation / CPIR. 

 

While DMV-induced insulin secretion is a critical component of glucose tolerance, it is equally important 

to consider that the DMV may also contribute through other anticipatory mechanisms. As discussed 

earlier, elements such as glucagon, hepatic glucose metabolism, and incretins like GLP-1 play significant 

roles in modulating glucose tolerance. Beyond its indirect influence on these organs and molecules 

through insulin secretion, the DMV exerts direct effects via its projections to the liver, stomach, and 

pancreas. Understanding which specific cell types coordinate these processes would allow for finer 

understanding DMV-mediated glucose tolerance and potentially open up new therapeutic possibilities 

for conditions like Type 2 Diabetes. 
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Chapter 2. Heart Rate  

Summary : [Reproduction of Strain, Conley, Kauffman et al., iScience 27, 109137 March 15, 2024] 

     

Cardiovagal neurons (CVNs) innervate cardiac ganglia through the vagus nerve to control cardiac 

function. Although the cardioinhibitory role of CVNs in nucleus ambiguous (CVNnAMB) is well established, 

the nature and functionality of CVNs in dorsal motor nucleus of the vagus (CVNDMV) is less clear. We 

therefore aimed to characterize CVNDMV anatomically, physiologically, and functionally. Optogenetically 

activating cholinergic DMV neurons resulted in robust bradycardia through peripheral muscarinic 

(parasympathetic) and nicotinic (ganglionic) acetylcholine receptors, but not beta-1-adrenergic 

(sympathetic) receptors. Retrograde tracing from the cardiac fat pad labeled CVNnAMB and CVNDMV 

through the vagus nerve. Using whole cell patch clamp, CVNDMV demonstrated greater hyperexcitability 

and spontaneous action potential firing ex vivo despite similar resting membrane potentials, compared 

to CVNnAMB. Chemogenetically activating DMV also caused significant bradycardia with a correlated 

reduction in anxiety-like behavior. Thus, DMV contains uniquely hyperexcitable CVNs capable of 

cardioinhibition and robust anxiolysis  

 

Introduction 

 

Cardiovagal neurons (CVNs) send axonal projections from hindbrain to cardiac ganglia through the vagus 

nerve to elicit cardioinhibitory (i.e., slowing of heart rate; HR) action at rest and during critical 

cardiorespiratory homeostatic reflexes. Although in mammals most CVNs are found in the nucleus 

ambiguous (CVNnAMB), 20% of CVNs arise from a second region, the dorsal motor nucleus of the vagus 

(CVNDMV) (75, 82–86). While the ability of CVNnAMB to control chronotropy (e.g., HR) is well characterized 

(67, 87, 88), whether this ability extends to CVNDMV remains controversial, despite their extensive 
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innervation of cardiac tissue (89). CVNDMV innervate cardiac tissue with unmyelinated, C fibers (90), the 

selective activation of which causes a bradycardia (or a decrease in HR) in multiple mammalian species 

(91)(92). In addition, studies of CVN ontogenesis implicate DMV, not nAMB, as the primary vagal nucleus 

in lower-order vertebrates and in early mammalian embryonic development, since CVNnAMB migrate out 

of DMV (93)(94), making it possible that CVNDMV retain functional cardioinhibitory activity in mammals. 

Despite these anatomical studies, functional studies remain conflicting. Some argue that direct electrical 

stimulation of DMV does not change chronotropy (67)(68), while others demonstrate local activation 

(chemical, electrical, optogenetic, or chemogenetic) elicits bradycardias even if only modestly (95–

98)(70). However, no activation technique in awake animals used to date rules out incidental 

stimulation of either neighboring nucleus tractus solitarius (NTS) neurons or inhibitory interneurons 

within DMV. Stimulation of this latter population could significantly dampen the impact of cholinergic 

premotor neuron stimulation. Thus, whether cholinergic CVNDMV are capable of controlling chronotropy 

remains an important but open question. A recent resurgence of interest in understanding of vagal 

physiology is driven by the growing number of therapeutic applications for vagus nerve stimulation (69). 

Of particular interest, vagus nerve stimulation is a promising treatment for anxiety and post-traumatic 

stress disorder (99, 100). In rats, stimulating the vagus nerve accelerates extinction of conditioned fear 

(72, 99) and decreases anxiety-like behavior in the elevated plus maze paradigm (99). In humans, vagal 

nerve stimulation may even reduce treatment-resistant anxiety disorders (74). However, the mechanism 

behind the anxiolytic effect of vagal stimulation is currently unknown. Since the vagus nerve is a 

bidirectional nerve, carrying sensory information from viscera to brain and motor information from 

brain to viscera, the extent to which the anxiolytic effect of vagus nerve stimulation depends on sensory 

or motor signaling is unclear. One possibility is that activating the vagus nerve decreases anxiety by 

slowing HR, in line with the James-Lange theory of emotions (101, 102). Accordingly, a recent study in 

mice demonstrated that tachycardia (e.g. increase in HR) is sufficient to induce anxiety-like behavior 
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(103).Controversy over the role of CVNDMV may stem in part from differences in CVNnAMB and CVNDMV 

electrophysiology and thus their roles in regulating HR. Notably, CVNnAMB are largely quiescent in vivo 

and ex vivo (104, 105), responding solely to integrated synaptic signaling. While limited data exist on the 

electrophysiological properties of CVNDMV specifically, other DMV neuronal populations have unique 

pace-making properties and maintain a relatively high activity ex vivo (71), which allows for more 

complex signal processing. One investigation into their activity also suggests that, unlike CVNnAMB, 

CVNDMV do not demonstrate robust respiratory burst patterning (106). Therefore, it is tempting to 

speculate that CVNDMV integrate and communicate central information differently from CVNnAMB and 

represent a functionally unique circuit with respect to CVNnAMB, which is consistent with evidence that 

CVNDMV and CVNnAMB target different cardiac ganglia (107). A more extensive characterization of the 

electrophysiological properties of CVNDMV will help build a foundation for understanding their cardio-

regulatory role, and importantly, for harnessing the therapeutic potential of vagus nerve stimulation. 

This is critical given that synaptic input to CVNDMV is uniquely sensitive to perturbation of the 

cardiovascular system, relative to CVNNA (108).  The aim of the present study was to characterize the 

ability of DMV neurons to regulate HR functionally, physiologically, and pharmacologically. We 

hypothesized that activating choline acetyltransferase positive (Chat+) CVNDMV elicits robust 

bradycardias. Moreover, we sought to characterize the electrophysiological properties of CVNDMV to 

determine whether they are distinct from the more extensively studied CVNnAMB. Testing of these 

hypotheses was accomplished using a combination of opto- and chemogenetic stimulation specifically in 

Chat+ neurons, pharmacology techniques to determine the regulatory role of CVNDMV on chronotropy, 

and retrograde labeling paired with electrophysiology procedures to examine differences between the 

two CVN populations. Our results raise the possibility that CVNDMV play a role distinct from CVNnAMB in 

regulating HR. 
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Results 

 

Optogenetic stimulation of Chat+ DMV can elicit bradycardia {Boychuck Lab}: To determine if CVNDMV 

activation is capable of cardioinhibition, we used optogenetics to activate cholinergic neurons in DMV. 

Specifically, we crossed Ai32 mice expressing channelrhodopsin-2/EYFP fusion protein (ChR2) to loxP 

floxed choline acetyltransferase (Chat-Cre) mice to selectively express ChR2 in Chat+ neurons (Chat-

Cre;ChR2). Chat-Cre;ChR2 and Chat-Cre mice were implanted with HR telemetry devices and fiber optic 

probes above the right DMV. HR was examined before and during photostimulation. A preliminary study 

found that 20 Hz (-261 ± 32 bpm; n = 4 mice) elicited a significantly larger bradycardia compared to 5 (-

58 ± 28 bpm; repeated measure one-way ANOVA with Šídák’s post-hoc, p = 0.0003), 10 (-126 ± 26 bpm; 

p = 0.0064), and 40 (-43 ± 16 bpm; p = 0.0002) Hz stimulation to DMV in Chat-Cre;ChR2mice (data not 

shown). We further verified that DMV neurons were continuously activated by 20 Hz photostimulation 

using whole-cell patch-clamp in brain slices from Chat-Cre;ChR2 mice (before: 2.5 ± 1.4 Hz versus during: 

13.0 ± 2.7 Hz; repeated measure one-way ANOVA with Tukey’s post-hoc, p = 0.0482; n = 5 neurons from 

two mice; DMV neurons from Chat-Cre;ChR2 mice also had lower firing frequencies immediately 

following stimulation (after: 1.4 ± 1.2 Hz; p = 0.0321), and they qualitatively demonstrated a pause 

immediately following stimulation termination that lasted for 10.3 ± 3.9 s with a range of 0.7 to 18 s. 

 

Photostimulating DMV in awake male and female Chat-Cre;ChR2 mice significantly affected HR 

compared to Chat-Cre mice. During photostimulation, Chat-Cre;ChR2 decreased HR (271 ± 17 bpm) 

compared to HR before stimulation (605 ± 18 bpm; repeated measure two-way ANOVA with Šídák’s 

post-hoc, p < 0.0001; n = 13 mice). Photostimulation failed to significantly affect HR during stimulation in 

control, Chat-Cre mice (before: 597 ± 61 bpm vs. during: 606 ± 31 bpm, p = 0.9633; n = 4 mice), 

confirming that photostimulation-induced bradycardia in Chat-Cre;ChR2 was not a consequence of off-
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target effects or exposure to a laser (e.g., tissue necrosis, light diffusion, temperature effects). Finally, 

photostimulation-induced bradycardia in Chat-Cre;ChR2 was significantly different from HR responses to 

light in Chat-Cre control (comparing both mouse lines during stimulation: p < 0.0001). In contrast to 

photoexcitation of DMV neurons, photoinhibition of cholinergic neurons in DMV of awake mice using 

Chat-Cre mice crossed to Ai39 mice conditionally expressing halorhodopsin (NpHREYFP), produced no 

significant HR response to light (before: 629 ± 45 bpm vs. during: 627 ± 38 bpm; two-tailed paired 

Student’s t-test, p = 0.8950, n = 3 mice). While these results suggest that under these conditions DMV 

neurons are sufficient to regulate HR but not necessary for control of resting HR, the decay kinetics of 

NpHREYFP expressed by Ai39 mice are sufficiently fast enough that it might not cause a robust neural 

inhibition (109). 

 

Since the axons of CVNnAMB travel dorsally to converge with axons from CVNDMV before turning and 

exiting the brainstem (e.g., 37), it was possible that cardioinhibitory actions of DMV resulted from 

stimulating nearby CVNNA axons. To rule out CVNNA axonal stimulation, we first examined c-Fos 

expression in ChAT+ neurons two hours post-DMV stimulation. Qualitatively robust c-Fos was seen on 

the stimulated (right) side of DMV with no c-Fos expression in NA. We also confirmed using 

immunofluorescence that stimulating nAMB directly causes c-Fos expression. Finally in a subset of 

anesthetized Chatcre;ChR2 mice, photostimulation of the exposed vagus nerve produced no change in HR 

(before: 422 ± 61 bpm vs. during: 419 ± 60 bmp; two-tailed paired Student’s t-test, p = 0.9723; n = 3 

mice). Taken together, axonal expression of ChR2 in nAMB was not sufficient to activate nAMB and elicit 

bradycardia. 

 

DMV photostimulation-induced bradycardia works through canonical vagal circuits {Boychuck Lab}: To 

confirm that DMV photostimulation affects HR though autonomic pathways, male Chat-Cre;ChR2 mice 
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were administered an intraperitoneal (i.p.) injection of hexamethonium to block all nicotinic 

acetylcholine receptor (nAChR) communication between preganglionic and cardiac-projecting 

postganglionic parasympathetic neurons prior to DMV (n = 4) or nAMB (n = 3) photostimulation.  

Photostimulation of DMV (-261 ± 32 bpm) produced as similar of a robust bradycardia as 

photostimulation of nAMB (-255 ± 32 bpm) (repeated measure two-way ANOVA, p = 0.8157). As 

expected, pretreatment with hexamethonium abolished photostimulation-induced bradycardias from 

both brain regions (HR responses in DMV: 3 ± 3 bpm and HR responses in NA: -2 ± 1, p < 0.0001) and HR 

was also not different between DMV and nAMB during photostimulation after pre-treatment with 

hexamethonium (p = 0.9931). 

 

To confirm that DMV photostimulation affects HR though muscarinic acetylcholine receptor (mAChR) 

activation from postganglionic parasympathetic neurons to cardiac tissue, consistent with canonical 

cardiovagal signaling, Chatcre;ChR2 mice received i.p. injections of scopolamine methylbromide (to block 

parasympathetic activity) and atenolol (to block sympathetic activity) in a randomized order prior to 

photostimulation. In this subset of mice (n = 5), optogenetic activation of DMV neurons again induced 

robust bradycardia (-405 ± 46 bpm). Although administration of atenolol modestly reduced DMV light-

induced bradycardias (-276 ± 39 bpm; repeated measure one-way ANOVA with Tukey’s post-hoc, p = 

0.003; atenolol also significantly decreased resting HR (before: 665 ± 21 vs. atenolol: 527 ± 10, p = 

0.0093; n = 5). According to a simple linear regression, there was a significant negative relationship 

between resting HR and DMV light-induced bradycardia (R2 = 0.4741, p = 0.0277). Therefore, it is likely 

that the impact of atenolol on DMV-related bradycardia is through overall reductions in resting HR, and 

not stimulation of postganglionic sympathetic pathways. Unlike atenolol, however, administering 

scopolamine methylbromide abolished DMV light-induced bradycardias (14 ± 3 bpm, p = 0.002, Thus, 

both nAChR and mAChR activity is required for photostimulation-induced decreases in HR from DMV, 
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similar to nAMB. Some reports suggest that DMV-mediated vagal activity on cardiac tissue occurs 

through non-canonical nAChR communication between postganglionic parasympathetic neurons to 

cardiac tissue (110). However, since mAChR antagonism abolished DMV light-induced bradycardias, this 

confirms that DMV neurons induce robust bradycardia through the canonical cardiovagal pathway 

nAChR→mAChR signaling (and not nAChR→nAChR). 

