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Dorsal motor vagal neurons can elicit bradycardia
and reduce anxiety-like behavior

Misty M. Strain,1,7 Nicholas J. Conley,2,7 Lily S. Kauffman,2,7 Liliana Espinoza,1 Stephanie Fedorchak,1

Patricia Castro Martinez,3 Maisie E. Crook,2 Maira Jalil,2 Georgia E. Hodes,4 Stephen B.G. Abbott,5 Ali D. Güler,2

John N. Campbell,2,8,* and Carie R. Boychuk1,6,8,9,*
SUMMARY

Cardiovagal neurons (CVNs) innervate cardiac ganglia through the vagus nerve to control cardiac func-
tion. Although the cardioinhibitory role of CVNs in nucleus ambiguus (CVNNA) is well established, the na-
ture 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 CVNNA and CVNDMV through the vagus nerve. Using
whole-cell patch-clamp, CVNDMV demonstrated greater hyperexcitability and spontaneous action poten-
tial firing ex vivo despite similar resting membrane potentials, compared to CVNNA. Chemogenetically
activating DMV also caused significant bradycardia with a correlated reduction in anxiety-like behavior.
Thus, DMV contains uniquely hyperexcitable CVNs and is capable of cardioinhibition and robust anxioly-
sis.

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 inmammalsmost CVNs are found

in the nucleus ambiguus (CVNNA), 20% of CVNs arise from a second region, the dorsal motor nucleus of the vagus (CVNDMV).1–6 While the

ability of CVNNA to control chronotropy (e.g., HR) is well characterized,7–9 whether this ability extends to CVNDMV remains controversial,

despite their extensive innervation of cardiac tissue.10 CVNDMV innervate cardiac tissue with unmyelinated, C fibers,11 the selective activation

of which causes a bradycardia (or a decrease in HR) in multiple mammalian species.12,13 In addition, studies of CVN ontogenesis implicate

DMV, not NA, as the primary vagal nucleus in lower-order vertebrates and in early mammalian embryonic development, since CVNNAmigrate

out of DMV,14,15 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,7,16 while others demonstrate local activation (chemical, electrical, optogenetic, or chemogenetic) elicits bradycardias

even if only modestly.17–21 However, no activation technique in awake animals used to date rules out incidental stimulation of either neigh-

boring 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.22 Of particular interest, vagus nerve stimulation is a promising treatment for anxiety and post-traumatic stress disorder.23,24

In rats, stimulating the vagus nerve accelerates extinction of conditioned fear25,26 and decreases anxiety-like behavior in the elevated plus

maze paradigm.23 In humans, vagal nerve stimulation may even reduce treatment-resistant anxiety disorders.27 However, the mechanism

behind the anxiolytic effect of vagal stimulation is currently unknown. Since the vagus nerve is a bidirectional nerve, carrying sensory infor-

mation from viscera to brain and motor information from brain to viscera, the extent to which the anxiolytic effect of vagus nerve stimulation
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Figure 1. 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-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 �Sı́dák’s post hoc when appropriate (G and L). *p % 0.05, **p % 0.01, ***p % 0.001, ****p % 0.0001.
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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.28 Accordingly, a recent study in mice demonstrated that tachycardia (e.g., increase in HR) is suf-

ficient to induce anxiety-like behavior.29

Controversy over the role of CVNDMV may stem in part from differences in CVNNA and CVNDMV electrophysiology and thus their roles in

regulating HR. Notably, CVNNA are largely quiescent in vivo and ex vivo,30,31 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 prop-

erties and maintain a relatively high activity ex vivo,32 which allows for more complex signal processing. One investigation into their activity

also suggests that, unlike CVNNA, CVNDMV do not demonstrate robust respiratory burst patterning.33 Therefore, it is tempting to speculate

that CVNDMV integrate and communicate central information differently from CVNNA and represent a functionally unique circuit with respect

to CVNNA, which is consistent with evidence that CVNDMV and CVNNA target different cardiac ganglia.34 A more extensive characterization of

the electrophysiological properties of CVNDMV will help build a foundation for understanding their cardioregulatory 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.35

The aim of the present study was to characterize the ability of DMV neurons to regulate HR functionally, physiologically, and pharmaco-

logically. 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 stud-

ied CVNNA. Testing of these hypotheses was accomplished using a combination of opto- and chemogenetic stimulation specifically in Chat+

neurons, pharmacological techniques to determine the regulatory role of CVNDMV on chronotropy, and retrograde labeling paired with elec-

trophysiology to examine differences between the twoCVNpopulations. Our results raise the possibility that CVNDMV play a role distinct from

