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SUMMARY
Activity of cardiac-projecting neurons in the dorsal motor nucleus of the vagus (CVNDMV) is vital in cardiac
reflexes contributing tomaintaining cardiovascular health. However, how this population adapts tometabolic
challenges, such as high-fat diet (HFD), is unclear. This study aimed to identify neuroplasticity changes
induced by HFD in CVNDMV. Using whole-cell patch-clamp electrophysiology, we found that 15-day HFD
feeding increased tonic, but not phasic, gamma-aminobutyric acid type A (GABAA) inhibitory neurotransmis-
sion, exclusive to CVNDMV. Single-cell quantitative reverse-transcription PCR (scRT-qPCR) analysis revealed
a higher number of CVNDMV expressing GABAA receptor d-subunit (GABAA(d)R) in HFD compared to normal
fat diet (NFD). Deletion of GABAA(d)R in ChAT-positive motor neurons abolished HFD-induced increased
tonic GABAA neurotransmission in CVNDMV. Altogether, this evidence suggests that CVNDMV exhibits early
onset HFD-induced increased GABAergic neurotransmission, likely mediated by GABAA(d)R. This increased
inhibitory tone could explain previously reported reduced cardiac vagal motor output, thus contributing to
poor cardiometabolic health after HFD.
INTRODUCTION

Cardiac-projecting vagal motor neurons (CVNs) in the brain-

stem play a vital role in maintaining cardiac homeostasis by

slowing cardiac activity (i.e., cardioinhibition), which when

active is cardioprotective in a number of homeostatic distur-

bances.1,2 Conversely, decrease in vagal motor output in-

creases risk of cardiovascular disease and mortality,3,4 making

maintenance of proper CVN activity critical to overall health. Of

note, reduction in cardiac vagal output is evident in the pres-

ence of metabolic challenges, including obesity—a growing

public health burden and a key risk factor of cardiovascular dis-

eases.5,6 Mechanistic studies in animal models of obesity,

induced by high fat diet (HFD) exposure, also provide evidence

of early dampening of cardiac vagal control,7–9 even before

onset of weight gain and which persists as long as animals

were on HFD.10 Together, these investigations suggest that

metabolic perturbations like HFD can reduce CVN activity.

Although reduced vagal activity is of central origin,10 the neuro-

mechanistic underpinning of HFD-induced dampening of CVN

activity remains unclear.

Despite residing in two major brainstem nuclei, nucleus am-

biguus (NA) has received the majority of attention into the role

of central CVNs in cardiac physiology. However, the second

vagal nucleus, dorsal motor nucleus of the vagus (DMV),

also contains a population of CVNs that regulate cardiac
iScience 28, 112268,
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nodal cells10–13 and myocytes.14,15 While little work has

been done on these cardiac-projecting neurons in DMV

(CVNDMV) in disease states, evidence exists establishing

CVNDMV as disease modifiers since their activation improves

cardiac function in animal models of heart failure, chronic

intermittent hypoxia, and hypertension.16,17 Importantly,

CVNDMV may serve as a key signaling locus linking metabolic

perturbations to the cardiac system, since DMV and the cir-

cuits that project to this region respond to metabolic

cues,18–20 are impacted by HFD,21–23 and facilitate heart-gut

interorgan interaction in ischemia and exercise.24 Although

anatomical location and physiological function of CVNDMV

indicate that they may mediate effects of metabolic chal-

lenges to cardiac vagal motor output, their plasticity adap-

tions to HFD remain to be determined.

Inhibitory gamma-aminobutyric acid (GABA) neurotransmis-

sion perturbations are noted throughout the central nervous

system as contributing to metabolic pathophysiology.25,26 For

example, long-term HFD exposure during the perinatal period

increased excitatory drive to presynaptic GABAergic synaptic

terminals on gastric-projecting DMV neurons that associated

with decreased parasympathetic outflow to the stomach.22

However, GABAergic neurotransmission in DMV is mediated

by two signaling modalities, tonic and phasic (i.e., presynaptic),

which is predicted by the subunit composition of the

heteropentameric membrane spanning GABAA receptors
April 18, 2025 ª 2025 The Authors. Published by Elsevier Inc. 1
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(GABAARs)
27–30 and the dynamic mobility of receptors in and

out of the membrane.31 Despite evidence of changes in presyn-

aptic release of GABA after perinatal HFD, other studies

indicate DMV neurons increased tonic, but not phasic,

GABAergic current after metabolic challenges such as experi-

mentally induced type 1 diabetes and long-term perinatal

HFD.21,32 Among several critical subunits, GABAARs containing

the d-subunit can contribute to increases in tonic current in

response to metabolic adaptation,32 and at least protein

expression of the d-subunit is increased in other vagal motor

output brain regions after HFD.10 Unfortunately, few tools pre-

viously existed to selectively target GABAARs containing the

d-subunit, limiting the ability to make strong associations with

disruption in neurophysiology and the d-subunit. Additionally,

no study to date examined whether increased inhibition of

GABAARs containing the d-subunit associates with early

(<14 days) disease progression in adulthood, when mice do

not demonstrate robust changes in weight or glucose toler-

ance.10 Therefore, we hypothesized that HFD increases tonic

inhibitory current provided by GABAAR containing the d-sub-

unit that may lead to a reduced cardiac parasympathetic

outflow early in disease (<14 days) when exposure occurs

during adulthood. To test this hypothesis, we used whole-

cell patch-clamp electrophysiology, single cell quantitative

reverse-transcription PCR (scRT-qPCR) and two novel trans-

genic mouse models.

RESULTS

Fifteen-days of HFD increases tonic but not phasic
GABAAR neurotransmission in CVNDMV

Since our previous report demonstrated robust inhibition of car-

diac vagal motor output after 15 days of HFD,10 we first investi-

gated whether acute HFD, after three or fifteen days, impacted

GABAergic neurotransmission in CVNDMV. Voltage-clamp re-

cordings were performed on CVNDMV neurons retrogradely

labeled with rhodamine (Figure 1B). Confirmation of location in

DMV and colocalization with ChAT were done through post-

hoc recovery of biocytin (Figure 1C), and recordings were done

for both tonic and phasic GABAARs (Figure 1D). Bicuculline me-

thiodide (30 mM), a general antagonist of GABAAR, was applied

to determine tonic GABAAR current amplitude in CVNDMV (Fig-

ure 1E). CVNDMV from 15DHFD animals had a significantly higher

tonic current density compared to normal fat diet (NFD) (HFD15D

vs. NFD = 1.32 ± 0.14 vs. 0.78 ± 0.12 pA/pF, nNFD cardiac = 11

cells/6 mice, n15D HFD cardiac = 12 cells/6 mice, one-way

ANOVA, Tukey’s post-hoc test; p = 0.01) and 3D HFD (HFD3D:

0.42 ± 0.08 pA/pF, n3D HFD cardiac = 10 cells/5 mice, one-way

ANOVA, Tukey’s post-hoc test; p < 0.0001) (Figure 1F). There

was no difference between 3D HFD CVNDMV and NFD (one-

way ANOVA, Tukey’s post-hoc test; p = 0.16). Control groups

for 3D and 15D NFD were combined as they were not different

(NFD3D vs 15D = 0.74 ± 0.33 vs. 0.80 ± 0.10 pA/pF, n3D NFD cardiac =

3 cells/2 mice, n
15D NFD

= 8 cells/4 mice, two-tailed unpaired Stu-

dent’s t test; p = 0.84). There were no differences in cell capac-

itance between CVNDMV from NFD or HFD groups (NFD vs.

HFD3D vs. HFD15D = 43.88 ± 6.76 vs. 44.51 ± 4.30 vs. 37.20 ±

3.28 pF, one-way ANOVA, Tukey’s post-hoc test, p = 0.72), indi-
2 iScience 28, 112268, April 18, 2025
cating that increases in tonic current after HFD are not related to

large changes in cell size.

Since DMV is also populated by neurons with other peripheral

organ projections that receive prominent GABAergic neurotrans-

mission,33 we tested whether increased tonic current density af-

ter 15D HFD is specific to CVNDMV. Voltage-clamp recordings

were performed on gastric-projecting and unlabeled DMV neu-

rons. Tonic current density of 15D HFD CVNDMV remained signif-

icantly higher compared to non-cardiac DMVs in NFD or HFD

groups (NFDother = 0.79 ± 0.14 pA/pF, p = 0.02; HFDother =

0.80± 0.09 pA/pF,p= 0.03; nNFD other = 8 cells/5mice, nHFD other =

8 cells/4 mice, one-way ANOVA, Tukey’s post-hoc test). There

was no difference in tonic current density between 15D NFD car-

diac and non-cardiac DMV groups (NFD15D cardiac vs NFDother =

0.78 ± 0.10 vs. 0.79 ± 0.14 pA/pF; one-way ANOVA, Tukey’s

post-hoc test, p R 0.99), or with 15D HFD non-cardiac DMV

(HFDother = 0.80 ± 0.10 pA/pF, one-way ANOVA, Tukey’s post-

hoc test, pR 0.99). No significant difference was found between

non-cardiac NFD and HFD groups (NFDother vs HFDother = 0.79 ±

0.14 vs. 0.80 ± 0.10 pA/pF, one-way ANOVA, Tukey’s post-hoc

test, p > 0.99). This suggests that the influence of acute HFD on

tonic GABAAR current in adult mice was selective to cardiac-

projecting DMV neurons.

We also determined if 15D HFD feeding affects phasic

GABAergic neurotransmission. However, no differences were

observed on any phasic current components in CVNDMV be-

tween NFD, 3D HFD and 15D HFD, such as in sIPSC frequency

(NFD vs. HFD3D vs. HFD15D = 6.41 ± 2.35 vs. 3.68 ± 1.07 vs.

3.48 ± 1.04 Hz, p = 0.36; one-way ANOVA, Tukey’s post-hoc

test, Figure 1H), amplitude (NFD vs. HFD3D vs. HFD15D =

28.17 ± 2.34 vs. 28.39 ± 2.96 vs. 28.16 ± 2.18 pA, p = 0.99;

one-way ANOVA, Tukey’s post-hoc test, Figure 1I) and decay

time (NFD vs. HFD3D vs. HFD15D = 7.07 ± 0.62 vs. 7.30 ± 0.98

vs. 6.73 ± 0.43 ms, p = 0.82; one-way ANOVA, Tukey’s post-

hoc test, Figure 1J). Altogether, exposure of HFD for 15 but not

3 days affects tonic but not phasic GABA current, exclusively

in CVNDMV.

Fifteen-days of HFD increases tonic GABAAR
neurotransmission from receptors containing the
d-subunit in CVNDMV

A robust theoretical framework implicates GABAARs containing

the d-subunit as critical in generating tonic current.34,35 To test

whether GABAARs containing the d-subunit are involved in the

impact of HFD on CVNDMV tonic GABAAR current, we used a

unique CRISPR-Cas9-made knock in/chemogenetic transgenic

mouse line (d*KI). This mouse line harbors a point mutation at

the membrane-spanning domain (M2) of the d-subunit located

on exon 8, rendering any GABAARs containing the d-subunit

resistant to the general GABAAR antagonist, picrotoxin (PTX;

Figure 2A).36 To isolate tonic currents generated specifically by

GABAARs containing the d-subunit in d*KI mice, we administered

PTX (10 mM) to eliminate the activity of GABAARs without the

d-subunit, followed by bicuculine (BIC) (30 mM; Figure 2B). In

this sequence, then, the tonic current eliminated by BIC applica-

tion is due only to activity of GABAARs containing the d-subunit.

In these d*KI mice, 15D HFD CVNDMV had a significantly higher

tonic current density in response to BIC (1.27 ± 0.19 pA/pF;



A B C

D E F

G H I J

Figure 1. Increased of tonic GABAergic current after 15D high fat diet

(A) Illustration of retrograde cardiac injection.

(B) Representative image of CVNDMV under differential inference contrast (top) and epifluorescence microscope (bottom).

(C) Representative images of biocytin and ChAT colocalization in recorded CVNDMV.

(D) A diagram of GABAergic neurotransmission and distribution of GABAAR in synaptic junction.

(E) Representative traces of tonic GABAergic current before and after BIC application in NFD and 15D HFD groups; dashed red line indicate current holding

baseline before BIC.

(F) Tonic current density of NFD and HFD groups in cardiac (,-3D, --15D) and non-cardiac (:-15D gastric, B-15D unlabeled) DMV neurons (nNFD cardiac =

11 cells from 6 mice, nNFD other = 8 cells from 5 mice, n3D HFD cardiac = 10 cells from 5 mice, n15D HFD cardiac = 12 cells from 9 mice, n15D HFD other = 8

cells from 4 mice, one-way ANOVA, F(4,44) = 8.572, pNFD cardiac vs 15D HFD cardiac = 0.01, pNFD other vs 15D HFD cardiac = 0.03, p15D HFD cardiac vs 15D HFD other = 0.04,

p3D HFD cardiac vs 15D HFD cardiac = <0.0001).