 

DMV innervates cardiac tissue through the vagus nerve {Boychuck Lab}: Retrograde tracing with 

rhodamine and cholera toxin subunit B (CT-B) was done in male C57BL6/J mice to calculate the number 

of CVNDMV and CVNNA labeled by each tracer (n=6-8 mice per tracer for each CVN group;). Although both 

tracers identified positive neurons in nAMB and DMV, there were fewer traced neurons in CVNDMV (31 ± 

19 neurons) compared to CVNNA regardless of tracer (99 ± 16 neurons; repeated measure two-way 

ANOVA with Šídák’s post-hoc, p < 0.0001). In all animals, both right and left DMV contained CT-B labeled 

cells. In one animal examined for right versus left distribution, the right DMV contained more retrograde 

labeling (68 neurons) compared to the left DMV (45 neurons). This pattern was similar to previous 

reports in rats 39. In addition, CT-B (47 ± 36 neurons) labeled significantly fewer neurons than rhodamine 

regardless of region (83 ± 33 neurons; p = 0.0472). There was not a significant interaction between CVN 

location and tracer (p = 0.8294). To confirm that retrograde labeling of CVNDMV required an intact vagus 

nerve, a unilateral left vagotomy prior to cardiac injection of rhodamine was performed in a separate 

group of animals (n = 3 mice,). Unilateral vagotomy eliminated labeling of CVNDMV ipsilateral to 

vagotomy (2 ± 1 labeled CVNDMV) compared to the contralateral side (32 ± 8 labeled CVNDMV; two-tailed 

paired Student’s t-test, p = 0.0483; Taken together, DMV contains neurons that retrogradely label from 

cardiac tissue in a vagus-dependent manner. 
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CVNDMV show spontaneous firing and have larger input resistance ex vivo compared to 

CVNnAMB{Boychuck Lab}. To characterize the electrophysiological properties of CVNDMV in relation to 

CVNnAMB, additional studies examined the general excitability of CVNs in male C57BL6/J mice using 

whole-cell patch-clamp electrophysiology under current clamp configuration. Retrogradely labeled CVNs 

were identified using visual inspection for rhodamine and anatomical landmarks post-hoc biocytin 

recovery confirmed location and cholinergic phenotype CVNDMV exhibited more spontaneous firing (8/14 

neurons from 10 mice) compared to CVNnAMB (0/10 neurons from 9 mice; Mann Whitney test, p = 

0.0064), which were completely devoid of any spontaneous firing activity Of CVNDMV exhibiting 

spontaneous firing (57%), the average frequency was 1.28 ± 0.31 Hz. No statistical differences in resting 

membrane potential were found between CVNDMV (-58.60 ± 2.72 mV; n = 14 neurons from 10 mice) and 

CVNnAMB (-62.18 ± 1.75 mV; n = 10 neurons from 9 mice; two-tailed unpaired Student’s t-test, p = 0.3256) 

However, we found that CVNDMV (492.00 ± 22.02 MΩ; n = 14 neurons from 10 mice) demonstrated 

significantly larger input resistance (Rinput) than CVNnAMB (158.20 ± 10.61 MΩ; n = 10 neurons from 9 

mice; two-tailed unpaired Student’s t-test, p < 0.0001;). Additionally, CVNDMV (30.0 ± 1.5 pF) were 

significantly smaller in size than CVNnAMB (61.1 ± 6.6 pF; two-tailed unpaired Student’s t-test, p<0.0001) 

based on their recorded capacitance. 

 

CVNDMV are hyperexcitable compared to CVNnAMB ex vivo {Boychuck Lab}: To determine if there were 

any differences in excitability between CVNDMV and CVNnAMB, CVNs were examined for general 

excitability through stepped depolarizations of current As expected, regardless of neuronal type, 

stepped current injections evoked a current dependent increase in action potential frequency (repeated 

measure two-way ANOVA with Šídák’s post-hoc, p <0.0001) Additionally, a significant effect of neuronal 

type regardless of current injection was found, with CVNDMV exhibiting a significantly greater number of 

evoked action potentials (5 ± 1 number of action potentials, n = 14 neurons from 10 mice) compared to 
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CVNnAMB (2 ± 1 number of action potentials, n = 10 neurons from 9 mice; p < 0.0001). Finally, we found a 

significant interaction between current injection and neuronal type (p < 0.0001), with significantly more 

evoked action potentials in CVNDMV compared to the CVNnAMB at 100 (0.30 vs. 3.42 ± 0.5; p = 0.0001), 150 

(0.80 vs. 5.00 ± 0.5; p < 0.0001), 200 (2.10 vs. 5.93 ± 0.5; p < 0.0001), and 250 pA (3.80 vs. 6.43 ± 0.6; p = 

0.0017). Taken together, CVNDMV are more excitable than CVNnAMB. 

 

Chemogenetic activation of DMV suppresses HR for up to 8 hours (Conley, Campbell Lab): Although 

our optogenetic studies could rule out interneuron activity, they could not exclude the possibility that 

off target stimulation of nearby Chat+ neurons (e.g., hypoglossal neurons) affected HR. Therefore, to 

confirm that activating DMV neurons decreases HR, we used an alternative strategy, chemogenetically 

activating DMV neurons with the excitatory designer receptor, hM3Dq. We specifically targeted hM3Dq 

expression to DMV neurons using an intersectional genetics approach which leverages the co-expression 

of Chat and Phox2b genes by DMV neurons but not by neighboring neurons (i.e., hypoglossal) (20, 111). 

To validate this intersectional approach, ChatCre;Phox2bFlp mice were crossed with R26ds-HTB mice, a 

reporter line which expresses nuclear-localized, green fluorescent protein (GFP)-tagged histone 2b 

protein (H2b-GFP) upon recombination by both Cre and Flp. In the resulting ChatCre;Phox2bFlp;R26ds-HTB 

mice, essentially all peripherally-projecting DMV neurons, as labeled by a systemic (i.p.) retrograde 

tracer, Fluoro-Gold, were H2b-GFP immunofluorescent (136/139 DMV neurons from four mice (97.8%) 

were both Fluoro-Gold+ and  H2b-GFP+; representative image in Supplemental Figure 1A). These results 

confirm that ChatCre and Phox2bFlp are co-expressed by nearly all DMV vagal efferent neurons and thus 

validate our intersectional approach. Next, to express hM3Dq specifically in DMV neurons, we injected 

an adeno-associated virus (AAV) which Cre- and Flp- dependently expresses a hemagglutinin (HA)-

tagged hM3Dq (AAV1-CreON/FlpON-hM3Dq-HA; Figure 7A) into the DMV of male and female 

ChatCre;Phox2bFlp;R26ds-HTB mice. This resulted in hM3Dq-HA expression in the vast majority of H2b-GFP+ 
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DMV neurons (“DMV-hM3Dq” mice; Figures 7A-C). Importantly, we failed to detect any hM3Dq-HA 

expression in nAMB (Figure 7B-C) or in the DMV of mice lacking Cre and Flp recombinases 

(Supplemental Figure 1B), confirming the specificity of our injection strategy and AAV expression.  

 

To determine whether chemogenetically activating DMV neurons affects HR, we administered the 

hM3Dq ligand clozapine N-oxide (CNO; 1 mg/kg; i.p.) to DMV-hM3Dq mice while measuring their HR by 

non-invasive electrocardiography (ECG; n=8 mice per genotype). Administering CNO significantly 

decreased HR for up to 8 hours compared to baseline (baseline: 718 ± 10 bpm; 20 min: 497 ± 34 bpm, p 

= 0.0012; 40 min: 497 ± 30 bpm, p = 0.0008; 60 min: 467 ± 36 bpm, p = 0.0007; 2hr: 469 ± 39 bpm, p = 

0.0011; 6hr: 598 ± 19 bpm, p = 0.0006; 8hr: 637 ± 24 bpm, p = 0.0274; Figure 7 D). HR returned to 

baseline by 24 hours post-CNO (24hr: 731 ± 9 bpm, p = 0.7247). As expected, the acute bradycardia after 

CNO administration required peripheral muscarinic signaling, as it was abolished by administering the 

peripheral muscarinic blocker, methyl-atropine bromide (MA; 1.0 mg/kg; i.p.), 20min after CNO 

(baseline: 747 ± 5 bpm; after CNO: 640 ± 19 bpm vs. baseline, p = 0.0078; after MA: 801 ± 4 bpm vs. 

baseline, p = 0.0004; Figure 7E). On the other hand, administering CNO to hM3Dq-negative control mice 

failed to significantly alter HR (p > 0.05 vs. baseline or vehicle; Figure 7E; Supplemental Figure 1C), 

indicating that CNO alone does not affect HR. These results, together with our optogenetics studies, 

provide robust evidence that DMV neurons can decrease HR through peripheral muscarinic signaling. 

 

Activating DMV neurons reduces anxiety-like behavior (Conley, Campbell Lab): Tachycardia increases 

anxiety-like behavior in mice (103), consistent with the James-Lange theory that physiological cues can 

drive emotional states (101, 102). We therefore wondered whether the CNO-induced bradycardia we 

observed in DMV-hM3Dq mice corresponded to any change in anxiety-like behavior. To investigate, 

male and female DMV-hM3Dq mice and control mice (n=8 per group) were administered CNO or saline 
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vehicle and then assessed behaviorally by the open field test, an assay which measures anxiety-like 

behavior based on time spent in the center of an open arena (Figure 7F) (112, 113). Strikingly compared 

to vehicle, CNO treatment in DMV-hM3Dq mice significantly increased their time spent in the center of 

the open field (CNO: 85.31 ± 17.38 s vs. Vehicle: 64.55 ± 13.98 s; two tailed paired Student’s t-test, p = 

0.0379, Figure 7G). The increased time spent in the center was not due to an increase in overall motility 

since total time spent moving did not differ significantly between saline and CNO treatments (two tailed 

paired Student’s t-test, p = 0.4643, Figure 7H). In addition, CNO’s effects on HR and center time in DMV-

hM3Dq mice were moderately correlated (R2 = 0.7734, p = 0.0414; Figure 7I). Thus, activating DMV 

neurons caused a correlated decrease in HR and anxiety-like behavior in the open field test. 

 

To confirm the change in anxiety-like behavior, we assessed another cohort of DMV-hM3Dq mice in a 

different measure of anxiety, the elevated plus maze (114). CNO treatment significantly increased the 

time DMV-hM3Dq mice spent in the open-arms of an elevated plus maze, relative to vehicle treatment, 

indicating a decrease in anxiety-like behavior (CNO: 16.9 ± 4.83 s vs. Vehicle: 0.23 ± 0.23 s, repeated 

measure ANOVA with Tukey’s post-hoc, p = 0.0235; Figure 7K). CNO treatment also significantly 

increased other signs of anxiolysis in DMV-hM3Dq mice: time spent moving (CNO: 162.6 ± 14.4 s vs. 

Saline: 40.7 ± 8.7 s; p = 0.0006; Figure 7L); head dip events (CNO: 4.149 ± 1.022 dips vs. Saline: 0.2414 ± 

0.1424 dips; p = 0.0259; Supplemental Figure 1E); and average velocity (CNO: 2.339 ± 0.3068 cm/s vs. 

Saline, 0.6606 ± 0.2317 s, p = 0.0011; Supplemental Figure 1F). Importantly, however, treating hM3Dq-

negative control mice with CNO did not affect their open-arm time, indicating that CNO itself does not 

decrease anxiety-like behavior (p = 0.3868; Supplemental Figure 1D). In addition, co-administering MA 

(“CNO+MA") to DMV-hM3Dq mice largely prevented CNO’s effects on measures of anxiolysis, indicating 

that DMV-induced anxiolysis, like DMV-induced bradycardia, requires peripheral mAChR signaling 

(Figure 7K; Supplemental Figure 1E, F). Specifically, compared to vehicle treatment, CNO+MA failed to 
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significantly affect open-arm time, time spent moving, velocity or head dip events, relative to treatment 

with a saline vehicle (p < 0.05; Figure 7K, L, Supplemental Figure 1D,E). The decrease in HR trended 

towards a moderate correlation with the increase in open-arm time (R2 = 0.6394, p = 0.0878; Figure 7M). 

Thus, our results show that activating DMV neurons similarly decreases HR and anxiety-like behavior, 

and that these effects each depend on peripheral muscarinic signaling.  

 

To identify the muscarinic receptors mediating anxiolysis, we repeated our HR and elevated plus maze 

studies on DMV-hM3Dq mice but used a selective inhibitor of muscarinic type 2 receptors (M2), AQ-RA 

741 (“AQ”) (115), which does not appear to cross the blood-brain barrier (116). Administering AQ after 

CNO reversed the CNO-induced bradycardia (repeated measure ANOVA with Tukey’s post-hoc, p = 

0.0016; Supplemental Figure 1G). Importantly, in contrast to CNO alone, administering CNO with AQ 

(CNO+AQ) did not significantly affect time spent in the open-arms relative to saline treatment (p = 

0.2560; Figure 7N). These results suggest that activating DMV neurons decreases anxiety-like behavior 

through a M2-dependent mechanism. 

 

FIGURES 
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Figure 4. {Boychuck Lab}: Optogenetic stimulation of DMV elicits bradycardia in male and female mice: 

Genetic crossbreeding paradigm used to generate transgenic mice harboring loxP-flanked ChR2 in Chat-
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Figure 4: {Boychuck Lab} Optogenetic stimulation of DMV elicits bradycardia in male and 
female mice  
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positive motor neurons (A). Photostimulation-evoked action potentials from DMV motor neurons to 20 

Hz stimulation (B). Representative diagram illustrating confirmed locations of optogenetic probes (C). 

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 (D). Schematic illustrating time course of optogenetic studies in 

awake mice (E). Representative trace (F) and mean HR (G) showing optogenetic stimulation of DMV 

produced a bradycardia in mice expressing Chatcre;ChR2 but not in Chatcre mice. 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. Representative images of probe site (top) and 

immunohistochemical staining of NA showing c-Fos activation after stimulation of NA (J). Representative 

trace (K) and mean HR (L) showing the nicotinic antagonist, hexamethonium (i.p.) abolished 

photostimulation-induced bradycardia in both DMV and NA. Bars represent mean and SEM. Blue 

bars/shading indicates light stimulation. Data analyzed by a repeated measure one-way ANOVA with 

Tukey’s post hoc (B and I) or repeated measure two-way ANOVA with Sıdak’s post hoc when appropriate 

(G and L). *p= 0.05, **p= 0.01, ***p= 0.001, ****p=  0.0001.   
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Figure 5. {Boychuck Lab}: DMV innervates cardiac tissue through the vagus nerve in male mice: 

Schematic showing injection into the epicardial fat pad and labeling in both CVN brain regions (A). 

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) (B). Both rhodamine and CT-B significantly labeled 

cardiac projecting neurons in NA and DMV as analyzed by a repeated measure two-way ANOVA with 

Sı ́da ́k’s post hoc (C). Representative images of DMV after a right cervical vagotomy (C). Representative 

image (D) and mean cell count (E) showing a right cervical vagotomy significantly attenuated CVNDMV 

numbers ipsilateral to vagotomy as analyzed by a two-tailed paired Student’s t test. Bars represent 

mean and SEM. *p= 0.05, **p= 0.01, ***p= 0.001, ****p=  0.0001. 

 

 

 

 

 

(158.20 G 10.61 MU; n = 10 neurons from 9 mice; two-tailed unpaired Student’s t test, p < 0.0001; Figures 3F–3H). Additionally, CVNDMV

(30.0 G 1.5 pF) were significantly smaller in size than CVNNA (61.1 G 6.6 pF; two-tailed unpaired Student’s t test, p < 0.0001) based on their

recorded capacitance.

CVNDMV are hyperexcitable compared to CVNNA ex vivo

To determine if there were any differences in excitability between CVNDMV and CVNNA, CVNs were examined for general excitability through

stepped depolarizations of current (Figure 3I). As expected, regardless of neuronal type, stepped current injections evoked a current depen-

dent increase in action potential frequency (repeated measure two-way ANOVA with !Sı́dák’s post hoc, p < 0.0001; Figure 3J). Additionally, a

significant effect of neuronal type regardless of current injection was found, with CVNDMV exhibiting a significantly greater number of evoked

action potentials (5G 1 number of action potentials, n = 14 neurons from10mice) compared toCVNNA (2G 1 number of action potentials, n =

10 neurons from 9 mice; p < 0.0001). Finally, we found a significant interaction between current injection and neuronal type (p < 0.0001), with

significantlymore evoked action potentials in CVNDMV compared to the CVNNA at 100 (0.30 vs. 3.42G 0.5; p = 0.0001), 150 (0.80 vs. 5.00G 0.5;

p < 0.0001), 200 (2.10 vs. 5.93 G 0.5; p < 0.0001), and 250 pA (3.80 vs. 6.43 G 0.6; p = 0.0017); Figure 3J). Taken together, CVNDMV are more

excitable than CVNNA.