CVNNA in regulating HR.
RESULTS

Optogenetic stimulation of Chat+ DMV can elicit bradycardia

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 (Chatcre) mice to

selectively express ChR2 in Chat+ neurons (Chatcre;ChR2). Chatcre;ChR2 and Chatcre mice (Figure 1A) were implanted with HR telemetry de-

vices and fiber optic probes above the right DMV.HRwas examinedbefore andduring photostimulation. A preliminary study found that 20 Hz

(�261G 32 bpm; n = 4 mice) elicited a significantly larger bradycardia compared to 5 (�58G 28 bpm; repeated measure one-way ANOVA

with �Sı́dák’s post hoc, p = 0.0003), 10 (�126G 26 bpm; p = 0.0064), and 40 (�43G 16 bpm; p = 0.0002) Hz stimulation to DMV in Chatcre;ChR2

mice (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 Chatcre;ChR2 mice (before: 2.5 G 1.4 Hz versus during: 13.0 G 2.7 Hz; repeated measure one-way ANOVA with

Tukey’s post hoc, p = 0.0482; n = 5 neurons from twomice; Figure 1B). DMV neurons fromChatcre;ChR2mice also had lower firing frequencies

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

ulation termination that lasted for 10.3 G 3.9 s with a range of 0.7–18 s.

Photostimulating DMV in awake male and female Chatcre;ChR2 mice significantly affected HR compared to Chatcre mice. During photo-

stimulation, Chatcre;ChR2 decreased HR (271 G 17 bpm) compared to HR before stimulation (605 G 18 bpm; repeated measure two-way

ANOVAwith �Sı́dák’s post hoc, p < 0.0001; n = 13mice; Figures 1F and 1G). Photostimulation failed to significantly affect HR during stimulation

in control, Chatcre mice (before: 597G 61 bpm vs. during: 606G 31 bpm, p = 0.9633; n = 4 mice), confirming that photostimulation-induced

bradycardia in Chatcre;ChR2 was not a consequence of off-target effects or exposure to a laser (e.g., tissue necrosis, light diffusion, temper-

ature effects). Finally, photostimulation-induced bradycardia in Chatcre;ChR2 was significantly different from HR responses to light in Chatcre

control (comparing both mouse lines during stimulation: p < 0.0001).

In contrast to photoexcitation of DMVneurons, photoinhibition of cholinergic neurons in DMVof awakemice usingChatcre mice crossed to

Ai39 mice conditionally expressing halorhodopsin (NpHREYFP), produced no significant HR response to light (before: 629G 45 bpm vs. dur-

ing: 627G 38 bpm; two-tailed paired Student’s t test, p = 0.8950, n = 3 mice). While these results suggest that under these conditions DMV
iScience 27, 109137, March 15, 2024 3
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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.36

Since the axons of CVNNA 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 2 h post-DMV stimulation (Figure 1D). 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 NA directly causes c-Fos

expression (Figure 1J). Finally in a subset of anesthetized Chatcre;ChR2 mice, photostimulation of the exposed vagus nerve produced no

change in HR (before: 422 G 61 bpm vs. during: 419 G 60 bmp; two-tailed paired Student’s t test, p = 0.9723; n = 3 mice). Taken together,

axonal expression of ChR2 in NA was not sufficient to activate NA and elicit bradycardia.

DMV photostimulation-induced bradycardia works through canonical vagal circuits

To confirm that DMV photostimulation affects HR though autonomic pathways, male Chatcre;ChR2mice 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 NA (n = 3) photostimulation (Figure 1E). Photostimulating of

DMV (�261 G 32 bpm) decreased HR to a similar extent as photostimulating NA (�255 G 32 bpm) (repeated measure two-way ANOVA,

p = 0.8157). As expected, pretreatment with hexamethonium abolished photostimulation-induced bradycardias fromboth brainstem regions

(HR responses in DMV: 3G 3 bpm and HR responses in NA:�2G 1, p < 0.0001; Figures 1J–1L), and HR was also not different between DMV

and NA during photostimulation after pre-treatment with hexamethonium (p = 0.9931).