(G) Representative traces of CVNDMV sIPSC.

(H–J) Phasic GABAergic neurotransmission components: (H) sIPSC frequency, (I) amplitude, and (J) sIPSC decay time (NS, one-way ANOVA). Data are rep-

resented as mean ± SEM. NS, not significant, *p % 0.05, ****p % 0.0001. Tukey’s post-hoc test was done for one-way ANOVA.

DIC, differential inference contrast; ChAT, choline acetyltransferase; CVNDMV, cardiac-projecting vagal motor neuron; BIC, bicuculine; NFD, normal fat diet; HFD,

high fat diet; sIPSC, spontaneous inhibitory postsynaptic current.
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n = 5 cells/3 mice) compared to CVNDMV from NFD mice (0.52 ±

0.16 pA/pF; n = 3 cells/2 mice; unpaired, two-tailed Student’s t

test, p = 0.035; Figure 2D). To further confirm the role of

GABAARs containing the d-subunit, we recorded tonic activity

of CVNDMV from C57BL/6J mice before and after application to

the GABAARs containing the d-subunit super agonist, 4,5,6,7-

Tetrahydroisoxazolo[5,4-c]pyridin-3-ol hydrochloride (THIP; 3 mM).

Upon bath application, 15D HFD CVNDMV also possessed signif-

icantly higher tonic current density in response to THIP activation

of GABAARs containing d-subunit (0.51 ± 0.22 pA/pF; n = 5 cells/

2 mice) compared to CVNDMV from mice on NFD (0.031 ±

0.06 pA/pF; n = 8 cells/4 mice; unpaired, two-tailed Student’s t

test, p = 0.024; Figure 2F). Together, these experiments provide

robust evidence that tonic current density in CVNDMV generated

specifically from GABAARs containing d-subunit increased after

15 days of HFD consumption.
HFD induces increased GABAAR-dependent GABAergic
drive in CVNDMV

Tonic GABAergic inhibition regulates neuronal excitability

throughout the central nervous system,37 and specifically

within DMV.30 To determine if HFD-induced increases in tonic

GABAergic current impact CVNDMV excitability, brain slices

containing DMV were examined in current clamp configuration

at 15D of diet. There were no significant differences in basic

electrophysiological properties (Figure S1) under resting,

normal ACSF conditions between NFD and 15D HFD animals,

including membrane potential, input resistance and action po-

tential firing. To determine if the relative contributions of fast

synaptic neurotransmission were altered by 15D HFD, action

potential generation was examined before and after synaptic

signaling was blocked with both CNQX/AP5 (10 mM), the ion-

otropic glutamate receptors antagonists, and BIC (30 mM)
iScience 28, 112268, April 18, 2025 3
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Figure 2. Increased GABAAR containing d-subunit contributions are responsible for elevated tonic GABAAR currents after 15D high fat diet in

CVNDMV

(A) Schematic side view illustrating the position of PTX in the pore of a WT GABAAR and the lack of binding of PTX in d*KI GABAAR.

(B) Representative trace of tonic currents illustrating the sequential administration of PTX and BIC in CVNDMV from d*KI mice.

(C) Representative trace of GABAergic current during application of PTX and BIC in 15D NFD and HFD.

(D) BIC-sensitive tonic current density in CVNDMV from d*KI mice fed either NFD or 15D HFD after application of PTX to isolate GABAAR containing d-subunit

(nNFD = 3 cells from 2 mice, NHFD = 4 cells from 3 mice; unpaired, two-tailed Student’s t test; p = 0.035, t = 2.867, df = 5).

(E) Representative traces of tonic GABAergic current density before and after THIP application in NFD and 15D HFD of C57/Bl6J mice; dashed red line indicate

current holding before THIP application.

(F) Tonic current density of NFD and HFD in CVNDMV neurons (nNFD = 8 cells from 4 mice, nHFD = 5 cells from 2 mice, unpaired, two-tailed Student’s t test, p =

0.024, t = 2.621, df = 11). Data are represented as mean ± SEM. *p % 0.05.

NFD, normal fat diet; HFD, high fat diet; GABA, gamma aminobutyric acid; THIP, 4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridin-3-ol hydrochloride; PTX, picrotoxin;

BIC, bicuculine.
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(Figure S2A). In NFD, a total synaptic blockade significantly

reduced the number of action potentials evoked by CVNDMV

compared to normal ACSF conditions (ACSF vs. total

blockade = 4.92 ± 0.95 vs. 2.83 ± 0.74, nNFD = 9 cells/6

mice, repeated measures two-way ANOVA, Sidak post-hoc

test, p = 0.04, Figure S2B). In contrast, no significant change

was observed in the number of evoked action potentials in

HFD before and after total synaptic blockade (ACSF vs. total

blockade = 5.87 ± 1.04 vs. 5.39 ± 1.30, nHFD = 9 cells/8

mice, repeated measures two-way ANOVA, Sidak post-hoc

test, p = 0.39, Figure S2C). These results indicate that while

CVNDMV after 15D HFD may have elevated excitability

compared to NFD, the balance of fast synaptic neurotrans-

mission must compensate for this increased excitability since

there were no overt differences under normal ACSF

conditions.

Thus, to further investigate whether this altered balance

between fast neurotransmission and overall excitability

was related to decreased glutamatergic tone or increased

GABAergic tone, we measured action potentials evoked

before and after pharmacological blockade in current clamp.

Using glutamatergic blockade again with CNQX/AP5 (Fig-

ure 3A), both NFD and 15D HFD CVNDMV showed a significant

reduction of action potentials elicited during step current in-

jection (NFDbefore vs CNQX/AP5 = 4.93 ± 0.95 vs. 3.78 ± 0.90,
4 iScience 28, 112268, April 18, 2025
p = 0.02, Figure 3B; HFD15D before vs CNQX/AP5 = 5.87 ± 1.04

vs. 4.63 ± 1.01, p = 0.03; Figure 3C; repeated measures

two-way ANOVA, Sidak post-hoc test). The change of iono-

tropic glutamatergic drive, represented by area under the

curve (AUC), was not different between the two groups

(AUCNFD vs HFD15D = �311.1 ± 100.8 vs. �350.0 ± 127.9

a.u., two-tailed unpaired Student’s t test, p = 0.81, Figure 3D).