Chemogenetic activation of DMV suppresses HR for up to 8 h

Although our optogenetic studies could rule out interneuron activity, they could not exclude the possibility that off target stimulation of

nearby Chat+ neurons (e.g., hypoglossal neurons) affected HR. Therefore, to confirm that activating DMV neurons decreases HR, we used

an alternative strategy, chemogenetically activating DMV neurons with the excitatory designer receptor, hM3Dq. We specifically targeted

hM3Dq expression to DMV neurons using an intersectional genetics approach which leverages the co-expression of Chat and Phox2b

genes by DMV neurons but not by neighboring neurons (i.e., hypoglossal).40,41 To validate this intersectional approach,

ChatCre;Phox2bFlp mice were crossed with R26ds!HTB mice, a reporter line which expresses nuclear-localized, green fluorescent protein

(GFP)-tagged histone 2b protein (H2b-GFP) upon recombination by both Cre and Flp. In the resulting ChatCre;Phox2bFlp;R26ds!HTB

mice, essentially all peripherally-projecting DMV neurons, as labeled by a systemic (i.p.) retrograde tracer, Fluoro-gold, were H2b-GFP

immunofluorescent (136/139 DMV neurons from four mice (97.8%) were both Fluoro-gold+ and H2b-GFP+; representative image in Fig-

ure S1A). These results confirm that ChatCre and Phox2bFlp are co-expressed by nearly all DMV vagal efferent neurons and thus validate our

intersectional approach.

Next, to express hM3Dq specifically in DMV neurons, we injected an adeno-associated virus (AAV) which Cre- and Flp-dependently ex-

presses a hemagglutinin (HA)-tagged hM3Dq (AAV1-CreON/FlpON-hM3Dq-HA; Figure 4A) into the DMV of male and female

Figure 2. DMV innervates cardiac tissue through the vagus nerve in male mice

Schematic showing injection into the epicardial fat pad and labeling in both CVN brain regions (A). 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) (B). Both rhodamine and CT-B significantly labeled cardiac

projecting neurons in NA and DMV as analyzed by a repeated measure two-way ANOVA with !Sı́dák’s post hoc (C). Representative images of DMV after a

right cervical vagotomy (C). Representative image (D) and mean cell count (E) showing a right cervical vagotomy significantly attenuated CVNDMV numbers

ipsilateral to vagotomy as analyzed by a two-tailed paired Student’s t test. Bars represent mean and SEM. *p% 0.05, **p% 0.01, ***p% 0.001, ****p% 0.0001.
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Figure 5:  {Boychuck Lab} DMV innervates cardiac tissue through the vagus nerve in male mice 
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Figure 6. {Boychuck Lab}: Differential electrophysiological properties of CVNDMV compared to CVNNA in 

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

Representative immunofluorescence image of CVNDMV showing biocytin recovered patched cardiac-

labeled neurons are cholinergic (B). Representative trace (C) and mean firing rate (D) of CVNDMV 

neurons show significantly higher spontaneous firing rates compared to CVNNA, with the majority of 

CVNDMV firing as analyzed by a Mann Whitney test. No statistical differences in resting membrane 

Figure 3. Differential electrophysiological properties of CVNDMV compared to CVNNA in male mice

Rhodamine-positive DMV neurons showing pipette (top) and rhodamine (bottom; red) (A). Representative immunofluorescence image of CVNDMV showing

biocytin recovered patched cardiac-labeled neurons are cholinergic (B). Representative trace (C) and mean firing rate (D) of CVNDMV neurons show

significantly higher spontaneous firing rates compared to CVNNA, with the majority of CVNDMV firing as analyzed by a Mann Whitney test. No statistical

differences in resting membrane potential were found between CVNDMV and CVNNA using a two-tailed unpaired Student’s t test (E). Representative traces of

membrane responses from CVNNA (top) and CVNDMV (bottom) to stepped current injections (F). Current-voltage (I-V) relationship graph obtained from

CVNNA and CVNDMV (G). Rinput was higher in CVNDMV compared to CVNNA as analyzed by a two-tailed unpaired Student’s t test (H). Representative action
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Figure 6:  {Boychuck Lab} Differential electrophysiological properties of CVNDMV compared to CVNNA 
in male mice:  
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potential were found between CVNDMV and CVNNA using a two-tailed unpaired Student’s t test (E). 

Representative traces of membrane responses from CVNNA (top) and CVNDMV (bottom) to stepped 

current injections (F). Current-voltage (I-V) relationship graph obtained from CVNNA and CVNDMV (G). 

Rinput was higher in CVNDMV compared to CVNNA as analyzed by a two-tailed unpaired Student’s t test 

(H). Representative action potential responses in CVNNA (top) and CVNDMV (bottom) in response to 

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

CVNDMV compared to CVNNA in response to 50 pA-step injections of direct depolarizing current as 

analyzed by a repeated measure two-way ANOVA with Sı ́da ́ k’s post hoc (J). Data represent mean and 

SEM. *p= 0.05, **p= 0.01, ***p= 0.001, ****p=  0.0001.  
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Figure 7: Chemogenetic stimulation of DMV produces bradycardia and reduces anxiety in both male 

and female mice. Illustration of coronal hindbrain section showing injection site and Chat and Phox2b 

expression (A, top left); Schematic of AAV1-CreON/FlpON-hM3Dq-HA viral construct (A, bottom); Venn 

diagram showing expected expression of hM3Dq-HA and H2b-GFP (A, top right). Representative images 

of rostral, intermediate, caudal DMV and nAMB stained for HA (magenta) and H2b-GFP (green) 

immunoreactivity in ChatCre;Phox2bFlp;R26ds-HTB mice after DMV injection of AAV1-CreON/FlpON-hM3Dq-

HA (B). Percentage of H2b-GFP+ cells immunoreactive for hM3Dq-HA in the rostral, intermediate, and 

Figure 7: Chemogenetic Stimulation of the DMV produces bradycardia and reduces anxiety in both male and female mice.  
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caudal DMV and nAMB (C). Effect of CNO on HR in DMV-hM3Dq mice over 24-hour period. CNO 

(1mg/kg, i.p.) injected at time = 0 min (D). Effect of i.p. saline, CNO and CNO+MA on HR in DMV-hM3Dq 

(magenta) and control mice (black); comparisons are to baseline (E).  Schematic of open field 

experiment (F). Effects of i.p. saline vehicle and CNO on time in the center of the open field, in seconds 

(G). Correlation between changes in HR and center time between saline and CNO conditions in DMV-

hM3Dq mice (H). Schematic of elevated plus maze (EPM) experiment (I). Effects of i.p. saline vehicle, 

CNO and CNO+MA administration on time spent moving in the elevated plus maze, in seconds (J). Effect 

of i.p. saline vehicle, CNO and CNO+MA administration on open-arm time in the elevated plus maze, in 

seconds (K). Effect of i.p. saline vehicle, CNO and CNO+AQ administration on open-arm time in the 

elevated plus maze, in seconds. (L). Correlation between changes in HR and open-arm time between 

saline and CNO conditions in DMV-hM3Dq mice (M). Effects of i.p. MA and AQ-RA-741 on open-arm 

time in elevated plus maze, compared to saline; same saline, CNO, and CNO+MA data as in Figure 10K 

(N). Data represent mean and SEM. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.  

Supplementary Figure 1 (Related to Figure 7) 
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Supplemental Figure 1, related to Figure 7: Representative images of intermediate DMV hemisphere 

stained for H2b-GFP (green) and Fluoro-Gold immunoreactivity (blue) in ChatCre;Phox2bFlp;R26ds-HTB mice 

after (i.p.) systemic injection of retrograde tracer Fluorogold (136 of 139, 97.8%, Fluoro-Gold+ DMV 

neurons were also H2b-GFP+); n=4 mice) (A). 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/FlpON-hM3Dq-HA (B). Effect of i.p. saline (white), CNO (magenta) and CNO+MA (green) on 

HR in DMV-hM3Dq and control mice, relative to vehicle (C). Effect of saline or CNO on control mice, 

which lack hM3Dq expression, open-arm time in the elevated plus maze, n=8 mice (D). Effect of saline, 

CNO and CNO+MA in DMV-hM3Dq mice on head dip events and velocity in the elevated plus maze (E-F). 

Effect of saline, CNO and CNO+AQ on HR in DMV-hM3Dq (magenta) mice; same experimental design 

and baseline, saline, and CNO data as in Figure 7E (G). Data represent mean and SEM. *p ≤ 0.05, **p ≤ 

0.01, ***p ≤ 0.001, ****p ≤ 0.0001.  

 

Discussion 

The present study characterized CVNDMV anatomically, physiologically, and functionally. Retrograde 

tracing from the cardiac fat pad confirmed the presence of CVN in DMV using two different tracers, 

rhodamine and CT-B, and this labeling required an intact vagus nerve. Electrophysiological comparison 

of retrogradely-labeled CVNDMV and CVNNA indicate distinct circuits, with CVNDMV being significantly more 

excitable with higher input resistances and spontaneous activity ex vivo whereas CVNNA were not. 

Optogenetically activating DMV neurons caused bradycardia, which was completely abolished by 

muscarinic and nicotinic antagonism. Finally, intersectional chemogenetic activation of DMV neurons 

also caused bradycardia and a correlated decrease in anxiety-like behavior, both of which also required 

peripheral muscarinic signaling, as they were blocked by muscarinic antagonism. Previous efforts to 
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characterize in vivo electrophysiological properties of DMV neurons are limited, possibly a result of their 

prominent C-fiber phenotypes and long latency conduction times (106) making typical antidromic spike 

identification challenging. Our retrograde labeling findings are in accordance with previous reports, 

which suggest that only ~20% of CVN exist within DMV in totality (both sides), making the likelihood of 

recording from these numbers in vivo relatively low (94). Importantly, CVNs signal organization is an 

established example of divergent amplification, meaning that changes in HR arise from modulation 

(activation or inhibition) of a relatively small number of CVNs (104). Therefore, whole-cell patch-clamp 

recordings paired with retrograde labeling in adult animals—albeit confounded by the absence of 

relevant synaptic inputs in vivo—is a powerful technique that future studies should continue to use to 

aid in the investigation of this population of neurons both in health and disease. Our ex vivo results are 

consistent with electrophysiological recording in other DMV populations. DMV neurons demonstrate an 

on-going activity phenotype (71, 117, 118). This was true in the present study as ~57% of CVNDMV 

demonstrated a spontaneously active firing pattern during the recording period. With regards to CVNs, 

this on-going firing activity is unique to CVNDMV since no CVNNA recorded exhibited any spontaneous 

activity in our slice preparation, which is also consistent with previous results from CVNNA 31. While 

future studies will need to demonstrate how this spontaneous activity is generated, it is consistent with 

the intrinsic pace-making properties of other DMV neurons. However, it also suggests that CVNDMV may 

represent a functionally discrete circuit for cardiac-related vagal motor output. Previous studies suggest 

that CVNDMV have little respiratory-related burst activity, despite robust lung-related afferent activity 

(106), which is in contrast to the CVNNA, which show robust respiratory-related burst activity both in vivo 

and ex vivo (104). While we are only beginning to elucidate the complexity of vagal circuits as it relates 

to any vagal motor output, there is increasing evidence for distinct circuits related to vagal sensory 

afferents. Similar distinct circuits also likely exist in vagal motor nuclei (20, 21, 57). While some parallel 

circuits have converging anatomy and function, they may be distinct in terms of their physiological roles 
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(57). Finally, CVNDMV demonstrated a significantly higher input resistance, higher number of spiking 

activity to current injections, and smaller size compared to CVNNA. During optogenetic stimulation, 

CVNDMV were also silenced for several seconds after stimulation implicating additional 

electrophysiological properties (i.e., unique ion channel contributions or stimulation-induced plasticity 

in neurotransmitter contributions) that could be investigated. Therefore, CVNDMV are more excitable 

than CVNNA. In other brain regions, this type of behavior confers a coincidence detection phenotype 

over a simple integrator (119). Therefore, future work should continue to investigate how CVNs in nAMB 

and DMV differ in their microcircuit construction in relation to the basic circuit building blocks of critical 

homeostatic regulating networks. Despite historical controversy about the capacity of CVNDMV to impact 

HR, our results demonstrate that optogenetic and chemogenetic activation of Chat+ DMV neurons each 

caused robust bradycardia (~56% and ~65.5% of resting HR, respectively) in awake, behaving mice. 

Cardioinhibitory responses using optogenetic techniques in urethane-anesthetized rats and 

ketamine/xylazine-anesthetized mice demonstrated variable strength of the response (95, 98), 

implicating differences in anesthesia for differences in effect size. Alternatively, previous species used 

(namely cats and rats) may exhibit less DMV-driven bradycardia than mice because of differences in 

vagal tonus. Since mice have a lower vagal tone than rats for example (120–122), CVNDMV activation in 

mice may recruit a larger number of CVNDMV which were not previously active. Although it is possible 

that fast decay kinetics of NpHREYFP in the Ai39 mouse line limited the ability to significantly inhibit DMV 

neurons (109), the lack of an effect on HR of optogenetic inhibition of DMV in mice is similar to previous 

reports using inhibitory chemogenetic receptors (70). Therefore, while the present study introduced a 

significant refinement of techniques using Chatcre mice to eliminate the impact of known interneurons 

within DMV, it may suggest that CVNDMV activity is not necessary for generation of resting HR, similar to 

a previous report (70).  
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While our Chat-targeted approach avoids influence of interneurons within DMV, the anatomical 

proximity of vagal axons from nAMB and the optical fiber in DMV (94) raises the possibility that DMV 

stimulation resulted in axonal stimulation of CVNNA neurons. However, we failed to detect c-Fos 

expression in nAMB and DMV contralateral to the optical fiber, despite robust c-Fos immunoreactivity in 

the ipsilateral DMV. In addition, direct photostimulation of the vagus nerve in Chatcre;ChR2 animals did 

not produce bradycardia. Finally, the more specifically targeted chemogenetic receptor hM3Dq 

expressed in DMV, but not other nearby cholinergic regions such as nAMB or hypoglossal neurons, 

caused a similar cardioinhibition to DMV stimulation in Chatcre;ChR2. Taken together, these data provide 

robust evidence that solely activating DMV is sufficient for cardioinhibition. As expected, 

pharmacological testing confirmed that DMV stimulation-induced bradycardia requires mACh receptor 

activation in mice, since scopolamine (but not atenolol) and MA abolished optogenetically- and 

chemogenetically induced bradycardia, respectively. Notably, while the traditional concept of vagal 

motor signaling to cardiac tissue requires nicotinic receptor-dependent communication between 

preganglionic and postganglionic parasympathetic neurons, some studies report that intracardiac 

ganglia harvested from SA node also show mACh receptor-dependent neurotransmitter and calcium 

mobilization (123). Additional studies have attributed pharmacological differences in vagal fiber 

activation to C-fiber (presumably from DMV) versus B-fiber bradycardia (presumably from NA) since 

hexamethonium did not block the HR responses to non-myelinated fiber activation in these studies 

(124). Still, it is important to note that these studies did not comment on whether postganglionic 

neurons were isolated from cardiac nodal cells, nor did they directly address the effect of 

neurotransmitter release on the observed HR responses. Our findings are in accordance with the 

canonical signaling pathway between preganglionic and postganglionic parasympathetic neurons, as 

pre-treatment with the mACh receptor antagonist, scopolamine, completely abolished light-induced 

bradycardia in ChATcre;ChR2 mice. Recent research suggests that HR can influence emotional states, 
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supporting a theory of emotion separately proposed by the physiologist Carl Lange and psychologist 

William James over a century ago. As explained by James: “My thesis […] is that the bodily changes 

follow directly the Perception of the exciting fact, and that our feeling of the same changes as they occur 

IS the emotion.” (102). In other words, the James-Lange theory holds that HR does not increase because 

of anxiety; rather, the perception of HR increase is the anxiety. Consistent with this theory, a recent 

study in mice demonstrated that optogenetically increasing HR is sufficient to drive anxiety-like 

behaviors in the elevated plus maze (103). Inversely, beta-blockers such as propranolol, which robustly 

decrease HR (125), also reduce anxiety-like behaviors in mice (126, 127). Beta-blockers and other drugs 

which decrease HR have shown promise for treating anxiety and related disorders (128), though the 

mechanism is not yet known. Studies of brain activity in humans and mice suggest the insular cortex 

may play a key role in sensing HR and other interoceptive cues (103)(129–131) and so could couple the 

perception of HR to emotional state.  