To confirm that muscarinic acetylcholine receptor (mAChR) signaling is necessary for DMV-induced bradycardia, Chatcre;ChR2 mice

received i.p. injections of scopolaminemethylbromide (to block parasympathetic activity) and atenolol (to block sympathetic activity) in a ran-

domized order prior to photostimulation (Figure 1E). In this subset of mice (n = 5), optogenetic activation of DMV neurons again induced

robust bradycardia (�405 G 46 bpm) (Figures 1H and 1I). Although administration of atenolol modestly reduced DMV light-induced brady-

cardias (�276G 39 bpm; repeated measure one-way ANOVA with Tukey’s post hoc, p = 0.003; Figures 1H and 1I), atenolol also significantly

decreased resting HR (before: 665 G 21 vs. atenolol: 527 G 10, p = 0.0093; n = 5). Using 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 path-

ways. Unlike atenolol, however, administering scopolamine methylbromide abolished DMV light-induced bradycardias (14 G 3 bpm, p =

0.002, Figures 1H and 1I). Thus, both nAChR andmAChR activity is required for photostimulation-induced decreases in HR from DMV, similar

to NA. Some reports suggest that DMV-mediated vagal activity on cardiac tissue occurs through non-canonical nAChR communication be-

tween postganglionic parasympathetic neurons to cardiac tissue.38 However, since mAChR antagonism abolished DMV light-induced brady-

cardias, 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

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; Figures 2A and 2B). Although both tracers identified positive

neurons in NA and DMV, there were fewer traced neurons in CVNDMV (31 G 19 neurons) compared to CVNNA regardless of tracer (99 G 16

neurons; repeated measure two-way ANOVA with �Sı́dák’s post hoc, p < 0.0001; Figure 2C). In all animals, both right and left DMV contained

labeled cells regardless of tracer used. 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 a previous report in rats.39 In addition, CT-B

(47 G 36 neurons) labeled significantly fewer neurons than rhodamine regardless of region (83 G 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 va-

gus nerve, a unilateral left vagotomy prior to cardiac injection of rhodamine was performed in a separate group of animals (n = 3 mice, Fig-

ure 2D). Unilateral vagotomy eliminated labeling of CVNDMV ipsilateral to vagotomy (2 G 1 labeled CVNDMV) compared to the contralateral

side (32 G 8 labeled CVNDMV; two-tailed paired Student’s t test, p = 0.0483; Figure 2E). Taken together, DMV contains neurons that retro-

gradely label from cardiac tissue in a vagus-dependent manner.

CVNDMV show spontaneous firing and have larger input resistance ex vivo compared to CVNNA

To characterize the electrophysiological properties of CVNDMV in relation to CVNNA, additional studies examined the general excitability of

CVNs inmale C57BL6/Jmice using whole-cell patch-clamp electrophysiology under current clamp configuration. Retrogradely labeled CVNs

were identified using visual inspection for rhodamine and anatomical landmarks (Figure 3A). Post hoc biocytin recovery confirmed location

and cholinergic phenotype (Figure 3B). CVNDMV exhibited more spontaneous firing (8/14 neurons from 10 mice) compared to CVNNA (0/10

neurons from 9mice;MannWhitney test, p = 0.0064), which were completely devoid of any spontaneous firing activity (Figures 3C and 3D). Of

CVNDMV exhibiting spontaneous firing (57%), the average frequency was 1.28 G 0.31 Hz.

No statistical differences in resting membrane potential were found between CVNDMV (�58.60G 2.72 mV; n = 14 neurons from 10 mice)

and CVNNA (�62.18G 1.75 mV; n = 10 neurons from 9 mice; two-tailed unpaired Student’s t test, p = 0.3256, Figure 3E). However, we found

that CVNDMV (492.00 G 22.02 MU; n = 14 neurons from 10 mice) demonstrated significantly larger input resistance (Rinput) than CVNNA
4 iScience 27, 109137, March 15, 2024



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.

ll
OPEN ACCESS

iScience
Article
(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
iScience 27, 109137, March 15, 2024 5



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 3. Continued

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 �Sı́dák’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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ChatCre;Phox2bFlp;R26ds�HTB mice. This resulted in hM3Dq-HA expression in the vast majority of H2b-GFP+ DMV neurons (‘‘DMV-hM3Dq’’

mice; Figures 4A–4C). Importantly, we failed to detect any hM3Dq-HA expression in NA of these mice (Figures 4B and 4C), or in DMV of

mice lacking Cre and Flp recombinases (Figure S1B), confirming the specificity of our injection strategy and AAV expression.