Finally, CVNDMV from animals on HFD almost uniformly

decreased the number of action potentials at 250 pA current

injection (�89%; Figure 3I) similar to CVNDMV from animals

on NFD (�78%; Chi-square test; p = 0.5; Figures 3I and 3J).

Therefore, under ex vivo conditions, the contribution of gluta-

matergic signaling to overall CVNDMV excitability remained

similar between NFD and HFD.

We then examined the number of action potentials generated

after GABAAR blockade in CVNDMV (Figure 3E). No difference

was found in the number of action potentials generated before

and after BIC application of CVNDMV from NFD (NFDbefore vs BIC =

3.78 ± 0.90 vs. 2.83 ± 0.74, repeated measures two-way

ANOVA, Sidak post-hoc test, p = 0.81, Figure 3F), similar to

previous reports.38 However, in CVNDMVs from 15D HFD

animals, antagonizing GABAAR-dependent GABAergic neuro-

transmission increased the number of evoked action potentials

(HFDbefore vs BIC = 4.63 ± 1.01 vs. 5.39 ± 1.30, repeatedmeasures

two-way ANOVA, Sidak post-hoc test, p = 0.005, Figure 3G) and
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Figure 3. Increased GABAergic neurotransmission drives in CVNDMV after 15D high fat diet

(A) Representative traces of NFD and HFD CVNDMV action potentials before (nACSF) and after CNQX/AP5. Action potentials evoked before and after CNQX/AP5

in B) NFD (C, n = 9 cells from 6 mice; repeated measures two-way ANOVA: Fcurrent (5, 40) = 171.7, p < 0.0001; FCNQX/AP5 (1, 8) = 9.416, p = 0.02; F interaction

(5, 40) = 0.2940, p = 0.91) and C) HFD (-, n = 9 cells from 8mice; repeated measures two-way ANOVA: Fcurrent (5, 40) = 80.6, p < 0.0001; FCNQX/AP5 (1, 8) = 7.554,

p = 0.03; F interaction (5, 40) = 2.021, p = 0.096).

(D) Changes of area under the curve after CNQX/AP5 (NS, unpaired, two-tailed Student’s t test).

(E) Representative traces of NFD and HFD CVNDMV action potentials before (CNQX/AP5) and after BIC.

(F and G) Action potentials evoked before and after BIC in (F) NFD (NS; repeated measures two-way ANOVA) and (G) HFD (repeated measures two-way ANOVA:

Fcurrent (5, 40) = 75.24, p < 0.0001; FBIC(1, 8) = 14.34, p = 0.005; F interaction (5, 40) = 7.513, p < 0.0001).

(H) Changes of the area under the curve after BIC (unpaired, two-tailed Student’s t test; p = 0.02, t = 2.613, df = 16).

(I) Percentage of cells based on response to CNQX/AP5 and BIC in NFD and HFD.

(J and K) The proportion of cells (J) with decreased response to CNQX/AP5 (Chi-square test, p = 0.05) and (K) with increased response to BIC (Chi-square test, p =

0.02) in NFD and HFD groups. Data are represented as mean ± SEM. NS, not significant, *p % 0.05, **p % 0.01. Sidak post-hoc test was done for repeated

measures two-way ANOVA.

NFD, normal fat diet; HFD, high fat diet; CNQX, cyanquaxaline; AP5, D-2-amino-5-phosphopentanoate; BIC, bicuculine; AUC, area under the curve.
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the change in ionotropic GABAergic drive in CVNDMV from HFD

animal as described by AUC was significantly greater compared

to NFD (AUCNFD vs HFD = �258.3 ± 164.3 vs. 194.4 ± 55.08 a.u.,

unpaired, two-tailed Student’s t test, p = 0.02, Figure 3H). Finally,

CVNDMV from animals on HFD almost uniformly increased the

number of action potentials at 250 pA current injection (�88%;

Figure 3I) compared to CVNDMV from animals on NFD (�29%).

This shift in response profile was significantly different (Chi-

square test; p = 0.02; Figures 3I and 3K). Taken together, these

data suggest that CVNDMV likely are hyperexcitable after 15D

of HFD feeding and this is masked under normal conditions

by a larger influence of GABAAR-dependent GABAergic

neurotransmission.
Expression of GABAAR-d-subunit increased in CVNDMV

after HFD
Assembly of specific subunits is critical to the diversity of

GABAAR signaling39,40; and tonic GABAcurrent is typically gener-

ated by GABAAR consisting of two a- and two b-subunits paired

with d-subunit.35 Therefore, we investigated whether an incre-

ased tonic GABAergic current in CVNDMV after 15D HFD is driven

by increased expression of d-subunit containing GABAARs. Indi-

vidual CVNDMV fromNFD and 15DHFD-fedmicewere profiled for

transcript expression of eight GABAAR subunits, a1-5 (gabra1-5),

d (gabrd), and g1-2 (gabrg1-2), using scRT-qPCR (Figure 4A).

Expression of two housekeeping genes, b-actin and glyceralde-

hyde 3-phosphate dehydrogenase (GAPDH), were present in all
iScience 28, 112268, April 18, 2025 5
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Figure 4. mRNA expression profile of GABAAR subunits in CVNDMV

(A) Heatmap of GABAAR subunits fold expression in NFD and 15D HFDCVNDMV, black square denotes undetected Ct Values (nNFD = 8 cells from 4mice, nHFD = 8

cells from 5 mice).

(B) Ct Values of housekeeping genes (NS, two-way ANOVA).

(C) Proportion of cells expressing GABAAR subunits (Chi-square test; pGabard = 0.01).

(D) Fold expression of GABAAR subunits (NS; unpaired two-tailed Student’s t Test). Data are represented as mean ± SEM. NS, not significant, *p % 0.05.