 

Importantly, however, while our study is the first to our knowledge to demonstrate a correlation 

between vagally-mediated bradycardia and anxiolysis, more research is needed to establish a causal 

relationship. Our results with the cardio-selective M2 receptor antagonist AQ-RA 741 (115), which does 

not appear to cross the blood-brain barrier (116), suggests a cardiogenic mechanism for the anxiolysis 

we observed when activating DMV neurons. For instance, one possibility is that DMV decreases anxiety-

like behavior by decreasing HR. This would agree with recent studies showing that optogenetically 

increasing HR is anxiogenic (103), whereas pharmacologically decreasing HR is anxiolytic (132). Indeed, 

the M2 receptors blocked by AQ-RA 741 are enriched in the heart relative to other organs innervated by 

the DMV (115,133) and are necessary for vagally-mediated bradycardia (134). However, M2 receptors 

are also present in the gastrointestinal tract where they interact with M3 receptors to modulate smooth 

muscle contraction (135). Therefore, our results do not rule out the possibility that DMV decreases 
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anxiety-like behavior through its projections to the gut (135)(136).  Further research, e.g., targeting 

organ-specific DMV circuits, is needed to establish the mechanism by which DMV neurons can decrease 

anxiety. Whether other physiological functions of DMV, such as gut motility, glucose metabolism, and 

suppressing inflammation (125), are involved remains unknown. 

 

In summary, this study demonstrates the existence of CVNDMV neurons and their ability to suppress HR 

and anxiety-like behavior. The cardioinhibitory and behavioral effects both require mACh receptor 

activity, and our results also suggest that nACh receptors are involved in the signaling between CVNDMV 

and cardiac parasympathetic neurons, implicating canonical vagal pathways in DMV’s facilitation of 

cardioinhibitory activity. CVNDMV also has distinct electrophysiological properties, namely spontaneous 

firing activity and higher Rinput, compared to CVNNA in slice. Therefore, we further speculate that CVNDMV 

represents a unique population of CVNs, distinct from the more thoroughly characterized CVNNA. 

Further research is needed to identify the molecular profile of CVNDMV, the mechanisms underlying their 

distinct electrophysiological properties, and their physiological role. 

 

Methods 

EXPERIMENTAL MODEL AND SUBJECT DETAILS Mice: All animal procedures were approved by the 

Institutional Animal Care and Use Committee (IACUC) at the University of Texas Health San Antonio 

(UTHSA) or University of Virginia (UVA). Procedures were in accordance with the National Institutes of 

Health Guide for the Care and Use of Laboratory Animals (137). All mice were maintained under 

standard conditions with access to food and water ad libitum on a 14:10 light cycle in a temperature 

regulated room (23.9 ± 1.7 °C) at the University of Texas Health San Antonio (UTHSA) or a 12:12 light 

cycle in a temperature regulated room (20.6 ± 1.9 °C) at the University of Virginia (UVA).  Mice were 

randomly assigned to experimental groups and age-matched (9-52 weeks old). Animals were group 
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housed unless stated otherwise. Sex is stated in the figure legends. All mice are maintained on a 

C57BL6/J background unless otherwise specified, and genotyping was performed according to guidelines 

from Jackson Laboratory or by Transnetyx. C57BL6/J adult mice (JAX #000664) were used for all 

experiments if not otherwise defined.  

 

Optogenetic activation and HR: To generate a colony of transgenic mice with a constitutive knock-in of 

channelrhodopsin (ChR2) or halorhodopsin (NpHREYFP) in cholinergic neurons (Chatcre;ChR2 and 

Chatcre;NpHR, respectively), mice harboring a Cre-dependent cation channel channelrhodopsin (ChR2; 

Ai32(RCL-ChR2(H134R)/EYFP; JAX#024109) or halorhodopsin (NpHREYFP; Ai39(RCL-eNpHR3.0/EYFP; 

JAX#014539) were crossed with a ChATIRES-cre (“Chatcre”) mouse lines (B6.129S-Chattm1(cre)Lowl/MwarJ; 

JAX#031661). This breeding strategy generates mice expressing ChR2 or NpHREYFP in Chat neurons 

(“Chatcre;ChR2” and “Chatcre;NpHR” mice, respectively). 

 

For brain region-specific optogenetic stimulation, Chatcre;ChR2, Chatcre;NpHR, or control (Chatcre) mice 

were implanted with an optical fiber over the DMV or NA. First, mice were anesthetized with isoflurane 

to effect on a heating pad. Surgical sites were shaved and aseptically prepared with betadine and 

alcohol. Mice were first implanted with a HR telemetry (HRT) device (DSI, ETA-F10 implants, catalog # 

270-0160-001) (138). Briefly, a vertical midline abdominal incision was made through the skin and 

peritoneal cavity. The telemetry device was placed in the peritoneal cavity with the leads tunneled to 

protrude from the peritoneal space. HR leads were then sutured in place in Lead II configuration and the 

peritoneal cavity closed with 4-0 silk suture. Wound clips were used to close the abdominal incision.  

Following HRT implantation, mice were fixed in a stereotaxic frame (Kopf Instruments, Model 962) and 

an optical fiber cannula (Thorlabs, 0.50 NA, Ø200 µm Core Multimode Fiber, FP200URT) was inserted 

through a hole drilled through the skull just dorsal to the DMV (from bregma; anterior/posterior: -7.43 
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mm, medial/lateral: 0.25 mm, dorsal/ventral: -2.65 mm) or nAMB (anterior/posterior: -7.31 mm, 

medial/lateral: 1.25 mm, dorsal/ventral: -3.95 mm). Optical fibers were secured using dental cement (A-

M Systems, catalog # 525000 and 526000) and skull screws (Plastics One, 0-80- X 1/16). Subcutaneous 

administration of analgesics (buprenorphine 0.1 mg/kg and carprofen 10 mg/kg) were administered on 

the day of surgery and as needed for pain relief. Mice were monitored post-operatively for three days 

and allowed a week for recovery and acclimation to recording chambers.  

 

During optogenetic stimulation trials, awake, behaving mice were temporarily singly housed with water 

available ad libitum. Photostimulation was performed using a diode-pumped solid-state blue (for 

Chatcre;ChR2; 470 nm, Opto Engine LLC, MDL-III-470-300mW) or green laser (for Chatcre;NpHR; 532 nm; 

Opto EngineLLC, MGL-III-532-300mW). Optical matching gel (Zeiss, Immersol 518F) was applied at the 

ferrule junction to reduce light loss. Transmission efficiency of all implanted lasers was confirmed prior 

to implantation (≥14 mW, 26.2 ± 6.8 mW) with a light meter (ThorLabs, PM100D). Phototrials consisted 

of 30 s of 20 Hz stimulation at 25mW pulsed laser output for DMV and 8mW for NA. All recordings 

occurred between 12:00 and 18:00 hour. Signals from HRT probes were acquired at a sampling 

frequency of 1 kHz using the DSITalker interface (Cambridge Electronic Design Limited) connected to the 

MX2 PhysioTel telemetry hardware (Data Sciences Inc.). HR was acquired 30 s before photostimulation 

and during a 30 s photostimulation period using Spike 2 (version 9) software (Cambridge Electronic 

Design Limited). All probe placements were confirmed postmortem.  

 

For assessment of autonomic contributions to optogenetic stimulation, scopolamine methylbromide (1 

mg/kg, Sigma Aldrich, catalog # S8502), a muscarinic acetylcholine receptor antagonist; atenolol (10 

mg/kg, Sigma Aldrich, catalog # A7655), a β1 adrenergic receptor antagonist; and autonomic ganglionic 

blocker hexamethonium (30 mg/kg, Sigma Aldrich, catalog # H2138), a nicotinic ACh receptor (nAChR) 
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antagonist, were injected intraperitoneally (i.p.). A minimum of 15 minutes was allotted after drug 

injection before optogenetic stimulation.  

 

Optogenetic stimulation of the vagus nerve: Chatcre;ChR2 mice (10-20 weeks old; body weight, 31 ± 6g) 

were anesthetized with ketamine/xylazine (100 mg/kg; 10 mg/kg) and placed on a heating pad before 

the surgical site was shaved and aseptically prepared with betadine and alcohol. A five mm cervical 

incision was made at midline. Blunt dissection was used to isolate the right cervical vagus nerve from 

the carotid sheath. Mineral oil was applied to the exposed nerve to keep it moist. An optogenetic probe 

was placed one mm from the exposed vagus nerve. After a 15-minute acclimation period, the vagus 

nerve was stimulated for 20 s at 20 Hz at an intensity of 25 mW. Three simulations were done with a 5-

minute inter-stimulation interval. 

 

Retrograde Tracing: Mice were anesthetized with ketamine/xylazine (100 mg/kg; 10 mg/kg) and 

ventilated (CWE SAR-830/AP with mouse attachment 12-01020) in the supine position on a heating pad 

(37 ˚C). The surgical site was shaved and aseptically prepared with betadine and alcohol. A small (~5 

mm) incision was made to access the thoracic cavity and the pericardial sac was incised. Cholera toxin 

subunit-b (recombinant) conjugated with Alexa Fluor 488 (CT-B; 0.1 % v/v, 100 mM, Invitrogen, catalog # 

C34776) or tetramethylrhodamine-5-(and-6)-isothiocyanate conjugated with 5(6)-TRITC (rhodamine; 

100 mL, Invitrogen T490) was then injected into the pericardial fat pad near the posterior right 

atrioventricular junction where cardiovagal nerve endings terminate. Surgical incisions were closed with 

4-0 silk suture. Mice were monitored post-operatively for 3-6 days and allowed a week for recovery 

before experiments. Subcutaneous administration of analgesics (buprenorphine 0.1 mg/kg and 

carprofen 10 mg/kg) were administered on the day of surgery and as needed for pain relief.   
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Vagotomy: A subset of mice were anesthetized with ketamine/xylazine (100 mg/kg; 10 mg/kg) and 

ventilated (CWE SAR-830/AP, with mouse attachment 12-01020) in the supine position on a heating pad 

(37 ˚C). The surgical site was shaved and aseptically prepared with betadine and alcohol before a 5 mm 

cervical incision was made at midline. Blunt dissection was used to isolate the right cervical vagus nerve 

from the carotid sheath. A ~ 2 mm section was transected from the left cervical vagal nerve—sparing 

the aortic depressor nerve—to prevent regrowth/reattachment of the nerve. The superficial muscle and 

the cutaneous layer of the neck were sutured close with 4-0 silk suture. Mice then underwent 

retrograde tracing procedures as detailed above. Brains were harvested for immunohistochemistry 

procedures six days after retrograde tracing. 

 

Electrophysiology: Mice (9-11 weeks old; 24.17 ± 0.86 g) were deeply anesthetized with isoflurane (3-

4% in O2) to effect (i.e., lack of tail-pinch response) and decapitated while anesthetized. Brainstems were 

rapidly removed and immediately submerged in ice-cold (0–4°C) artificial cerebrospinal fluid (aCSF) 

equilibrated with carbogen gas (95% O2, 5% CO2). The aCSF composition (in mM) was: 124 NaCl, 3 KCl, 

26 NaHCO3, 1.4 NaH2PO4, 11 glucose, 1.3-2 CaCl2, and 1.3 MgCl2  (139). Osmolarity of all solutions was 

290–305 mOSM; pH = 7.3–7.4. Brainstems were mounted and 300 µm coronal slices containing DMV 

and nAMB were cut using a vibratome (Leica Biosystems). Slices were transferred to a holding chamber 

and incubated in warmed (32–34 °C) oxygenated aCSF containing 1mM kynurenic acid (kyn-aCSF) for 20 

min. Slices were then transferred to an oxygenated holding chamber at room temperature where they 

were maintained before being placed in a recording chamber mounted on a fixed stage of an upright 

microscope (BX51WI; Olympus), where they were continuously super fused again with warmed (32–34 

°C), oxygenated aCSF (not containing kyn). 
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Whole-cell patch-clamp recordings under current clamp configuration were performed using infrared 

illumination and differential interference contrast optics (IR-DIC) under visual control. For recordings, 

glass pipettes (2–5 MΩ; King Precision Glass) were filled with a solution containing the following (in 

mM):  130 K+-gluconate, 1 NaCl, 5 EGTA, 10 HEPES, 1 MgCl2, 1 CaCl2, and Mg-ATP, pH titrated to 7.33-

7.39 with KOH. Biocytin (Sigma Aldrich, catalog # B4261) was added to the internal solution to identify 

patched neuron identity and location post-recording. Action potential (AP) frequency, resting membrane 

potential (RMP), and input resistance (Rinput) were measured. RMP was corrected for liquid junction 

potential post hoc (−7 mV). Rinput was measured by injecting 400 ms current pulse of -80 to +40 pA in 20 

pA increments. To measure AP response to depolarizing current pulses (400 ms) of increasing amplitude 

(50 to 300 pA), background current was injected to maintain the membrane potential of patched 

neurons at approximately −60 mV to ensure a consistent starting voltage between current injection 

sweeps. Number of APs during each depolarizing current step were counted.  