To determinewhether chemogenetically activatingDMVneurons affects HR, we administered the hM3Dq ligand clozapineN-oxide (CNO;

1 mg/kg; i.p.) to DMV-hM3Dq mice while measuring HR by non-invasive electrocardiography (ECG; n = 8 mice per genotype). Administering

CNO significantly decreasedHR for up to 8 h compared to baseline (baseline: 718G 10 bpm; 20min: 497G 34 bpm, p= 0.0012; 40min: 497G

30 bpm, p = 0.0008; 60 min: 467G 36 bpm, p = 0.0007; 2h: 469G 39 bpm, p = 0.0011; 6h: 598G 19 bpm, p = 0.0006; 8h: 637G 24 bpm, p =

0.0274; Figure 4D). HR returned to baseline by 24 h post-CNO (24h: 731G 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-atro-

pine bromide (MA; 1.0 mg/kg; i.p.), 20min after CNO (baseline: 747 G 5 bpm; after CNO: 640 G 19 bpm vs. baseline, p = 0.0078; after MA:

801 G 4 bpm vs. baseline, p = 0.0004; Figure 4E). On the other hand, administering CNO to hM3Dq-negative control mice failed to signif-

icantly alter HR (p > 0.05 vs. baseline or vehicle; Figures 4E and S1C), indicating that CNOalone did 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

Tachycardia increases anxiety-like behavior in mice,29 consistent with the James-Lange theory that physiological cues can drive emotional

states.28 We therefore wondered whether the CNO-induced bradycardia in DMV-hM3Dq mice corresponded to any change in anxiety-

like behavior. To investigate, male and female DMV-hM3Dqmice and control mice (n = 8 per group) were administered CNOor saline 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 4F).42,43 Strikingly compared to vehicle, CNO treatment in DMV-hM3Dqmice significantly increased their time spent in the

center of the open field (CNO: 85.31 G 17.38 s vs. Vehicle: 64.55 G 13.98 s; two tailed paired Student’s t test, p = 0.0379, Figure 4G). 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 be-

tween saline and CNO treatments (two tailed paired Student’s t test, p = 0.4643, Figure 4H). In addition, CNO’s effects on HR and center time

in DMV-hM3Dq mice were moderately correlated (R2 = 0.7734, p = 0.0414; Figure 4I). 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 maze44 (Figure 4J). CNO treatment significantly increased the time DMV-hM3Dq mice spent in the open-arms of an elevated

plusmaze, relative to vehicle treatment, indicating a decrease in anxiety-like behavior (CNO: 16.9G 4.83 s vs. Vehicle: 0.23G 0.23 s, repeated

measure ANOVA with Tukey’s post hoc, p = 0.0235; Figure 4K). CNO treatment also significantly increased other signs of anxiolysis in DMV-

hM3Dq mice: time spent moving (CNO: 162.6G 14.4 s vs. Saline: 40.7G 8.7 s; p = 0.0006; Figure 4L); head dip events (CNO: 4.149G 1.022

dips vs. Saline: 0.2414G 0.1424 dips; p = 0.0259; Figure S1E); and average velocity (CNO: 2.339G 0.3068 cm/s vs. Saline, 0.6606G 0.2317 s,

p = 0.0011; Figure S1F). Importantly, however, treating hM3Dq-negative control mice with CNOdid not affect their open-arm time, indicating

that CNO itself does not decrease anxiety-like behavior (p = 0.3868; Figure S1D). 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 brady-

cardia, required peripheral mAChR signaling (Figures 4K, S1E, and S1F). Specifically, compared to vehicle treatment, CNO+MA failed to

significantly affect open-arm time, time spent moving, velocity or head dip events, relative to treatment with a saline vehicle (p < 0.05;

Figures 4K, 4L, S1D, and S1E). The decrease in HR trended toward a moderate correlation with the increase in open-arm time (R2 =

0.6394, p = 0.0878; Figure 4M). 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’’),45 which does not appear to cross the blood-brain barrier.46

Administering AQ after CNO reversed the CNO-induced bradycardia (repeated measure ANOVA with Tukey’s post hoc, p = 0.0016; Fig-

ure S1G). 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 4N). These results suggest that activating DMV neurons decreases anxiety-like

behavior through an M2-dependent mechanism.