NFD, normal fat diet; HFD, high fat diet.
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CVNDMV samples and they were not different in NFD or HFD

animals (b-actinNFD vs HFD = 9.39 ± 0.52 vs. 9.27 ± 0.55;

GAPDHNFD vs HFD = 10.07 ± 0.66 vs. 10.75 ± 0.68; nNFD = 8

cells/4 mice, nHFD = 8 cells/5 mice, two-way ANOVA, Tukey’s

post-hoc test, p = 0.81, Figure 4B). This indicates that 15D HFD

does not altermRNA transcription in general. Only one out of eight

CVNDMV from NFD but five out of eight CVNDMV from HFD group

produceda detectableCT value forgabrdmRNAexpression. This

represented an increased proportion of CVNDMV expressing
6 iScience 28, 112268, April 18, 2025
GABAAR containing d-subunit in HFD15D (�62.5%) compared to

NFD (�12.5%; Chi-square test, p = 0.01, Figure 4C). By contrast,

there were no differences in either the proportion of cells or fold

expression of other subunits between NFD and 15D HFD (Fig-

ure 4C and 4D). Also, no expression of a4 subunit was detected

in any sample regardless of diet. Therefore, our results suggest

that an increased number of CVNDMV expressingGABAAR-d-sub-

unit transcripts may play a role in increased tonic GABAergic cur-

rent after 15D HFD.
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Deletion of GABAAR-d-subunit mitigates the effect of
HFD on CVNDMV activity
To determine if increased transcription of the GABAAR-d-subunit

impacts the role of HFD to increase inhibition, we performed

whole-cell patch-clamp electrophysiology on CVNDMV from

ChAT-d-null mice that lack GABAAR-d-subunit in their ChAT-

positive motor neurons.10 Qualitative immunohistochemical

imaging confirmed that ChAT-d-null had reduced GABAAR-

d-subunit expression compared to mice with a floxed

GABAAR-d-subunit cassette (Figure S3B). Knock down of d-sub-

units in CVNDMV was also confirmed with application of a low

concentration of gabazine, a well-established method to identify

tonic current generated by GABAAR that do not contain the

d-subunit.34,41–43 As expected, CVNDMV from ChAT-d-null mice

had significantly higher gabazine-sensitive tonic currents

compared to wild-type (WT) littermates (ChAT-d-null vs. WT =

0.66 ± 0.12 vs. 0.06 ± 0.04 pA/pF, nWT = 8 cells/5 mice, nChAT =

8 cells/5 mice, unpaired, two-tailed Student’s t test, p = 0.0009,

Figure S3C). However, there was no robust difference in firing

frequency, restingmembrane potential, input resistance, and ac-

tion potentials evoked under normal ACSF (Figures S3D–S3J).

To determine if the impact of 15D HFD required the presence

of GABAAR-d-subunit, electrophysiological experiments to

examine the impact of GABAARs on CVNDMVs were then

repeated in ChAT-d-null mice either on NFD or HFD. When BIC

was applied to CVNDMV from ChAT-d-null mice on 15D NFD or

HFD (Figure 5A), both groups showed no difference in tonic

GABAergic current density (0.91 ± 0.16 vs. 0.74 ± 0.09 pA/pF,

nNFD = 6 cells/5 mice, nHFD = 7 cells/5 mice, unpaired, two-tailed

Student’s t test, p = 0.35, Figure 5B). This finding indicates that

GABAAR-d-subunit facilitates tonic GABAergic neurotransmis-

sion in CVNDMV and deletion of this subunit mitigates the effect

of 15D HFD on increased tonic GABA current in CVNDMV.

We also examined whether knockout of GABAAR-d-subunit

rescues HFD-induced effects on CVNDMV neuronal excitability.

Under GABAAR blockade (Figure 5C), the number of action

potentials evoked before and after BIC application was

not different in CVNDMV from NFD and 15D HFD animals

(NFDbefore vs BIC = 5.69 ± 1.11 vs. 6.79 ± 1.33, p = 0.056, Fig-

ure 5D; HFD15D before vs BIC = 5.24 ± 0.99 vs. 5.71 ± 1.19, p =

0.18; Figure 5E; repeated measures two-way ANOVA, Sidak

post-hoc test). The change in AUC was not different between

NFD and 15D HFD (300.0 ± 123.4 vs. 121.4 ± 85.12 a.u., p =

0.26, unpaired, two-tailed Student’s t test, Figure 5F), suggest-

ing GABAergic drive between these dietary groups is similar.

Furthermore, no change was observed when comparing action

potentials evoked under normal ACSF and total synaptic

blockade (Figures 5G–5I, ACSFNFD vs HFD = 5.45 ± 1.03 vs.

5.60 ± 0.96, p = 0.89; Figure 5H; total blockNFD vs HFD = 6.79 ±

1.33 vs. 5.71 ± 1.19, p = 0.33; Figure 5I; repeated measures

two-way ANOVA, Sidak post-hoc test).

We acknowledge that CVNDMV from ChAT-d-null mice on NFD

exhibited more excitability after BIC application (Figure 5D),

similar to C57BL/6J mice on HFD. Besides GABAAR, BIC can

block small conductance Ca2+ activated K+ (SK) channel44–46

that increases intracellular Ca2+ resulting in prolonged afterhy-

perpolarization (AHP).47 We conducted analysis of AHP ampli-

tude to confirm if BIC-induced hyperexcitability in CVNDMV
from ChAT-d-null mice regardless of diet was SK channel-

dependent (Figure S4). We did not find any differences in AHP

amplitudes between NFD and 15D HFD of C57BL/6J (17.87 ±

1.0 vs. 20.22 ± 0.72 mV, nNFD = 7cells/6 mice, nHFD = 7 cells/7

mice, unpaired, two-tailed Student’s t test, p = 0.08, Figure S4B)

or ChAT-d-null (22.81 ± 1.09 vs. 23.84 ± 1.83mV, nNFD = 5 cells/5

mice, nHFD = 5 cells/5 mice, one-way ANOVA, Tukey’s post-hoc

test, p = 0.93, Figure S4D). However, regardless of diet, ChAT-

d-null mice had larger AHP amplitudes compared to C57BL/6J

mice (ChAT-d-nullNFD vs. C57BL/6J = 22.81 ± 1.09 vs. 17.87 ±

1.0 mV, p = 0.05; ChAT-d-nullHFD vs. C57BL/6J = 23.84 ± 1.83

vs. 17.87 ± 1.0 mV, p = 0.02, one-way ANOVA, Sidak post-hoc

test, Figure S4D). Therefore, it is likely that the increased number

of action potentials in ChAT-d-null mice is a secondary effect of

increased sensitivity of SK channels to BIC in the transgenic

mouse line, and not related to HFD-induced alternations in SK

channels. Together, our knockout data suggest that GABAAR-

d-subunit is required inmediating the effect of acute HFD feeding

on GABAergic neurotransmission plasticity in CVNDMV.