 

Recordings were discarded if series resistance was >25 MΩ or changed by >20% throughout the course 

of the experiment. Average series resistance was 9.64 ± 1.01 MΩ in the DMV and 11.71 ± 1.55 MΩ in the 

NA. Electrophysiological signals were acquired at 10 kHz and recorded using an Axoclamp 700B amplifier 

(Molecular Devices), low-pass filtered at 2 kHz, and stored to a computer using a Digidata 1440A 

digitizer and pClamp 10.2 software (Molecular Devices). For all electrophysiological experiments, data 

from only one cell per slice was included for data analysis. No more than three cells were used from one 

animal per region. A minimum of 8-10 min following establishment of whole-cell configuration was used 

to allow equilibration of the intracellular recording pipette contents. Two min of continuous recording of 

steady-state activity was analyzed offline with Clampex 10.6 (Molecular Devices). 
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Chemogenetic activation: For chemogenetic studies, ChatCre;Phox2bFlp;R26ds-HTB mice (13-52 weeks old; 

body weight, 25 ± 5g) were generated by first breeding Chat-Cre mice (Chattm1(cre)Lowl; JAX #028861) to 

Phox2b-Flp mice (Tg(Phox2b-flpo)3276Grds; JAX #022407), and then crossing the ChatCre;Phox2bFlp 

offspring to R26ds-HTB mice (gift of Martyn Goulding, Salk Institute for Biological Studies). The R26ds-HTB 

mouse line expresses a nuclear-localized, green fluorescent protein (GFP)-tagged histone 2b protein 

from the Rosa26 locus upon recombination by both Cre and Flp. Adult ChatCre;Phox2bFlp;R26ds-HTB mice 

and R26ds-HTB-only control mice were anesthetized with ketamine (80 mg/kg) and xylazine (10 mg/kg) 

then placed in a stereotaxic frame and on a servo-controlled heating pad to maintain a 37.0 ± 0.2 °C 

body temperature (RightTemp Jr.; Kent Scientific). Surgical sites were shaved and cleaned with betadine 

and isopropyl alcohol and injected with Nocita (long-lasting bupivacaine, 5.3 mg/kg, subcutaneously) for 

pre-operative analgesia. The dorsal surface of the medulla was then exposed by gently retracting the 

overlaying neck muscles and incising the meninges. A NanoJect III (Drummond Scientific, catalog  # 3-

000-207) was used to inject 40nL of adeno-associated virus (AAV) Cre/Flp-dependently expressing 

hemagglutinin (HA)-tagged hM3Dq (ssAAV-1/2-hEF1a/hTLV1-CreON/FlpON(HA_hM3D(Gq))-WPRE-

hGHp(A), Viral Vector Facility, University of Zurich and ETH Zurich, catalog # vhW34-1) at each of 8 

injection sites (320nL total volume) to ensure infection throughout the DMV (from calamus scriptorius;  

anterior/posterior: ±0.3 mm, medial/lateral ±0.15 mm, dorsal/ventral: -0.25 and -0.5 mm). Injections 

were made at 25nL/sec and the injection pipette was left in place for 5 minutes to minimize viral spread 

up the pipette track. After the final injection, the retracted muscles were sutured together over the 

injection site using absorbable sutures, and the skin was closed with Vetbond surgical glue. Mice were 

provided with Meloxicam Sustained-Release (ZooPharm; 5mg/kg; IP) for post-operative analgesia, 1 mL 

of lactated Ringers solution in 5% dextrose to support hydration and returned to the vivarium when 

ambulatory. These AAV-injected ChatCre;Phox2bFlp;R26ds-HTB mice are referred to as “DMV-hM3Dq” mice. 
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Mice were monitored post-operatively for five days and allowed to fully recover for three weeks before 

acclimation to experimental environments and procedures.  

 

Non-Invasive Electrocardiography: For 24-hour HR monitoring, mice were placed individually in 

portable electrocardiography (ECG) towers (ECGenie, Mouse Specifics Inc.) according to the 

manufacturer’s instructions. ECG data were analyzed with EzCG software (Mouse Specifics, Inc.). After a 

30 min acclimation period, baseline HR measurements (-20 min timepoint) were obtained by averaging 

at least three 10 sec epochs, which were manually reviewed to exclude those containing motion 

artifacts. Mice were then intraperitoneally injected with CNO (1.0mg/kg) at time 0. HR measurements 

from at least three 10 sec epochs were averaged per mouse per time point: 0 min; 20 min; 40 min; 60 

min; 120 min; 6 hr; 8 hr; and 24 hr. Mice were kept in the towers from the -20 min time point until the 

60 min time point, after which they were returned to their cages with access to food and water. For the 

120 min, 6 hr, and 8 hr time points, mice were placed back into the towers for ECG recording and then 

returned to their cages. After the 8 hr time point, mice were returned to the vivarium. For the 24 hr time 

point, mice were re-acclimated for 30 min in the towers before collecting ECG data. Male and female 

mice were run on separate days. 

 

For acute HR monitoring, mice were housed individually in ECGenie towers. As controls, we used CaTCh 

mice, a Cre/Flp reporter strain (Gt(ROSA)26Sortm80.1(CAG-COP4*L132C/EYFP)Hze , JAX#025109, (140) on a 

(129S6/SvEvTac x C57BL/6NCrl) genetic background. Mice were acclimated to the towers for 30 min 

before recording baseline HR measurements. At 20 min intervals, mice were temporarily removed from 

the towers and administered each of the following injections (i.p) in the order listed, in equal volumes 

per mouse: saline vehicle, CNO (1.0 mg/kg, Tocris Bioscience, catalog # 6329) and either CNO plus MA 

(CNO+MA) (CNO, 1.0 mg/kg; MA, 1.0 mg/kg, Sigma Aldrich, catalog # 2870-71-5) or CNO plus AQ-RA 741 
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(CNO+AQ) (CNO, 1.0 mg/kg; AQ, 1.0 mg/kg, Tocris Bioscience, catalog # 2292). HR measurements were 

recorded 15 min after each injection and averaged as described above. Other than temporary removal 

for injections, mice remained in the ECG towers for the duration of the experiment (approximately 1.5 

hr).  

 

Open Field:  The open field (OF) maze is made of composite plastics and consists of a single circular 

arena 100 cm in diameter, enclosed by a wall 40 cm in height (Figure 7F). The maze arena consists of a 

center and outer ring, with the center ring extending to a radius of 29.4 cm, representing ¼ of the total 

area (141, 142). The maze occupies a dedicated procedural room which is kept at constant temperature 

(19.0 °C) and illumination (100-120 lumens). Barriers are used so that the experimenter cannot be seen 

while the mouse is in the maze. All mice were acclimated to the experimenter and handled at least 5 

days before testing. Additionally, mice were acclimated to the behavioral room and maze for 3 training 

sessions prior to testing. DMV-hM3Dq mice (n=7) were randomly assigned to two groups and the order 

of the two treatments – saline vehicle and CNO 1.0mg/kg - was randomized. The experimenter running 

the OF test was blinded to drug treatment until after all treatments were complete. Just prior to testing, 

mice were acclimated to the behavior room for 30 min. Each mouse received one i.p. injection, either 

saline vehicle or CNO, 20 min prior to testing and was then gently placed into the center of the open 

field test. Mice are allowed free exploration of the maze for 10 mins. Mouse movement was tracked 

over this 10 min period using a video camera and automated tracking software (EthoVision, Noldus). The 

time in the center and total time spent moving was calculated for the 10 min period using Noldus 

EthoVision software (Figure 7G,H). The maze was wiped clean with 70% ethanol spray before each use. 

 

Elevated Plus Maze: The elevated plus maze (EPM) is made of plexiglass and consists of four arms (two 

open without walls and two closed with walls) (Figure 7J). The maze sits approximately 0.6 meters above 
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the floor, on a columnar platform, and underneath a video camera. The maze occupies a dedicated 

procedural room (see open field above) which is kept at constant temperature (66 °C) and illumination 

(100-120 lumens). Barriers are used so that the experimenter cannot be seen while the mouse is in the 

maze. All mice were acclimated to the experimenter and handled at least 5 days before testing. 

Additionally, mice were acclimated to the behavioral room and maze for 3 training sessions prior to 

testing. DMV-hM3Dq mice (see above; n=8) and their controls (n=8) were randomly assigned to four 

groups and the order of these four treatments was randomized: saline vehicle, CNO 1.0mg/kg, CNO+MA 

(CNO, 1.0 mg/kg; MA, 1.0mg/kg) and CNO+AQ (CNO, 1.0mg/kg; AQ-RA 741, “AQ”, 1.0mg/kg). The 

experimenter running the EPM test was blinded to treatment until after all treatments were complete. 

Just prior to testing, mice were acclimated to the behavior room for 30 min. Each mouse received one 

i.p. injection, either saline vehicle, CNO, CNO+MA, or CNO+AQ, 20 min prior to testing and was then 

gently placed into the closed arm of the maze. Mice are allowed free exploration of the maze for each 

10 min session. Mouse movement was tracked over this 10 min period using a video camera and 

automated tracking software (EthoVision, Noldus). The time spent in open-arms, time spent moving, 

velocity and head dip events are each calculated for the 10 min period using Noldus EthoVision 

software. Mice underwent each treatment condition twice, and results were averaged between the two 

trials. Mice were allowed at least 24 hours recovery between testing days. The maze was wiped clean 

with 70% ethanol spray before each use. 

 

Immunohistochemistry: At the termination of optogenetic experiments, mice were deeply anesthetized 

with isoflurane then transcardially perfused with 0.1 M phosphate buffered saline (PBS) followed by 4% 

paraformaldehyde (PFA). Brains were cryoprotected in 30% sucrose before being sectioned (40 μm) on a 

cryostat at -19 ˚C (Leica Biosystems; CM 1860). Immunohistochemistry was performed on free floating 

sections for the immediate early gene product, cFos protein, as a marker of neuronal activation (rabbit 
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anti-cFos, 1:1000, Synaptic Systems, catalog # 226 003), and ChAT (goat anti-ChAT, 1:250, Sigma Aldrich, 

catalog # AB144P) to identify ChAT-positive motor neurons in DMV and NA. The following secondary 

antibodies were used: donkey-anti-rabbit (Alexa Fluor 488, 1:200, Invitrogen, catalog # A32790) and 

donkey-anti-goat (Alexa Fluor 568, 1:200, Invitrogen, catalog # A-11057). Negative controls were run 

without primary antibody. 

 

At the termination of electrophysiology experiments, brain slices were post-fixed with 4% PFA and then 

cryoprotected in 30% sucrose for at least two days before being sectioned (40 μm) on a cryostat at -19 

˚C. Biocytin-filled neurons were processed via avidin, Texas Red staining (TX Red Avidin D; 1:400; Vector 

Laboratories, catalog # A-2206). Free floating sections were also immuno-labeled for ChAT (goat anti-

ChAT, 1:250, Sigma Aldrich, catalog # AB144P) to detect ChAT-positive motor neurons as detailed above.  

At the termination of chemogenetic HR and behavioral studies, mice were transcardially perfused as 

described above. Brains were then cryoprotected in 25% sucrose solution before being sectioned (35 

μm) on a freezing microtome (SM2010R, Leica Biosystems). Next, brain sections were washed 3 times 

for 5 minutes each in phosphate buffered saline (PBS) on a shaker. After washing, brain sections were 

incubated in blocking solution (PBS with 0.1% Triton X, PBT, plus 2% donkey serum) overnight at 4°C. 

Next, immunohistochemistry was performed on free floating sections for hemagglutinin (HA; reporter 

for hM3Dq expression) (chicken-anti-HA 1:200, Aves Labs, catalog # ET-HA100) and ChAT (goat anti-

ChAT, 1:250, Sigma Aldrich, catalog # AB144P) on brain sections representing the rostral, mid, and 

caudal DMV. Primary antibodies were diluted in blocking solution and added to brain sections for 2 

hours at room temperature. A second wash cycle (3 rounds of 5 min) with PBS is performed before 

transferring the brain sections to secondary antibody solution. The following secondary antibodies were 

used: donkey-anti-chicken (Alexa Fluor 647, 1:2000, Thermo Scientific, catalog # A78952) and donkey-

anti-goat (Alexa Fluor 568, 1:200, Invitrogen, catalog # A-11057). All secondaries were diluted in 
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blocking solution and left to incubate overnight at room temperature. Following secondary incubation, 

brain sections underwent a third wash cycle (3 rounds of 5 min) in PBS before brain tissue was then 

mounted on glass slides, cover-slipped with a DAPI-containing mounting medium (Vectashield, Vector 

Labs, catalog # H-1000), and imaged on a fluorescence microscope (Revolve, Echo) using filters suitable 

for the appropriate fluorescent dyes and the following objectives: Olympus 2x Apochromat PLAN APO 

2X objective, numerical aperture (NA) 0.08, working distance (WD), 6.2mm; Olympus 10x Fluorite U 

PLAN PHASE FLUORITE 10X objective, Ph1 Phase,nAMB0.30, WD 10mm; Olympus 20x Apochromat U 

PLAN S-APO 20X objective,nAMB0.75, WD 0.6mm. Images were processed using Revolve Pro software 

and Image J (143).  

 

QUANTIFICATION AND STATISTICAL ANALYSIS 

 

Results are reported as mean ± standard error of the mean (S.E.M.). For in vivo experiments, ‘n’ is the 

number of animals. For ex vivo experiments, ‘n’ is reported as number of recorded cells and the number 

of animals. These values are stated when appropriate throughout the Results and Figure Legends. Graph 

creation and statistical analysis was conducted in GraphPad Prism 9 (GraphPad Software). Specific 

statistical tests are noted in the Results. In general, two-tailed Student’s t-test was conducted with 

parametric data containing two groups (paired or unpaired when appropriate). A Mann Whitney test 

was conducted with non-parametric data containing two groups. A one-way ANOVA followed by Tukey’s 

multiple comparisons was used when there was one independent variable and more than two groups. A 

two-way ANOVA followed by Šídák’s Multiple Comparison Test was used when there were two 

independent variables. Repeated-measures ANOVA was used when comparing multiple timepoints 

within subjects. The Geisser-Greenhouse correction was used if the sphericity assumption for ANOVA 

was not met. Simple linear regression was used to examine the relationship between two continuous 
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variables. Pearson correlation was used to examine the strength of the relationship between two 

variables. Differences were considered statistically significant if p ≤ 0.05. Graphs indicate individual 

mouse data or mean and SEM. 
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Chapter 3: Glucose Tolerance 

Summary  

 

The DMV is a region of the medulla which is the primary source of parasympathetic output to the 

digestive tract and controls glucose metabolism. Different subtypes of DMV neurons are thought to 

have distinct physiological roles, but their specific functions, gene expression, and synaptic circuitry are 

not well-defined. To address these knowledge gaps, we used an intersectional genetics approach to 

identify DMV neurons which can control glucose metabolism. Our results identified a molecularly and 

anatomically distinct subtype of DMV neurons marked by expression of the gene Calb2. We compared 

Calb2 DMV neurons with another DMV neuron subtype, Grp DMV neurons, in terms of anatomy and 

organ innervation. Calb2 DMV neurons were found in different subregions of the DMV and, unlike Grp 

DMV neurons, selectively innervated the pancreas and not the stomach. Chemogenetic activation of 

DMV neurons in general improved glucose tolerance during an intraperitoneal glucose tolerance test 

but did not alter baseline blood glucose levels. Surprisingly, activation of Calb2+ DMV neurons had no 

significant effect on glucose tolerance or insulin secretion. Our findings suggest that a molecularly 

distinct subtype of Calb2- DMV neurons control DMV-mediated insulin secretion. Identifying and 

understanding the specific DMV neurons involved opens potential avenues for targeted therapies for 

metabolic disorders such as diabetes. 

 

Introduction    

 

The regulation of glucose levels in the blood is crucial for an organism’s well-being and survival. Both 

hyperglycemia (high blood sugar) and hypoglycemia (low blood sugar) can be toxic and life-threatening. 