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-labeledCVNDMV andCVNNA 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
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Figure 4. 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 andNA stained for HA (magenta) and H2b-GFP (green) immunoreactivity in ChatCre;Phox2bFlp;R26ds�HTBmice after DMV injection of AAV1-CreON/

FlpON-hM3Dq-HA (B). Percentage of H2b-GFP+ cells immunoreactive for hM3Dq-HA in the rostral, intermediate and caudal DMV and NA (C). Effect of CNO on

HR in DMV-hM3Dqmice over 24-h period. CNO (1mg/kg, i.p.) injected at time = 0min. Data analyzed using repeatedmeasure ANOVAwith 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). Schematic of open field experiment (F). Effects of i.p. saline vehicle and CNO on time in the center (G) and time spent

moving (H) for the open field, in seconds. Data analyzed using two tailed paired Student’s t test (G,H). Correlation between changes in HR and center time

between saline and CNO conditions in DMV-hM3Dq mice (I). Schematic of elevated plus maze (EPM) experiment (J). Effects of i.p. saline vehicle, CNO and

CNO+MA administration on open-arm time (K) and time spent moving (L) in the elevated plus maze, in seconds. Data analyzed using repeated measure

ANOVA with Tukey’s post hoc (K, L). Pearson 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 and CNO+MA data as in Figure 4K.

Data analyzed using repeated measure ANOVA with Tukey’s post hoc (N). Data represent mean and SEM. *p% 0.05, **p% 0.01, ***p% 0.001, ****p% 0.0001.
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of DMVneurons also causedbradycardia and a correlated decrease in anxiety-like behavior, both of which also required peripheralmuscarinic

signaling, as they were blocked by muscarinic antagonism.

Previous efforts to characterize in vivo electrophysiological properties of DMV neurons are limited, possibly a result of their prominent

C-fiber phenotypes and long latency conduction times33 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.14 Importantly, CVNs signal organization is an established example of diver-

gent amplification, meaning that changes in HR arise from modulation (activation or inhibition) of a relatively small number of CVNs.30
8 iScience 27, 109137, March 15, 2024
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Therefore, whole-cell patch-clamp recordings pairedwith 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.32,47,48 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 spon-

taneous activity in our slice preparation, which is also consistent with previous results fromCVNNA.31 While future studies will need to demon-

strate 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,33 which is in contrast to the CVNNA, which

show robust respiratory-related burst activity both in vivo and ex vivo.9 While we are only beginning to elucidate the complexity of vagal cir-

cuits 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.41,49,50While someparallel circuits have converging anatomy and function, theymay be distinct in

terms of their physiological roles.50 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 was 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.51 Therefore, future work should continue to investigate

how CVNs in NA and DMV differ in their microcircuit construction in relation to the basic circuit building blocks of critical homeostatic regu-

lating 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 demon-

strated variable strength of the response,18,21 implicating differences in anesthesia for differences in effect size. Alternatively, previous species

used (namely cats and rats) may exhibit a lesser degree of DMVdriven bradycardia thanmice because of differences in vagal tonus. Sincemice

have a lower vagal tone than rats for example,52–54CVNDMVactivation inmicemay recruit a larger numberof CVNDMVwhichwere notpreviously

active.Although it is possible that fastdecaykineticsofNpHREYFP in theAi39mouse line limited theability to significantly inhibitDMVneurons,36

the lack of an effect on HR of optogenetic inhibition of DMV in mice is similar to previous reports using inhibitory chemogenetic receptors.17

Therefore, while the present study introduced a significant refinement of techniques using Chatcre mice to eliminate the impact of known in-

terneuronswithinDMV, itmay suggest that CVNDMV activity is not necessary for vagal contributions to restingHR, similar to a previous report.17

While our Chat-targeted approach avoids influence of interneurons within DMV, the anatomical proximity of vagal axons fromNA and the

optical fiber in DMV55 raises the possibility that DMV stimulation resulted in axonal stimulation of CVNNA neurons. However, we failed to

detect c-Fos expression in NA 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 tar-

geted chemogenetic receptor hM3Dq expressed in DMV, but not other nearby cholinergic regions such as NA or hypoglossal neurons,

caused a similar cardioinhibition to DMV stimulation in Chatcre;ChR2. Taken together, these data provide robust evidence that solely acti-

vating DMV is sufficient for cardioinhibition (Figure 1D).

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 pre-

ganglionic and postganglionic parasympathetic neurons, some studies report that intracardiac ganglia harvested from SA node also show

mACh receptor-dependent neurotransmitter and calcium mobilization.56 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.57 Still, it is important to note that the aforementioned studies

did not comment on whether postganglionic neurons were isolated from cardiac nodal cells, nor did they directly address the effect of neuro-

transmitter release on the observed HR responses. Our findings are in accordance with the canonical signaling pathway between pregangli-

onic and postganglionic parasympathetic neurons, as pre-treatment with themACh receptor antagonist, scopolamine, completely abolished

light-induced bradycardia in ChATcre;ChR2 mice.