DISCUSSION

Despite extensive evidence that HFD disrupts vagal sign-

aling,21,48,49 little is known about its impacts on central cardiac

vagal motor circuits. Here, we demonstrate that HFD induced

early onset (15 days) increases GABAergic neurotransmission

in adult murine CVNDMV. Using two novel transgenic mouse lines

and traditional pharmacological approaches, this increase in

GABAAR tonic inhibitory current after 15D HFD was mediated

by a marked increase in signaling specifically from GABAARs

containing the d-subunit. Mechanistically, increased currents

from GABAARs containing the d-subunit likely resulted from an

increase in mRNA expression of this subunit. This interpretation

is further supported since knock down of the d-subunit in motor

neurons eliminated the impact of HFD on CVNDMV electrophysi-

ology. Overall, the present study revealed that short-term con-

sumption of HFD elicits increased inhibitory, GABAergic

signaling in CVNDMV at least in part through increased transcrip-

tion of the d-subunit, making vagal hypoactivity during HFD a

needed area of exploration in the role of HFD to impact cardio-

vascular regulation.

In the present study, CVNDMV were more susceptible to acute

HFD feeding compared to gastric or unlabeled DMV neurons

since no changes were observed in tonic GABAAR current of

the latter two populations. Previous reports confirm that hypoex-

citability in other subpopulations of DMV motor neurons

occurred as a result of HFD-induced plasticity.21,22 However,

these studies identified two alternative mechanisms of action:

reduced glutamatergic signaling22 and increased potassium cur-

rents.21 Both these examinations exposed animals to HFD for

40+ days, and in relation to reduced glutamate signaling, these

animals were exposed during the perinatal period. Taken

together with the present work, these data suggest that not

only the length but also the developmental period of HFD expo-

sure is likely critical to determining the impact of HFD on vagal

plasticity. Given the ability of DMV to impact exercise toler-

ance,50 it remains possible that the effects of HFD on CVNDMV

could precipitate further abnormal signaling and, as disease
iScience 28, 112268, April 18, 2025 7



A B C

D E F

G H I

Figure 5. Deletion of GABAAR-d-subunit mitigates the effect of 15D high fat diet on CVNDMV activity
(A) Representative traces of tonic GABAergic current before and after BIC application in NFD and 15D HFD ChAT-d-null groups; dashed red line indicate current

holding baseline before BIC.

(B) Tonic current density of NFD and HFD in CVNDMV neurons (nNFD = 6 cells from 5 mice, nHFD = 7 cells from 5 mice, NS, unpaired, two-tailed Student’s t test.).

(C) Representative traces of NFD and HFD CVNDMV action potentials before (CNQX/AP5) and after BIC.

(D and E) Action potentials evoked before and after BIC in (D) NFD (NS; repeated measures two-way ANOVA) and (E) HFD (NS; repeated measures two-way

ANOVA).

(F) Changes of area under the curve after BIC (NS; unpaired, two-tailed Student’s t test).

(G) Representative traces of NFD and HFD CVNDMV action potentials before (nACSF) and under total synaptic blockade (nASCF + CNQX/AP5 + BIC).

(H and I) Action potentials evoked before and under total synaptic blockade in (H) NFD (NS; repeated measures two-way ANOVA and (I) HFD (NS; repeated

measures two-way ANOVA). Data are represented as mean ± SEM. NS, not significant, *p % 0.05, **p % 0.01, ***p % 0.001. Sidak post-hoc test was done for

repeated measures two-way ANOVA.

ChAT, choline acetyltransferase; NFD, normal fat diet; HFD, high fat diet; CNQX, cyanquaxaline; AP5, D-2-amino-5-phosphopentanoate; BIC, bicuculine; AUC,

area under the curve.
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progresses, begin to impact DMV neurons with other organ pro-

jections. These present data implicate CVNDMV as a population

where the effect of HFD is seen early in disease progression

(before significant weight gain), and this impact is a distinct alter-

ation in GABAAR tonic signaling and regulation.

This specificity is not surprising. It is true that most DMV neu-

rons demonstrate robust tonic currents.30,32,51 However, the

current conceptual framework for circuit construction of DMV

neurons includes a specificity in organ projection class, or

‘‘labeled lines.’’52,53 Similarly, it is well established that upstream
8 iScience 28, 112268, April 18, 2025
GABAergic neurons do not homogeneously and uniformly inner-

vate all DMV neurons.38,54,55 It is also not uncommon across

different brain regions for cells in close appose with similar tonic

currents to demonstrate differential impacts of any given exper-

imental manipulation.56 Finally, the limited availability of pharma-

cological interventions to isolate specifically the d-subunit con-

strains our understanding of the exact nature of this subunit to

generate tonic currents in DMV regardless of organ projection

or health status. This latter point makes our use of a genetic

knockdown of the d-subunit and a knock-in mutant allowing us
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to isolate d-subunit currents distinctively novel. Taken together,

despite demonstrating similar amplitudes of tonic currents, it is

plausible that DMV neurons would demonstrate different im-

pacts of any given experimental manipulation.

One potential mechanism of increased magnitude of tonic

GABAAR current is an increase in GABA concentration in the

synaptic and/or extracellular space. Studies using diet-

induced-obesity and STZ-induced diabetes in rodents indicate

that metabolic challenges can increase excitatory drive in pre-

synaptic GABAergic neurons, thereby increasing GABA release

from presynaptic terminals.57,58 Additionally, in a classic tripar-

tite synapse model, astrocytes orchestrate GABA concentra-

tion by regulating release and reuptake of GABA from the

synaptic cleft or extracellular space,35,59,60 and certainly, astro-

cytes in the brain can participate in the regulation of cardiovas-

cular function.61,62 HFD is also reported throughout several

autonomic regulatory brain regions to induce astrocytic plas-

ticity.63–65 However, investigations into astrocytic contributions

in the brainstem to autonomic function are primarily restricted

to modulation of glutamatergic neurotransmission,61,66,67 and

therefore, little is known about astrocytic regulation of GABA

concentration in DMV. However, tonic current generation in

DMV neurons is eliminated after application of the sodium

channel blocker, tetrodotoxin, implicating synaptic spillover

(and not astrocyte transport) as the predominant source of

extracellular GABA needed to generate tonic current.51 Since

in the present study, GABAergic phasic neurotransmission in

CVNDMV was not different between NFD and HFD groups, there

is likely no change in presynaptic GABAergic activity under

these conditions. Taken together, it is unlikely that incre-

ased tonic current amplitude is related to increased GABA

concentration.