Due to these dangers and its importance as an essential fuel, circulating glucose levels are tightly 
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maintained within a homeostatic window of 4-6 mM (39). A critical component in maintaining blood 

glucose levels is the parasympathetic nervous system, which provides anticipatory control over pancreas 

endocrine functions and the generation, storage, and release of glucose in the liver. These anticipatory 

mechanisms function to prime the body to handle incoming glucose challenges more effectively and 

work in conjunction with glucose-induced reactive mechanisms. For instance, before and at the onset of 

a meal, the parasympathetic nervous system works through the vagus nerve to decrease glucose release 

from the liver and increase insulin secretion from the pancreas. These physiological changes help the 

body shift from internal to dietary sourcing of glucose and reduce postprandial hyperglycemia. 

Parasympathetic neurons which innervate the pancreas and liver are found exclusively in one region of 

the medulla, the dorsal motor nucleus of the vagus (DMV). Previous studies have found that electrically 

stimulating or genetically disinhibiting DMV neurons increases blood insulin levels (29, 15, 154). Other 

studies have shown that chemogenetically activating or inhibiting cholinergic neurons within the dorsal 

medulla, including the DMV neurons, increases and decreases glucose tolerance, respectively (76). 

However, the DMV also contains neurons which control gut motility, gastric acid secretion, and other 

digestive functions, and the specific identity and functional organization of DMV neurons which control 

glucose metabolism remain unknown.  

 

A recent single-cell genomic study identified molecular subtypes of DMV neurons which form distinct 

circuits to the digestive tract, raising the possibility that these molecular subtypes are functional units of 

the DMV (24, 25) Among these were cholinergic DMV neurons which express the gene encoding 

melanocortin 4 receptor (Mc4r), previously shown to control blood insulin and glucose levels and 

project to the pancreas (55, 154, 155, 156). We therefore investigated whether these neurons innervate 

the pancreas and can control glucose metabolism. Our results reveal a molecularly and anatomically 

distinct subtype of DMV neurons which selectively innervate the pancreas and surprisingly do not 
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secreted insulin when activated and, unlike DMV neurons more generally, do not improve glucose 

tolerance when activated during an IPGTT.   

 

Results 

Calb2 expression marks an anatomically and molecularly distinct population of DMV neurons. Since 

previous research showed that Mc4r+ DMV neurons control blood insulin levels, we used an existing 

single-cell genomics dataset to identify a genetic marker for targeting Mc4r+ DMV neurons. Our analysis 

showed that the gene Calb2 [Figure 8D], which encodes the calcium-binding protein Calbindin 2, was 

highly co-localized with Mc4r expression among DMV neurons. To validate Calb2 as a marker for DMV 

neurons and characterize their anatomy, we performed RNA fluorescent in situ hybridization (RNA FISH) 

and imaged DMV expression of Chat (a marker for cholinergic neurons), Calb2 and Grp, a marker for a 

different (Calb2-negative) DMV neuron subtype. Our results show that Calb2 and Grp mark distinct DMV 

neurons found in different DMV subregions [Figure 8C]. Specifically, Grp+ DMV neurons are found more 

medially and caudally, while Calb2+ DMV neurons largely reside at the lateral poles of the intermediate 

DMV [Figure 8C,E]. This location is significant because previous studies have shown that electrically 

stimulating the lateral poles of DMV elicits the most insulin and most glucagon secretion (68).  

 

Calb2+ DMV neurons innervate the pancreas but not the stomach. To determine whether Calb2 DMV 

neurons innervate the pancreas, we performed anterograde tracing from Calb2 DMV neurons using a 

Calb2-Cre mouse line (JaxID 010774) and an adeno-associated virus (AAV) which Cre-dependently 

expresses placental alkaline phosphatase (157) Transgenic PLAP expression enables chromogenic 

staining of neural processes so that they can be visualized in optically cleared organs (157) [Figure 9A]. 

After transducing DMV neurons with AAV-DIO-PLAP in adult Calb2-Cre and Grp-Cre mice, we harvested 

and optically cleared stomach and pancreas samples, chromogenically stained PLAP+ axons, and imaged 
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the stained axons in cleared tissue samples by stereoscope microscopy. As a positive control, we 

repeated these studies in Chat-Cre mice, which express Cre in all DMV neurons (22) Our results show 

that, while DMV neurons in general (ChatDMV neurons) innervate both the pancreas and the stomach 

[Figure 9B, Supplemental Figure 2A], Calb2DMV neurons innervate the pancreas but not the stomach 

[Figure 9C.E], whereas the opposite was true for GrpDMV neurons [Figure 9D, Supplemental Figure 2C]. 

These results indicate that, unlike GrpDMV neurons, Calb2DMV neurons selectively target the pancreas, 

consistent with previous studies of Mc4r+ DMV neurons (156). 

 

To further characterize the pancreas projections of Calb2+ DMV neurons, we performed anterograde 

tracing from Calb2-Cre DMV neurons using a AAV which Cre-dependently expresses the cytosolic 

fluorescent protein, tdTomato (AAV-FLEX-tdTomato) [Figure 9A]. Imaging cleared tissue samples of the 

pancreas showed tdTomato-immunofluorescent fibers (blue) co-localized with pan-neuronal marker 

PGP9.5 immunofluorescence (orange), confirming the tdTomato+ fibers as neural processes [Figure 9F-

H]. Consistent with our PLAP tracing results, we observed Calb2DMV;tdTomato+ fibers entering the 

pancreas [Figure 9F,G] and branching off deeper within the pancreas [Figure 9H]. Our PLAP and 

tdTomato anterograde tracing results show that Calb2DMV neurons innervate the pancreas. 

 

Optogenetically Activating DMV Vagal Efferent Neurons Significantly Improves Glucose Tolerance 

To confirm that activating DMV neurons can improve glucose tolerance, as previously reported (76), we 

performed an intraperitoneal glucose tolerance test (IPGTT) while using optogenetics to stimulate DMV 

neurons in awake, behaving mice. IPGTT’s were performed to bypass any oral phase of digestion. To 

specifically activate DMV neurons, we used intersectional genetics to target expression of a calcium-

conducting channelrhodopsin2 variant (CaTCh) to cells co-expressing Chat-Cre and Phox2b-Flp, which is 

specific to DMV vagal efferent neurons within the dorsal medulla [Figure 8F]. We then surgically placed 
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an optical fiber over the DMV to selectively stimulate CaTCh+ DMV neurons. We measured fasting 

glucose levels in tail blood samples collected at regular intervals before and after an intraperitoneal 

administration of glucose to fasted mice, with or without (“sham stimulation”) optogenetic stimulation. 

Comparing the same mice between stimulation and sham conditions showed that photo-stimulating 

DMV neurons significantly decreased blood glucose levels during IPGTT [Figure 10B]. This effect 

persisted after normalizing blood glucose measurements to baseline [Figure 10C]. In addition, analyzing 

the area under the curve revealed significant decreases in glucose at both 15 min and 120 min [Figure 

10D]. These results indicate that activating DMV vagal efferent neurons increases glucose tolerance, 

consistent with previous reports (76). 

 

Chemogenetically Activating DMV Vagal Efferent Neurons Significantly Improves Glucose Tolerance  

To confirm our intersectional optogenetic results, we used another approach, intersectional 

chemogenetics, to activate DMV neurons while measuring glucose tolerance. To target the excitatory 

chemogenetic receptor, hM3Dq, to DMV vagal efferent neurons (ChatDMV neurons), we injected a Cre- 

and Flp-dependent AAV-hM3Dq-HA into the DMV of adult Chat-Cre;Phox2b-Flp mice, an approach we 

previously validated for specifically activating DMV neurons (148 Figure 4) We then injected the mice 

with the hM3Dq ligand, clozapine-n-oxide (CNO; 1 mg/kg), to activate hM3Dq+ DMV neurons, or saline 

vehicle, while measuring tail blood glucose levels during an IPGTT.  Baseline pre-IPGTT blood glucose 

levels did not differ significantly 20min after CNO treatment relative to vehicle [Figure 10F], suggesting 

that activating ChatDMV neurons does not alter basal blood glucose levels in fasted mice. However, CNO 

treatment significantly improved glucose tolerance at both the 5 min and 15 min IPGTT timepoints, 

relative to vehicle treatment [Figure 12F]. These effects were present even after normalizing to pre-

IPGTT baseline blood glucose levels [Figure 10G], consistent with an increase in glucose tolerance. In 

addition, similar to our results with optogenetic stimulation of ChatDMV neurons, we observed a 
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significant decrease in the glucose AUC at the 15 min IPGTT timepoint [Figure 12H]. Unlike optogenetic 

stimulation, however, AUC did not differ significantly between CNO and vehicle treatments at the 120 

min IPGTT timepoint. Together, our results indicate that activating DMV vagal efferent neurons, 

whether optogenetically or chemogenetically, increases glucose tolerance. 

 

Calb2+ DMV Chemogenetic Activation Insufficient for Glucose Tolerance  

Since Calb2DMV neurons innervate the pancres, we investigated whether they can control glucose 

tolerance by activating them with intersectional chemogenetics [Figure 8A,B] while measuring glucose 

tolerance [Figure 10I-K]. Surprisingly, unlike what we observed when activating ChatDMV neurons, 

administering CNO (1.0mg/kg) to activate Calb2DMV neurons did not result in an improvement in glucose 

tolerance [Figure 10I-k]. These results indicate that Calb2DMV neurons are not sufficient for improving IP 

glucose tolerance.  

 

To determine whether Calb2 neurons were sufficient for controlling insulin release we looked at blood 

insulin levels after baseline, saline and CNO treatments [Figure 10L]. No significant change in insulin 

levels was observed between the treatment conditions indicating that Calb2DMV neurons are also 

insufficient for insulin secretion. While insignificant, we also observed a biphasic trend in glucose 

tolerance during Calb2DMV activation, where glucose tolerance is slightly perturbed 0-15min and slightly 

improved 15-120min [Figure 10I,J, Supplementary Figure 2D]. This effect appears to be sexually 

dimorphic with male Calb2DMV animals exhibiting a larger 0-15min increase in glucose and females 

exhibiting a larger 15-120min decrease in glucose.  
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Figures 

 

 

Figure 8. Calb2 is a discrete population of DMV neurons with unique spatial localization 

 (A) Calb2 expression heatmap (modified 22). B) Representative images of Calb2, Grp and Chat RNA FISH 

in the intermediate DMV. (C) anatomical map of Calb2+ DMV neurons, prepared by Stephen B. G. 

Abbott from our RNA FISH data (Fluorogold+, Flurogold+Calb2+). (D) Schematic of DMV, Intersectional 

approach for Calb2+Chat+. (E) Calb2-Cre;Chat-Flp;dsHTB. (F) Cre-On Flp-On Schematic, Chat-Cre:Phox2b-

Figure 8: Calb2 is a discrete population of DMV neurons with unique spatial localization 
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Flp:CaTCh-YFP. (G) Representative images of Chat-Cre;Phox2b-Fl;CaTCh-YFP expression in Rostral, 

Intermediate and Caudal DMV (CaTCh-YFP, Chat).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Calb2+ DMV neurons project to the pancreas (A top) Schematic of PLAP anterograde tracing 

method used for (B-E). (A bottom) Schematic of tdTomato anterograde tracing method used for (F-H). 

(B) PLAP anterograde tracing in pancreas from Chat-Cre DMV neurons. (C) PLAP anterograde tracing in 

pancreas from Calb2-Cre DMV neurons. (D) PLAP anterograde tracing in pancreas from Grp-Cre DMV 

neurons. (E) PLAP anterograde tracing in stomach from Calb2-Cre DMV neurons. (F-I) tdTomato 

anterograde tracing cleared pancreas from Calb2-Cre DMV neurons. PGP9.5, tdTOM 

 

 

 

 

Figure 9: Calb2 DMV Neurons Innervate the Pancreas 
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Figure 10: Chemogenetic and Optogenetic IPGTT for Chat-Cre;Phox2b-Flp and Calb2-Cre;Chat-Flp: (A) 

Schematic of optogenetic-IPGTT paradigm. (B) Chat-Cre;Phox2b-Flp;CaTCh IPGTT absolute values; two-

way ANOVA, Šidák’s multiple comparison test, p=0.0006, n=3. (C) % baseline change; two-way ANOVA, 

Šidák’s multiple comparison test, p=0.0051, n=3. (D) area under the curve; welch’s t-test, 

p=0.0.134(120mins), p=0.0448(15mins), n=3. (E) Schematic of chemogenetic-IPGTT paradigm. (F) Chat-

Cre;Phox2b-Flp;dsHTB IPGTT absolute values; two-way ANOVA, Šidák’s multiple comparison test, 

p=0.0052(5min), p=0.0363(15min), n=8.  (G) baseline change; two-way ANOVA, Šidák’s multiple 

comparison test, p=0.0146(5min), p=0.0174(15min), n=8. (H) area under the curve; Welch’s t-test, 

p=0.0008(15mins), n=8. (I) Calb2-Cre;Chat-Flp;dsHTB IPGTT absolute values; two-way ANOVA, Šidák’s 

multiple comparison test p=ns, n=8. (J) % baseline change; two-way ANOVA, Šidák’s multiple 

comparison test p=ns, n=8. (K) area under the curve; Welch’s t-test, p=ns, n=8. (L) Insulin ELISA 

performed on fasted Calb2-Cre;Chat-Flp;dsHTB; two-way ANOVA, Šidák’s multiple comparison test p=ns, 

n=9. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001 

Figure 10: Effects of optogenetic and chemogenetic activation on glucose tolerance in Calb2DMV and ChatDMV 
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Supplementary Figure 2., Related to Figure 9,10: (A) PLAP anterograde tracing in Chat-Cre stomach (B) 

PLAP anterograde tracing in Chat-Cre Liver (C) PLAP anterograde tracing in Grp-Cre stomach/lower 

esophageal sphincter (D) Calb2-hM3Dq IPGTT performed with 3.5mg/kg. (E) Male Calb-hM3Dq IPGTT 

3.5mg/kg CNO vs saline (F) Female Calb2-hM3Dq IPGTT 3.5mg/kg CNO vs saline.  

 
Discussion 

 

Whole DMV stimulation via chemogenetic activation of Chat+Phox2b+ neurons was sufficient to 

increase glucose tolerance. This result supports previous literature in which Chat+ DVC chemogenetic 

stimulation improved glucose tolerance at t=30min (76). The relevant impact of simultaneous DMV and 

Supplementary Figure 2 (Related to Figures 9,10)  
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hypoglossal stimulation may account for the difference seen in how long glucose tolerance modulation 

took to manifest between studies.  

Unexpectedly, chemogenetic activation of Calb2DMV neurons did not significantly affect glucose 

tolerance or insulin secretion. One possible explanation is that Calb2DMV neurons primarily innervate the 

pancreas to control exocrine functions, such as amylase and lipase secretion, rather than endocrine 

functions.  

Alternatively, Calb2DMV neurons may regulate pancreatic endocrine function by promoting glucagon 

secretion instead of insulin. Glucagon is known to modulate glucose-induced insulin secretion through 

beta-cell glucagon receptors (GCGR) (159). When beta cells are active, glucagon can act on beta-cells' 

GLP-1 receptors (GLP-1Rs), enhancing insulin secretion and lowering glucose levels  (42) . Moreover, 

ablation of alpha cells or their secretory products has been shown to impair insulin secretion (43). 