Recent research suggests that HR can influence emotional states, 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.’’.58 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.29 Inversely, beta-blockers such as propranolol, which robustly decrease HR,59 also reduce anxiety-like behaviors in

mice.60,61 Beta-blockers and other drugs which decrease HR have shown promise for treating anxiety and related disorders,62 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 cues29,63–65 and so could couple the perception of HR to emotional state.
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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 cardioselectiveM2 receptor antagonist AQ-RA

741,45 which does not appear to cross the blood-brain barrier,46 suggests a cardiogenic mechanism for the anxiolysis we observed when acti-

vating DMV neurons. For instance, one possibility is that DMVdecreases anxiety-like behavior by decreasingHR. This would agree with recent

studies showing that optogenetically increasing HR is anxiogenic,29 whereas pharmacologically decreasing HR is anxiolytic.66 Indeed, the M2

receptors blocked by AQ-RA 741 are enriched in the heart relative to other organs innervated by the DMV45,67 and are necessary for vagally-

mediated bradycardia.68 However, M2 receptors are also present in the gastrointestinal tract where they interact with M3 receptors to modu-

late smooth muscle contraction.69 Therefore, our results do not rule out the possibility that DMV decreases anxiety-like behavior through its

projections to the gut.69,70 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,59 are involved remains unknown.

In summary, this study demonstrates the existence of CVNDMV neurons and theDMV’s 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 cardioin-

hibitory 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 elec-

trophysiological properties, and their physiological role.
Limitations of the study

In this study, our use of transgenicmouse lines allowed for more targeted cell populations (namely Chat expressing) than previously used and

demonstrated that DMV can elicit robust changes in HR in response to opto- or chemogenetic stimulation. Although our retrograde tracing

results confirm DMV axonal projections to cardiac tissue, currently no transgenic mouse line is known to provide specificity to DMV neurons

projecting solely to cardiac tissue. A discussion on the implications of DMV’s regulation of gastrointestinal systems and anxiety has already

been included. However, it is also possible that global DMV stimulation changed other physiological outputs, namely respiration or blood

pressure. With advances in cell type markers in this region,71 future studies should focus on defining more specific cell population targeting

approaches that will allow for more precise circuit maps of DMV’s role in physiological function. Although our electrophysiological studies

provide important information regarding membrane properties and signaling ex vivo, they do not perfectly replicate the activity levels of

these neurons in vivowith fully intact circuits. Despite challenges associated with recording cardiac-specific populations in vivo, future studies

should include in vivo cellular recordings to further our understanding of differences between these neuronal populations.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Texas Red Avidin D Vector Laboratories Cat# A-2206, RRID:AB_2336751

rabbit anti-cFos Synaptic Systems Cat# 226 003; RRID:AB_2231974

donkey-anti-rabbit Alexa Fluor 488 Thermo Fisher Scientific Cat# A32790, RRID:AB_2762833

donkey-anti-goat Alexa Fluor 568 Thermo Fisher Scientific Cat# A-11057, RRID:AB_2534104

chicken-anti-HA Aves Labs Cat# ET-HA100, RRID:AB_2313511

goat anti-ChAT Sigma Aldrich Cat# AB144P, RRID:AB_2079751

donkey-anti-chicken Alexa Fluor 647 Thermo Scientific Cat# A78952, RRID:AB_2921074

Vectashield with DAPI Vector Laboratories Cat# H-1000, RRID:AB_2336789

Bacterial and virus strains

AAV1-CreON/FlpON-hM3Dq-HA Viral Vector Facility, University of Zurich Cat# vhW34-1

Chemicals, peptides, and recombinant proteins

Scopolamine methybromide Sigma Aldrich S8502

Atenolol Sigma Aldrich A7655

Hexamethonium Sigma Aldrich H2138

Clozapine N-oxide Tocris Bioscience #6329

Methyl-atropine bromide Sigma Aldrich 2870-71-5

Cholera toxin subunit-b (recombinant),

Alexa Fluor� 555 Conjugate

Thermo Fisher Scientific C34776

Tetramethylrhodamine-5-(and-6)-isothiocyanate

conjugated with 5(6)-TRITC (Rhodamine)