A second potential mechanism of increased GABAAR tonic

current is a modification in postsynaptic receptor kinetic profile

at the membrane, due to changes in synthesis, clustering, and

phosphorylation of the receptors.68,69 Since HFD increased the

number of neurons robustly expressing the d-subunit mRNA, it

could be speculated that GABAAR-d-subunit protein synthesis

is also increased, leading to more GABAAR containing-d-subunit

being assembled and transported to the membrane. Assembly

of any given pentametric GABAAR is mainly dependent on two

parameters: specific subunit abundance and the combinatorial

principle of receptor construction.70–72 This latter is critical since

it did not appear that other subunit compositions were signifi-

cantly altered. Therefore, it is possible that a higher d-subunit

abundance could be shifting the stoichiometry of GABAAR as-

sembly toward an increase of d-subunit in any given pentameric

GABAAR arrangement,73 or it shifts in favor of a specific subunit

assembly.74 Either way, this differential assembly could subse-

quently change the diversity of receptor types being transported

to the membrane, with or without increasing the total number of

receptors per se.

However, d-subunit transcriptional expression does not al-

ways predict functional expression as defined by overall tonic

current amplitude.75,76 It is well established that GABAARs are

extensively regulated through post-translational mechanism(s),

such as phosphorylation, to increase their plasma membrane

expression.77 Since tonic currents are maximally active in DMV
neurons ex vivo,78 even if ambient GABA concentration is

increased, the number of functionally active GABAARs at the

plasma membrane would also need to increase to facilitate a

functionally relevant increase in inhibition. Although typically

GABAARs in DMV do not respond to activation through

increased functional expression, increased phosphorylation of

GABAAR containing d-subunits can increase tonic current by

increased membrane expression.79 Therefore, it is unlikely that

increased tonic inhibition arises solely from increased transcrip-

tion of the d-subunit. Rather, increased tonic GABAergic current

after 15D HFD may in part be due to postsynaptic adaptation in

CVNDMV, thereby further investigation is warranted to confirm

hypotheses related to transcriptional and post-translational

mechanisms of actions.

Differences in overall cell excitability were only seen under

strict recordings conditions in the present study. This ‘‘state-

dependence’’ is an established conceptual framework in our

understanding of GABAergic signaling in DMV neurons,80 sug-

gesting that at this early stage in disease progression the

impact of HFD is subtle. It is also well established that DMV

neurons demonstrate seemingly contradictory findings on

overall cell excitability with considerable diversity in the

response of DMV neurons to antagonists of glutamate or

GABA (tonic or otherwise), with these discrepancies sug-

gested to predict upstream circuitry. For example, some

DMV neurons respond to BIC application not with the pre-

dicted increase in firing frequency, but a decrease.38 This

has been suggested to occur because the antagonism of

GABAARs allows an exaggerated response from non-GABAer-

gic mediated inhibitory influences. Since the vast majority of

CVNDMV from NFD animals demonstrated this decrease in

excitability after BIC, it is interesting to speculate that

CVNDMV is largely influenced by glutamate since application

of total synaptic inhibition uniformly decreased excitability

with considerable non-GABAergic inhibitory influences. How-

ever, under the conditions of HFD for 15 days, GABAergic in-

fluence is robustly increased so that during direct examination

before and after BIC application in CVNDMV from HFD animals

almost uniformly increased excitability (�87.5%, Figure 2I).

We also emphasize that knock down of GABAARs containing

the d-subunit in ChAT-positive neurons eliminated the impact

of HFD on BIC-sensitive excitability (Figure 4E). While the

intracellular mechanism(s) of this plasticity is still unclear,

these experiments provide additional evidence that

GABAARs containing the d-subunit are playing a role in the

impact of HFD on vagal motor output.

Tonic GABAergic current is persistently active in neurons and

has a considerably large influence on neuronal excitability and

cardioinhibitory function of CVNs. In this study, we highlight

the importance of tonic GABAergic current in CVNDMV and how

HFD influences the inhibitory plasticity of this subpopulation of

CVNs. Despite a lower abundance in numbers compared to

CVN in NA, CVNDMV is long known to regulate heart rate and ven-

tricular contractility.14 Our findings provide a fundamental under-

standing to begin elucidating microcircuits that control cardiac

vagal motor output, and how these networks are impacted by

HFD. This will ultimately contribute to dissecting etiology of

cardiovascular diseases associated with HFD intake and
iScience 28, 112268, April 18, 2025 9
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developing treatments targeting GABAARs in cardiovascular

diseases.
Limitations of the study
Our experimental design in this study did not exclusively

examine the role of astrocytes in GABAergic neurotransmission

and GABA transporter function in CVNDMV. Further studies are

required to confirm roles of astrocytes in GABA neurotransmis-

sion in the brainstem and examine whether the increase of tonic

GABA current in CVNDMV is solely dependent on postsynaptic

plasticity, or if there is a contribution of astrocytic or GABA trans-

porter dysfunction. Although the use of Cs-containing internal

solutions limited their influence, we did not directly access the

role of metabotropic GABAARs in our electrophysiology

recording that are worthy of investigation in future studies given

the activity of metabotropic GABAARs can affect GABAAR

desensitization.81 Our ChAT-d-null mouse also likely reduced

expression of the d-subunit in NA and other organ projecting

populations in DMV. However, our use of a reduced preparation

paired with retrograde tracing in the present study limited

concern on specificity to DMV. It remains possible that elimina-

tion of GABAARs containing the d-subunit in all vagal motor neu-

rons results in improvements in other organ functions, for

example gastrointestinal function, and that this improvement

was responsibility for the abolishment of the impact of HFD on

CVNDMV activity. However, experiments using d-subunit specific

pharmacology provides confidence that GABAARs containing

the d-subunit in CVNDMV are impacted by HFD and warrant

further investigations. Future in vivo studies are also warranted

to confirm the role of GABAARs containing the d-subunit in

CVNDMV, the impact of HFD on cardiac physiology, and make

comparisons between other vagal motor output population.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat-anti ChAT Millipore Cat# AB114P; RRID: AB_2313845