Cephalic glucagon responses have been observed (160), and recent studies suggest that alpha cells are 

crucial for the cephalic insulin response and glucose tolerance (161) This highlights glucagon as a 

potentially critical potentiation mechanism for beta-cell insulin secretion. Optogenetic stimulation of 

ARC-POMC to DMV-ACh neurons has been shown to promote hepatic glucose output and 

gluconeogenesis (55) emphasizing the DMV's role in regulating hepatic function and maintaining glucose 

levels and tolerance. Recently, a pre-meal rise in GLP-1 has been observed within a restricted feeding 

paradigm, likely affecting glucose levels directly through canonical GLP-1 pathways and indirectly by 

enhancing sweet taste (162). Additionally, optogenetic stimulation of glucose-sensing GLP-1R+ neurons 

in the DMH project through the DMV to regulate insulin and basal glucose levels (163).  

The absence of DMV-mediated signaling to the stomach and liver in the Calb2DMV stimulation, as 

opposed to ChatDMV stimulation, could clarify our findings. The potential role of glucagon as the primary 

cephalic phase glucose-regulating secretory product might be crucial here. Given that glucagon and 
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alpha cells are essential for cephalic phase insulin release (CPIR) in mice, we propose that DMV-

mediated glucagon release, which enhances beta cells' sensitivity to glucose-induced insulin secretion 

(GIIS), is a critical early endocrine event in the cephalic cascade. However, this mechanism alone may 

not be sufficient to improve glucose tolerance. 

We speculate that without proper DMV-mediated inhibition of hepatic gluconeogenesis and signaling to 

the stomach for GLP-1 secretion, the DMV-pancreas endocrine response is unable to adequately 

compensate for prandial glucose flux. The DMV's orchestration of these mechanisms likely primes 

maximal insulin secretion and optimal glucose tolerance. This hypothesis aligns with previous 

suggestions that subtypes of pancreas-projecting DMV neurons are distinct, responding either to GLP-1 

or PP but not both (164) We further speculate that separate Calb2-DMV+ populations may exist to 

control these cephalic endocrine responses. If so, it could imply that various subtypes work together to 

orchestrate distinct functions, rather than one subtype controlling a single function. It appears to be a 

modular system where subtypes perform specific elements of a function via their target organ, and the 

timing and overlap of these mechanisms maintain optimal tolerance. If DMV subtypes responsible for 

these discrete elements of glucose tolerance are genetically distinct, it will allow for their selective 

molecular targeting for therapeutic manipulation and further understanding. 

Our RNA scope results confirm and support previous models of the DMV that spatial regions of the DMV 

are genetically distinct from one another (24) and form longitudinal columns (12,29) [Figure 8C,E]. 

Interestingly the DMV subtype marked by Calb2 localized to the lateral poles, where the most insulin 

and glucagon secretion was observed during an electrical stimulation study (29). Anterograde tracing 

results support previous research showing that genetically distinct DMV subtypes innervate separate 

target organs with Calb2 projecting to the pancreas and Grp projecting to the stomach/lower 

esophageal sphincter (24,25,92). One key limitation of our anterograde tracing studies is that they don’t 
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allow for the differentiation between left and right vagal innervation, so it is impossible to determine 

the relative contributions of each hemisphere to these pancreas projecting neurons. 

 

Methods 

 

Experimental Model Details: All animal care and experimental procedures were approved in advance by 

the University of Virginia Institutional Animal Care and Use Committee and in accordance with the 

National Institutes of Health Guide for the Care and Use of Laboratory Animals (137). All mice were 

maintained under standard conditions with access to food and water ad libitum on a 12:12 light cycle in 

a temperature regulated room (20.6 ± 1.9 °C) at the University of Virginia (UVA).  Mice were randomly 

assigned to experimental groups and age-matched (9-72 weeks old). Animals were group housed unless 

stated otherwise. Sex is stated in the figure legends when data is seperated. All mice are maintained on 

a C57BL6/J background unless otherwise specified, and genotyping was performed according to 

guidelines from Jackson Laboratory or by Transnetyx.   

 

 

 

The fluorescent in situ hybridization experiments used C57BL/6J mice from the Jackson Laboratory (JAX, 

000664). The following mouse lines were used for optogenetic studies: Chat-Cre;Phox2b-Flp;CaTCh 

(Chat-Cre Rossi et al., 2011; JAX, 028861)(Phox2b-Flp Hirsch et al., 2013; JAX, 22407)(CaTCh Daigle et al., 

2018; JAX, 025109). The chemogenetic experiments used Calb2-Cre;Chat-Flp (Calb2-Cre Huang Jax,  

013730)(Chat-Flp Jax, 033850) Chat-Cre;Phox2b-Flp (Chat-Cre Rossi et al., 2011; JAX, 028861)(Phox2b-

Flp Hirsch et al., 2013; JAX, 22407). The anterograde tracing experiments used Chat-Cre, Grp-Cre and 

Calb2-Cre. Unless otherwise specified, all experiments used adult mice with approximately equal 
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numbers of male and female mice (+/-1). Mice were housed at 22–24 C with a 12-h light:12-h dark cycle 

and ad libitum access to standard mouse chow and water unless otherwise stated for experimental 

purposes.  

 

RNA fluorescence in situ hybridization (FISH): FISH experiments were performed on brain tissue from 

mice that received intraperitoneal injections of 2% Fluorogold (Fluorochrome) a minimum of 5-days 

prior to euthanasia. Mice were terminally anesthetized with ketamine (20 mg/kg) and xylazine (2 mg/kg) 

in PBS, followed by transcardial perfusion with 0.9% saline plus heparin and 4% paraformaldehyde. 

Brains were extracted and post-fixed for 24 h at 4 C. Following fixation, brains were sectioned coronally 

at 30–35 um thick sections. The day before FISH, the sections were rinsed in PBS and then mounted on 

slides (Fisher) and left to dry overnight. An ImmEdge Hydrophobic Barrier Pen was used to draw a 

barrier around the sections. The slides were then incubated in Protease IV in a HybEZ II Oven for 30 min 

at 40 C, followed by incubation with target probes (Chat, Calb2, Grp) for 2 h at 40 C. Slides were then 

treated with AMP 1–3, HRP-C1, HRP-C2, HRP-C3, and HRP Blocker for 15–30 min at 40 C, as previously 

described (Wang et al., 2012). FITC, Cy3, and Cy5 (Perkin Elmer) were used for probe visualization. 

Fluorogold was either imaged in its native state or visualized using immunofluorescence with a rabbit 

anti-Fluorogold primary antibody (Fluorochrome, 1:5000) overnight and a donkey anti-rabbit 647 

secondary antibody (Thermo Scientific Cat# A31573, Lot# 2083195, 1:1000) for 2–4 h. Images were 

taken using a confocal microscope (Zeiss). Cell distributions were mapped in Neurolucida software 

(version 11, MBF Bioscience) using an AxioImager M2 (Carl Zeiss)(Dr. Stephen Abbot). 

  

Intersectional Genetic Targeting Approach: We used intersectional chemogenetics to specifically 

activate either all DMV vagal neurons or just the Calb2+ subtype of DMV neurons. Chat is present 

throughout the DMV and the hypoglossal nucleus, Phox2b is present throughout the DMV and NTS, 
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while Calb2 is present in only a subset of DMV neurons. Therefore, to intersectionally define the 

Phox2b/Chat or Calb2/Chat co-expressing neuron populations, we crossed the corresponding Cre- and 

Flp-expressing mouse lines to generate Cre;Flp mice. We injected the Cre;Flp mice with a Cre/Flp-

dependent AAV-hM3Dq (AAV1-CreOn/FlpOn-hM3dq-HA) into the DMV (8 injection sites within the 

DMV, 40nL/site) and later intraperitoneally administered the hM3Dq ligand, clozapine-N-oxide (CNO) to 

activate the hM3Dq+ neurons.  

Intracranial AAV Injections: Mice were anesthetized with ketamine (20 mg/kg) and xylazine (2 mg/kg) 

diluted in PBS and positioned into a stereotaxic apparatus (Kopf). A pulled glass micropipette was used 

for stereotaxic injections of an adeno-associated virus vector, AAV-DIO-tdTomato, AAV-CON-FON-

hM3Dq, or AAV9-CAG-FLEX-PLAP  (157), a gift of Dr. Stephen Liberles (Harvard Medical School, Howard 

Hughes Medical Institute), using the following stereotaxic coordinates for the DMV: anterior/posterior 

+/- 3mm, lateral/medial +/- 0.15 mm, and dorsal/ventral -2.5mm -4mm, from the calamus scriptorius. 

Following local anesthetization with bupivacaine, virus was injected (80nl nL/injection, 4 injections/side) 

using a Nanoject III system. This injection strategy was designed to fully cover the DMV. The pipette was 

removed 3–5 min after injections, followed by wound closure using sutures or surgical wound glue 

(Vetbond). Meloxicam SR (5 mg/kg; sustained release, SR) was injected subcutaneously for post-

operative analgesia.  

PLAP Anterograde Tracing: Following 3-4wk after AAV9-CAG-FLEX-PLAP injection, mice were terminally 

anesthetized with ketamine (20 mg/kg) and xylazine (2 mg/kg) diluted in PBS, followed by transcardial 

perfusion with 0.9% saline plus heparin then 4% paraformaldehyde (Thomas Scientific). The brains, 

esophagus, trachea, larynx, and lungs were collected and post-fixed for 24 h at 4 C. Following fixation, 

brains were sectioned coronally at 30 or 35 um thickness on a vibratome (Leica). A single series of 

sections per animal was used in histological studies to confirm injection site and PLAP expression. All 
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subjects determined to be surgical "misses’’ based on little or absent reporter expression were excluded 

from analyses. The liver, brain, stomach, pancreas and spleen were washed three times for 1 h at room 

temperature in PBS, followed by incubation in alkaline phosphatase (AP) buffer (0.1 M Tris HCl pH 9.5, 

0.1 M NaCl, 50 mM MgCl2, 0.1% Tween 20, 5 mM tetramisole-HCl) for two hours at 70 C. Afterward, the 

samples were equilibrated to room temperature and then washed twice in AP buffer. AP activity was 

visualized with NCT/BCIP solution (ThermoFisher Scientific 34042) and stained samples were rinsed in 

AP buffer for 15 min, post-fixed in 4% PFA for 1 h, and washed in PBS. Samples were then dehydrated 

through a series of ethanol washes (15%–100%) and cleared using a 1:2 mixture of benzyl alcohol 

(Sigma-Aldrich 402834-500 ML) and benzyl benzoate (Sigma-Aldrich B6630-1L). Whole mount images 

were taken using a brightfield stereomicroscope (Leica M205 FCA Stereomicroscope with color camera) 

and fluorescence microscope (Echo Revolve).  

Fluorescent Anterograde tracing: Following 3-4wk after AAV-DIO-tdTomato injection we transcardially 

perfused the mice with saline and 4% PFA (paraformaldehyde). We then removed and fixed the brain 

and pancreas. After fixation the brains were cut into ~35um sections on a freezing microtome and 

mounted to slides to allow for target validation. Organs underwent IHC to boost the tdTomato signal, 

along with counterstaining for Chat, and neuronal markers such as PGP9.5. We used the clearing 

method iDISCO to optically clear organs and image tdtomato+ fluorescence. After organs are optically 

cleared, they are cut and mounted on slides and the projections are visualized on a confocal microscope. 

 

Optogenetic Implant Surgery: To optogenetically stimulate the DMV and optogenetic ferrule was 

implanted over the DMV to allow for delivery of 473nm blue light. Mice were prepared for surgery as 

described above. Under the guidance of a stereotaxic alignment system, a ferrule-embedded optical 

fiber stub was lowered into the brain through a small hole in the skull, at a depth just dorsal to the DMV 

(AP:-3.0, ML:-0.15, DV: -3; from lambda) The fiber stub will be anchored to the skull using dental acrylic, 
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covering the external end with a protective cap or coupled to a patch cord during experimental 

stimulation. The scalp will be glued around the dried dental acrylic, and the mouse will undergo the 

post- operative procedures and monitoring as described (see above and below). This procedure was 

identical for optogenetic and fiber photometry methods. 

 

Optogenetic Activation: Optogenetic activation was carried out with a blue light laser controlled via an 

Arduino board and 473nm blue laser. Our stimulation parameters (5hz, 10ms, 1 sec on, 3 sec off) are 

informed by a recent study of vagal stimulation in rats which saw variable effects on blood glucose 

between different frequencies (5-20hz) and stimulation types (intermittent vs continuous), with 5hz 

intermittent stimulation producing the largest decreases in blood glucose (74).  

 

Chemogenetic Activation: Adult Chat-Cre;Phox2b-Flp;R26-dsHTB mice and Calb2-Cre;Chat-Flp;R26-

dsHTB  mice were anesthetized with ketamine (80 mg/kg) and xylazine (10 mg/kg) then placed in a 

stereotaxic frame and on a servo-controlled heating pad to maintain a 37.0 G 0.2 C body temperature 

(RightTemp Jr.; Kent Scientific). Surgical sites were shaved and cleaned with betadine and isopropyl 

alcohol and injected with Nocita (long-lasting bupivacaine, 5.3 mg/kg, subcutaneously) for pre-operative 

analgesia. The dorsal surface of the medulla was then exposed by gently retracting the overlaying neck 

muscles and incising the meninges. A NanoJect III (Drummond Scientific, catalog # 3-000-207) was used 

to inject 40nL of adeno-associated virus (AAV) Cre/Flp-dependently expressing hemagglutinin (HA)-

tagged hM3Dq (ssAAV-1/2-hEF1a/hTLV1-Con/ Fon(HA_hM3D(Gq))-WPRE-hGHp(A), Viral Vector Facility, 

University of Zurich and ETH Zurich, catalog # vhW34-1) at each of 8 injection sites (320nL total volume) 

to ensure infection throughout the DMV (from calamus scriptorius; anterior/posterior: 0.3 mm, medial/ 

lateral 0.15 mm, dorsal/ventral: -0.25 and -0.5 mm). Injections were made at 25nL/sec and the injection 

pipette was left in place for 5 minutes to minimize viral spread up the pipette track. After the final 
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injection, the retracted muscles were sutured together over the injection site using absorbable sutures, 

and the skin was closed with Vetbond surgical glue. Mice were provided with Meloxicam Sustained-

Release (ZooPharm; 5mg/kg; IP) for post-operative analgesia, 1 mL of lactated Ringers solution in 5% 

dextrose to support hydration and returned to the vivarium when ambulatory. These AAV-injected Chat-

Cre;Phox2b-Flp;R26-dsHTB mice are referred to as ‘‘DMV-hM3Dq’’ mice. Mice were monitored post- 

operatively for five days and allowed to fully recover for three weeks before acclimation to experimental 

environments and procedures.  

 

Glucose Tolerance: All mice were acclimated to the experimenters, handling, tail vein clips, and sham 

intraperitoneal (i.p.) injections in the week prior to testing. Following an overnight fast in same-sex 

cages with access to water ad libitum, the mice were temporarily single-housed for the experiment. 