Thermo Fisher Scientific T490

Kynurenic acid Sigma Aldrich K3375

Biocytin Sigma Aldrich B4261

AQ-RA 741 Tocris Bioscience catalog #2292

Experimental models: Organisms/strains

Mouse: ChR2; Ai32(RCL-ChR2(H134R)/EYFP JAX #024109, RRID:IMSR_JAX:024109

Mouse: NpHR: Ai39(RCL-eNpHR3.0/EYFP JAX #014539, RRID:IMSR_JAX:014539

Mouse: ChATIRES-cre: B6.129S-Chattm1(cre)Lowl/MwarJ JAX #031661, RRID:IMSR_JAX:031661

Mouse: Chat-Cre: Chattm1(cre)Lowl JAX #028861, RRID:IMSR_JAX:028861

Mouse: Phox2b-Flp: Tg(Phox2b-flpo)3276Grds JAX #022407, RRID:IMSR_JAX:022407

Mouse: R26ds-HTB Martyn Goulding, Bourane et al.72 NA

Mouse: CaTCh: Gt(ROSA)26Sortm80.1(CAG-COP4*L132C/EYFP)Hze JAX #025109, RRID:IMSR_JAX:025109

Mouse: C57BL6/J JAX #000664, RRID:IMSR_JAX:000664

Software and algorithms

Spike2 v9.0 CED https://ced.co.uk

DSI talker CED https://ced.co.uk

EzCG software Mouse Specifics Inc https://mousespecifics.com

EthoVision Noldus https://www.noldus.com

Prism 9 GraphPad https://www.graphpad.com

ImageJ Schneider et al., 2012 https://imagej.net/ij/

CorelDraw CorelDraw www.coreldraw.com

(Continued on next page)
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pClamp 10.2 Molecular devices https://www.moleculardevices.com

Clampex 10.6 Molecular devices https://www.moleculardevices.com

Revolve Pro software Revolve Healthcare https://revolve.healthcare/
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Carie R. Boychuk

(BoychukC@missouri.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� All data reported in this paper will be shared by the lead contact upon request.
� This study did not report original code.

� Any additional information required to reanalyze the data reported in this paper is available from the lead contact.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

All animal procedures were approved by the Institutional Animal Care and Use Committee (IACUC) at the University of Texas Health San An-

tonio (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.73 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 G 1.7�C) at the University of Texas Health San Antonio (UTHSA) or a 12:12 light cycle in a tem-

perature regulated room (20.6 G 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 housed unless stated otherwise. Sex is stated in the figure legends. All mice aremaintained 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. Male and femalemice were used in an

inclusion design.

To generate a colony of transgenic mice with a constitutive knock-in of channelrhodopsin (ChR2) or halorhodopsin (NpHREYFP) in cholin-

ergic 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; Figure 1A).

For chemogenetic studies, ChatCre;Phox2bFlp;R26ds-HTB mice (13-52 weeks old; body weight, 25 G 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 ex-

presses a nuclear-localized, green fluorescent protein (GFP)-tagged histone 2b protein from the Rosa26 locus upon recombination by

both Cre and Flp.

METHOD DETAILS

Optogenetic activation and HR

For brain region specific optogenetic stimulation, Chatcre;ChR2, Chatcre;NpHR, or control (Chatcre) mice were implanted with an optical fiber

over 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).74

Briefly, a vertical midline abdominal incision was made through the skin and peritoneal cavity. The telemetry device was placed in the peri-

toneal 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 mm Core Multimode Fiber, FP200URT) was inserted through a hole drilled through the skull just dorsal to the DMV (from

bregma; anterior/posterior: -7.43 mm, medial/lateral: 0.25 mm, dorsal/ventral: -2.65 mm) or NA (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
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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. Photostimu-

lation 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 (R14 mW, 26.2 G 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 Sci-

ences Inc.). HR was acquired 30 s before photostimulation and during a 30 s photostimulation period using Spike 2 (version 9) software (Cam-

bridge Electronic Design Limited). All probe placements were confirmed postmortem (Figure 1C).

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 b1 adrenergic receptor antag-

onist; and autonomic ganglionic blocker hexamethonium (30 mg/kg, Sigma Aldrich, catalog # H2138), a nicotinic ACh receptor (nAChR)

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;ChR2mice (10-20 weeks old; body weight, 31G 6g) were anesthetized with ketamine/xylazine (100mg/kg; 10mg/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. A total of three simulations were done with a 5-minute inter-stimulation

interval.