30min prior to experiment start tails were clipped to ensure flow of venous blood throughout the 

experiment and to ensure stress would dissipate before sampling. All blood glucose measurements were 

performed by wiping the tail cut site with moist ethanol cloth, letting dry and applying a glucometer test 

strip to the flowing venous blood. The mice were then injected i.p. with either the ligand of the hM3Dq 

receptor clozapine-N-oxide (CNO, 1.0 mg/kg) or saline (1.0 mg/kg) control at t=(-20min). Two baseline 

blood glucose measurements were taken 10 and 20 min after the CNO/saline injections. A 20% 

D(+)Glucose solution (10uL/g)(sigma Aldrich 16301) is injected i.p into all animals at (t=0min). 

Immediately following i.p glucose injection we record tail blood glucose as mentioned above at 

t=0,5,15,30,60,120mins. The order of experimental injections was randomized with half of the mice 

mouse receiving saline or CNO first. We waited 48 hours before retesting the same animal. Paired data 

was analyzed in prism using AUC & two-way anova.  
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Blood Sampling: For blood glucose measurements we used a hand-held glucometer (OneTouch Ultra 

Milpitas, CA) that required one drop of blood. We would cut the distil 1mm of tail with scissors 60min 

prior to testing. To obtain repeated samples, we wiped the tail tip with a moist towel to reinitiate blood 

flow. To obtain enough blood for plasma insulin measurements we used the same tail-bleed method, 

placing the mouse on a wire hopper we would gently stroke the tail over the side (using gravity) to 

collect 30uL of blood. The blood samples were collected in 30μl EDTA-coated capillary tubes (Innovative 

Medical Technologies, Inc.; Shawnee Mission, KS). They were initially stored on ice. After centrifugation 

(7 min at 7000 rpm), the decanted plasma was stored at −80 °C until analysis with the Ultra-Sensitive 

Mouse Insulin ELISA (Crystal Chem; Downers Grover, IL).  

 

QUANTIFICATION AND STATISTICAL ANALYSIS  

 

Results are reported as mean standard error of the mean (S.E.M.). For in vivo experiments, ‘n’ is the 

number of animals. For ex vivo experiments, ‘n’ is reported as number of recorded cells and the number 

of animals. These values are stated when appropriate throughout the Results and Figure Legends. Graph 

creation and statistical analysis was conducted in GraphPad Prism 9 (GraphPad statistical tests are noted 

in the Results. In general, two-tailed Student’s t-test was conducted with parametric data containing 

two groups (paired or unpaired when appropriate). A Mann Whitney test was conducted with non-

parametric data containing two groups. A one-way ANOVA followed by Tukey’s multiple comparisons 

was used when there was one independent variable and more than two groups. A two-way ANOVA 

followed by Sıdak’s Multiple Comparison Test was used when there were two independent variables. 

Repeated-measures ANOVA was used when comparing multiple timepoints within subjects. The Geisser-

Greenhouse correction was used if the sphericity assumption for ANOVA was not met. Simple linear 

regression was used to examine the relationship between two continuous variables. Pearson correlation 
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was used to examine the strength of the relationship between two variables. Differences were 

considered statistically significant if p % 0.05. Graphs indicate individual mouse data or mean and SEM.  
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Summary/Conclusion  

 

DMV-Mediated Cardiac Function 

 
Unlike the nucleus ambiguous, the traditional vagal cardiac regulator, the DMV contains uniquely 

hyperexcitable cardiovagal neurons (CVNs) capable of strong cardioinhibition. This DMV-mediated 

cardioinhibition may be linked to cognitive appraisal mechanisms, resulting in reduced anxiety measures 

in behavioral tests. Our results support a model in which activating the vagus nerve decreases anxiety by 

slowing heart rate aligning with the James-Lange theory of emotion. The James-Lange theory, expanded 

upon by Cannon-Bard and later Schachter-Singer, ultimately culminating in modern cognitive appraisal 

theory, states that our physiological states precede emotional states, and that our brain’s attempt to 

interrupt these physiological biomarkers (such as heart rate, blood pressure, temperature etc) is 

identical to our emotional state (111,112) Supporting this notion, a recent study in mice demonstrated 

that inducing tachycardia is sufficient to evoke anxiety-like behavior (38,113), This finding has significant 

implications for mood disorders such as anxiety and post-traumatic stress disorder, where altered heart 

rate variability and vagal tone are often observed. 

 

DMV-Mediated Glucose Regulation 

 
The DMV plays a crucial role in autonomic anticipatory regulation of glucose metabolism. Calb2+ DMV 

neurons, located at the lateral poles of the DMV, project to the pancreas but do not influence insulin 

secretion. Alone these neurons are not sufficient to improve glucose tolerance during a glucose 

challenge. In contrast, broader stimulation of the entire DMV does enhance glucose tolerance, 

potentially due to differential and combined effects on glucagon, GLP-1, and hepatic glucose output.  
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These results suggest a model of DMV is which the concerted action of multiple DMV subtypes including 

Calb2, control insulin, glucagon, liver, and stomach responses to facilitate post-prandial glucose 

clearance. Despite the necessity of insulin for glucose regulation, there is a paradoxical necessity of 

alpha cells for optimal prandial glucose tolerance. As mentioned previously glucagon can, under certain 

physiological parameters, act to enhance insulin secretion indirectly by hepatic gluconeogenesis, by 

increasing glucose levels and directly acting on beta cells to sensitize them to glucose induced insulin 

secretion (155). This combined with the fact that ablation of alpha cells inhibits cephalic insulin secretion 

(161) makes a strong case for glucagon’s critical role in the optimization of glycemic consequences. In 

addition, the DMV projects to the liver and stomach and has effects on gluconeogenesis, glycolysis, and 

GLP-1 secretion. The signals between the DMV and these organs are likely of vital importance for the 

DMV’s role in glucose 

regulation.  

 

In this model [Figure 11] two 

or more populations of DMV 

neurons go to IPG’s to result in 

insulin and glucagon release 

respectively. Our results 

suggest that Calb2+ DMV 

neurons could communicate 

to the pancreas to release 

glucagon to potentiate insulin 

secretion, although it is also 

possible that they don’t 

Figure 11: Hypothesized model of DMV mediated glucose tolerance. DMV-Stomach elicits 
GLP-1, DMV-Liver decreases gluconeogenesis, Calb2- DMV-Pancreas secretes insulin, Calb2+ 
DMV-Pancreas secretes glucagon to potentiate glucose induced insulin secretion? 
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control endocrine but rather exocrine function. Additional Calb2- population(s) likely signal to the 

stomach to increase GLP-1 and the liver to inhibit gluconeogenesis. By these mechanisms, the combined 

effect of glucagon and subsequent insulin and GLP-1 secretion coupled with reduced gluconeogenesis 

could lead to a maximized glucose tolerance in response to meal consumption. If this is true, then this 

could mean these DMV populations have unique genetic markers and would allow for the selective 

manipulation of one but not the other, as a tool to learn more about how the CNS coordinates glucose 

regulation and to combat metabolic hormonal conditions such as T2D. Given the insufficiency of insulin 

alone, essential role of glucagon,  and the likely involvement of GLP-1 and liver signaling, I propose that 

the term 'Cephalic Phase Endocrine Response' (CPER) should be used to describe the anticipatory 

mechanisms regulating glycemia. This is because multiple hormones and target organs are crucial for 

achieving optimal cephalic glucose tolerance. 

 

Future Directions 

 

DMV-Mediated Cardiac Function  

Our research on DMV 

control of the heart, 

summarized in Figure 12, 

raises several intriguing 

questions. Key areas for 

further investigation 

include the molecular 

identity of CVN-DMV 

neurons, the mechanisms 
Figure 12: Schematic of DMV-mediated cardioinhibition and anxiolysis, differences between 
CVN-DMV and CVN-NA electrophysiological properties (148 Intro Figure) 
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behind their distinct electrophysiological properties, and their physiological roles. Identifying the DMV 

molecular subtypes that project to the heart could provide a deeper understanding of the signals 

influencing CVN-DMV neurons and facilitate the search for novel therapeutic targets for conditions like 

tachycardia and anxiety. 

 

Pharmacological testing confirmed that DMV stimulation-induced bradycardia requires mACh receptor 

activation. Scopolamine, but not atenolol, abolished optogenetically- and chemogenetically induced 

bradycardia, while MA and AQ-RA-741 ameliorated chemogenetic-mediated anxiolysis. However, a 

limitation is that AQ-RA-741 antagonizes both peripheral and central M2 receptors. Further studies are 

needed to elucidate the roles of cardiac receptors at both the DMV and heart levels in mediating 

bradycardia and anxiolysis. Future electrophysiological studies on CVN-DMV neurons are essential to 

elucidate the mechanisms underlying their increased spontaneous activity, higher input resistance, and 

distinct spiking activity in response to current injections. These neurons also exhibit smaller sizes 

compared to CVN-NA neurons. Understanding why the electrophysiological properties of CVN-DMV and 

CVN-NA neurons differ so significantly and the functional implication for parasympathetic cardiac 

regulation is crucial.  

 

Given the DMV's role in feed-forward metabolic regulation, it is worth exploring why certain DMV 

neurons would exert significant cardioinhibitory and anxiolytic effects in the first place. Fear is a potent 

inhibitor of foraging behavior. I hypothesize that DMV-mediated anxiolysis reduces the perception of 

fear to encourage foraging in risky environments. A starving and a sated mouse must assess the risk of 

an owl above a foraging patch differently to survive. Reduced heart rate and anxiety might temporarily 

allow behaviors that would otherwise be too risky, whether they involve intra- or interspecies conflicts. 

This mechanism is illustrated in Figure 13. When a mouse is sated, its energy needs are low, and the 
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sight or smell of an owl inhibits foraging through fear. As energy levels drop and the need for food 

increases, the sight and smell food increasing reduces heart rate, decreasing fear and enabling action. If 

this hypothesis is correct, the DMV’s effect on heart rate and anxiety might also represent a cephalic 

response. Understanding this connection could reveal new insights into the autonomic regulation of 

mood and anxiety disorders. 

 

As many diverse sex differences in cardiovagal function have been observed, a logical avenue for 

research would be to examine the sex difference in CVN-DMV electrophysiological properties, cardiac 

innervation, and function. Our unpublished analyses suggest that females have a more pronounced HR 

reduction and increase in open arm time. 

 

Our results raise the possibility that bradycardias might be sufficient to produce anxiolysis, aligning with 

the James-Lange theory of emotions. I'm particularly fascinated by the brain regions that interpret these 

signals and the mechanisms of this interpretation. It seems likely that our brain uses both the current 

biomarker state and past interpretations of similar biomarker states to form these interpretations. It's 

not just "my heart rate is low, so I’m calm," but rather "my heart rate is low, and I've previously 

Figure 13: Hypothesized model of DMV-mediated pro-foraging. 
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interpreted a low heart rate as calm, so I feel calm." If this is true, could a large percentage of our 

waking emotional state be conditioned emotional responses? 

 

DMV-Mediated Glucose Regulation 

Our research has raised new questions about the DMV's role in glucose regulation and insulin secretion. 

One limitation is the use of the transcriptional profile of only 306 cells to define molecular subtypes. As 

more transcriptional data becomes available, it will allow for finer subtype resolution and probing of this 

2000-cell nucleus, especially concerning subtype anatomy, target-projection profile, and function. 

Further research is needed to colocalize Calb2+ DMV fibers with their pancreatic targets to determine 

whether efferent vagal innervation synapses onto IPGs, islets, or both and which signaling molecules 

they release. Additionally, developing a working genetic mechanism to inhibit DMV neurons will be 

crucial for testing the necessity of Calb2+Chat+ DMV neurons for endocrine hormone secretion. To 

better understand the dynamic changes in glucose and hormone levels during the pre- and post-

mealtimes, we propose using wireless glucose probes for continuous monitoring and catheterizing mice 

for frequent blood-hormone assays while minimizing stress.  

 

Fiber photometry experiments are underway to examine endogenous Chat+ and Calb2+ DMV activity. 

Understanding the endogenous activity patterns of DMV neurons during the dynamic period prior to 

and during initial meal consumption is crucial. By characterizing these temporal patterns, we can 

enhance our knowledge of the DMV-mediated anticipatory glucose regulation. This improved temporal 

characterization will enable us to design precisely timed experimental manipulations and therapeutic 

interventions aimed at inhibiting or rescuing this regulation and enhancing cephalic-mediated glucose 

tolerance. While the role of sweet taste in the cephalic insulin response has been characterized how 

other sensory inputs are integrated and associated with taste to predict future metabolic outcomes is 
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currently unknown. To begin to understand the relative contributions of the sensory modalities on DMV 

neuronal activity fiber photometry experiments could be performed in parallel on mice with impaired 

taste, smell, or sight. Understanding the food-related signals that the brain uses to predict metabolic 

consequences is essential.  

 

Additionally, investigating DMV function in obesity, and various diabetic models will shed light on DMV-

mediated glucose tolerance under pathological conditions. Because of the influence palatability has on 

cephalic phase responses, we hypothesize that Calb2+ DMV neuron activity correlates with the 

palatability of food, with more palatable foods eliciting higher calcium release and neuronal activation.  

 

A key area of interest is determining the extent to which DMV activity is learned or conditioned and 

identifying the sensory elements that influence this process. To investigate this, we could habituate mice 

to anticipate specific metabolic consequences from distinct sensory cues, such as a specific tone or smell 

(e.g., cherry smell associated with low palatability chow and lemon smell associated with high 

palatability peanut butter). Once the mice are habituated, we would test their insulin secretion and 

glucose tolerance by either gastric infusion or gavaging with food-1 while providing cue-1. Subsequently, 

we would test insulin secretion and glucose tolerance for food-1 when paired with cue-2 and vice versa. 

I hypothesize that when the cue is switched, the magnitude of the metabolic response would more 

closely resemble the metabolic outcome associated with the previously associated food. This approach 

would help elucidate how prior food experiences are integrated to predict future metabolic outcomes. 

Furthermore, the influence of cephalically mediated insulin secretion on food intake should be 

examined. Although unconfirmed, pilot experiments to this end show no effect with standard chow, but 

a sex-dependent effect on high fat diet with females eating more and males eating less than their 

control counterparts. This may make sense as the cephalic responses correlate with palatability and 
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exist in part to allow for greater consumption of a food within a sitting. While speculative, it’s possible 

that the metabolic needs of pregnancy alter DMV activity in such a way as to facilitate increased 

consumption. Sex differences in DMV architecture, innervation and function have been observed and 

the relative differences in Calb2 function is a logical area for experimentation.  

 

The critical questions that emerge are (1) what role does premeal glucagon secretion, GLP-1 secretion, 

and hepatic glucose regulation play in optimizing both insulin levels and glucose levels in the post-meal 

environment and (2) do Calb2+ DMV neurons influence glucagon secretion. Additional hormonal assays, 

transcriptional profiling, in-situ hybridization, projection profiling and functional tests are needed to 

determine the DMV’s role in these processes. Understanding the molecular subtypes of DMV neurons 

that regulate glucagon, GLP-1, and hepatic glucose output is essential for identifying druggable targets 

for metabolic disorders of perturbed glucose regulation.  

 

Conclusion 

 

This dissertation deepens our understanding of the DMV's role in glucose regulation and cardiac 

function, uncovering an unexpected role for the DMV in controlling heart rate and anxiety. It also 

identifies a novel subtype of DMV neurons that innervates the pancreas. These insights not only expand 

our knowledge of DMV-mediated homeostasis but also underscore the DMV's critical significance in 

metabolic and cardiovascular health, paving the way for future research. 
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