Retrograde tracing

Mice were anesthetized with ketamine/xylazine (100mg/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 preparedwith betadine and alcohol. A small (�5mm)

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; 100mL, 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 car-

profen 10 mg/kg) were administered on the day of surgery and as needed for pain relief.

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/reat-

tachment of the nerve. The superficial muscle and the cutaneous layer of the neckwere 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 G 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.
75 Osmolarity of all solutions was 290–305 mOSM; pH = 7.3–7.4. Brainstems were mounted

and 300 mm coronal slices containing DMV and NA were cut using a vibratome (Leica Biosystems). Slices were transferred to a holding cham-

ber 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 superfused again with warmed (32–34�C),
oxygenated aCSF (not containing kyn).

Whole-cell patch-clamp recordings under current clamp configuration were performed using infrared illumination and differential inter-

ference contrast optics (IR-DIC) under visual control. For recordings, glass pipettes (2–5 MU; King Precision Glass) were filled with a solution
16 iScience 27, 109137, March 15, 2024
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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 in-

crements. 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 >25MU or changed by >20% throughout the course of the experiment. Average series

resistance was 9.64G 1.01MU in the DMV and 11.71G 1.55MU in theNA. 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).

Chemogenetic activation

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 37.0G 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: G0.3 mm, medial/

lateralG0.15mm, dorsal/ventral: -0.25 and -0.5mm). Injections weremade at 25nL/sec and the injection pipette was left in place for 5minutes

tominimize viral spread up the pipette track. After the final injection, the retractedmuscles 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. 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.) ac-

cording to the manufacturer’s instructions. ECG data were analyzed with EzCG software (Mouse Specifics, Inc.). After a 30 minute acclimation

period, baseline HR measurements (-20 min timepoint) were obtained by averaging at least three 10 sec epochs, which were manually re-

viewed to exclude those containing motion artifacts. Mice were then intraperitoneally injected with CNO (1.0mg/kg) at time 0. HR measure-

ments 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#025109,76) on a (129S6/SvEvTac x C57BL/6NCrl) genetic background. Mice were accli-

mated 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 (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 4F). Themaze arena consists of a center and outer ring, with the center ring extending to a radius of 29.4 cm, representing 1/4 of

the total area.77,78 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 exper-

imenter and handling aminimumof 5 days prior to testing. Additionally, mice were acclimated to the behavioral room andmaze for 3 training

sessions prior to testing. DMV-hM3Dqmice (n=7) were randomly assigned to two groups and the order of the two treatments – saline vehicle
iScience 27, 109137, March 15, 2024 17
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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 soft-

ware (Figures 4G and 4H). 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 4J).

The maze sits approximately 0.6 meters above the floor, on a columnar platform, and underneath a video camera. The maze occupies a dedi-

cated 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 handling

a minimum of 5 days prior to testing. Additionally, mice were acclimated to the behavioral room and maze for 3 training sessions prior to

testing. DMV-hM3Dqmice (see above; n=8) and their controls (n=8) were randomly assigned to four groups and the order of these four treat-

ments 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 30min. Eachmouse 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 spentmoving, velocity and head dip events are each calculated for the 10min 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 phos-

phate buffered saline (PBS) followed by 4% paraformaldehyde (PFA). Brains were cryoprotected in 30% sucrose before being sectioned

(40 mm) 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 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 mm) 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 mm) 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 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 fluo-

rescencemicroscope (Revolve, Echo) using filters suitable for the appropriate fluorescent dyes and the following objectives: Olympus 2x Apo-

chromat PLAN APO 2X objective, numerical aperture (NA) 0.08, working distance (WD), 6.2mm; Olympus 10x Fluorite U PLAN PHASE FLUO-

RITE 10X objective, Ph1 Phase, NA 0.30, WD 10mm; Olympus 20x Apochromat U PLAN S-APO 20X objective, NA 0.75, WD 0.6mm. Images

were processed using Revolve Pro software and Image J.79
QUANTIFICATION AND STATISTICAL ANALYSIS

Results are reported as meanG standard error of the mean (S.E.M.). For in vivo experiments, ‘n’ is the number of animals. For ex vivo exper-

iments, ‘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
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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 �Sı́dák’sMultiple Comparison Test was usedwhen 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. Pear-

son correlation was used to examine the strength of the relationship between two variables. Differences were considered statistically signif-

icant if p % 0.05. Graphs indicate individual mouse data or mean and SEM.
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