Donkey anti goat AF488 plus Invitrogen Cat# A38214; RRID: AB_2762838

Donkey anti goat AF568 Invitrogen Cat# A-11057; RRID: AB_2534104

Chemicals, peptides, and recombinant proteins

Tetramethylrhodamine-5-(and-6)-

isothiocyanate

Invitrogen T490

Kynurenic acid Sigma Aldrich K3375

Bicuculine methiodide R&D System 2503

SR 95531 hydrobromide (Gabazine) Tocris Bioscience 1262

Picrotoxin Tocris Bioscience 1128

AP-5 Hello Bio HB0225

CNQX Hello Bio HB0204

Biocytin Sigma Aldrich B4261

Texas Avidin Red Vector Laboratories A-2206

Vectashield mounting medium Vector Laboratories Cat# H-1000; RRID: AB_2336789

OCT compound Tissue Plus Fisher Healthcare 4585

Normal donkey serum Jackson Immuno Cat# 017-000-121; RRID: AB_2337258

Experimental models: Organisms/strains

C57BL/6J Jackson Laboratory Cat#: #000664; RRID: IMSR_JAX:000664

ChAT-d-null In house Littlejohn & Boychuk79

d*KI Jackson Laboratory Cat# 032620; RRID: IMSR_JAX:032620

Oligonucleotides

Single-cell qRT-PCR Primers See Table S1

Software and algorithms

GraphPad GraphPad V9

ImageJ NIH Image 1.52n

pClamp Axon Instruments V10.6

Mini Analysis Synaptosoft V6.03

Clampfit Molecular Devices V10.2

Ocular Image Photometrics V2.0

Other

Normal fat diet 10% kcal from fat Research Diet D12450Bi

High fat diet 60% kcal from fat Research Diet D12492i

Small animal ventilator CWE Inc. SAR-830/AP

Mouse attachment ventilator CWE Inc. 1201020

Vibratome Leica VT1000S

Microscope Olympus BX51WI

Borosilicate glass pipette King Precision Glass

Pipette puller Sutter Instruments P-97

Multiclamp amplifier Axon Instruments 700B

Digidata analog digital converter Axon Instruments 1440A

CellsDirectTM One-Step qRT-PCR Kit Invitrogen 11753–100

BioMark HD MX/HX 12 X 12 microfluidic

chip system

Fluidigm Inc. BMKHDPKG- MH

(Continued on next page)

e1 iScience 28, 112268, April 18, 2025



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Cryostat Leica CM1860

Fluorescence microscope Olympus BX43

Q Imaging CCD camera Photometrics Retina R6
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal
All procedures and experiments on animals were approved by the University of Texas Health Science Center at San Antonio

(UTHSA; approval number 20210096AR) and University of Missouri Animal Care and Use Committee (MU; 43522). All procedures

were performed according to the Guide for the Care and Use of Laboratory Animals and ARRIVE Guidelines. Male mice (8–11 weeks,

24.09 ± 0.62 g at start of diet) were used in the experiments. C57/BL6J, ChAT-d-null and d*KI (B6;CBA-Gabrdem1Menn/J; 032620;

Jackson Laboratory; Bar Harbor, ME) colonies are established in-house at the UTHSA and Dalton Cardiovascular Research Center

animal facility. Primers for genotyping of d*KI mice (50- CCTCATTCTGTCTGCCCTG-30 and 30-GACCTTGGCTTTCCGTTTCT-50) were

developed and tissue samples sent to Transnetyx Inc (Cordova, TN) for analysis. Animals were group housed up to five per cage with

ad libitum access to food and water on a 14:10 light/dark cycle. The number of animals used is reported correspondingly in each

figure legend.

METHOD DETAILS

Retrograde tracing
Seven-week-old mice were anesthetized with ketamine/xylazine (100/10 mg/kg, intraperitoneal). For cardiac retrograde tracing, an-

imals were intubated using a small animal ventilator (SAR-830/AP; CWE Inc., Ardmore, PA) equipped with mouse attachment

(1201020). Mice were placed in a supine position on a heating pad. A small lateral incision between the second and third ribs of

the right rib cages was made to expose the thoracic cavity. 40ul of tetramethylrhodamine-5-(and-6)-isothiocyanate (rhodamine; In-

vitrogen T490; Waltham, MA) was injected into the pericardial fat pad near the posterior right atrioventricular junction where cardi-

ovagal nerve endings terminate. The incision was closed using suture, and the animals were removed from the ventilator. For gastric

retrograde tracing, a laparotomy was performed to expose the stomach. Rhodamine (40 mL) was injected into the muscular layer of

ventral stomach wall. After the injection, the abdominal cavity was rinsed with warm saline and gently dried to minimize non-specific

labeling. The incision was closed using suture. All animals were returned to their home cage for recovery after surgery and monitored

for 3 days. Carprofen (10 mg/kg) and buprenorphine (0.1 mg/kg) were administered as post-operative pain relief.

High-fat diet feeding
Animals were acclimatized to a normal fat diet (NFD; 10% kcal from fat, D12450Bi, Research Diets Inc, New Brunswick, NJ) at

6-weeks-old for a week prior to any experimental procedures. At 7-weeks-old, animals underwent surgery to retrogradely label car-

diac vagal motor neurons, followed by a week of recovery. At 8-weeks of age, mice were then randomly assigned into two diet

groups, a high fat diet (HFD; (60% kcal from fat, D12492i, Research Diets Inc.) or remained on NFD. Mice were maintained on a

15-day dietary regime before electrophysiological experiments unless otherwise noted. Diet was matched based on protein content.

HFD consisted of 20% kcal protein, 60% kcal fat, and 20% carbohydrate, with an energy density of 5.21 kcal/g. NFD consisted of

20% kcal protein, 10% kcal fat, and 70% carbohydrate, with an energy density of 3.82 kcal/g. There was no significant weight gain in

mice on HFD by Day 15 (9.64 ± 1.9 % of weight before diet) compared to mice on NFD (5.35 1.5 %; unpaired t-test, p=0.15). Weight

gain ranged from 0.87 – 8.79% in mice on NFD and 1.77 – 19.15% in mice on HFD. Mice on HFD did consume significantly more

kilocalories daily (11.77 ± 0.42 kcal per day) compared tomice on NFD (10.06 ± 0.65 kcal per day; unpaired t-test, p=0.04) throughout

the 15 days examined.

Electrophysiology
Preparation of acute brain slice

Mice were anesthetized with isoflurane to effect (i.e. lack of the tail-pinch reflex response) and decapitated. The brainstem was

collected and 300mm thick coronal slices were prepared using a vibratome (VT1000S, Leica Biosystems, Buffalo Grove, IL) in ice-

cold artificial cerebrospinal fluid (ACSF) containing (in mM): 124 NaCl, 3 KCl, 26 NaHCO3, 1.4 NaH2PO4, 11 D-glucose, 1.3 CaCl2,

1.3 MgCl2 and 1 kynurenic acid (290-305 mOsm; pH 7.3-7.4). Slices were incubated in warmed (30-33�C) ACSF for 20 minutes in

a holding chamber, followed by a 30-minute incubation at room temperature. All constituents for ACSF were obtained from Sigma

Aldrich. The solution was aerated with carbogen (5% CO2/95% O2).
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Whole-cell patch-clamp recordings

Brain slices were transferred to a recording chamber and neurons were visualized using an Olympus BX51WI (Melville, NY) micro-

scope.Whole-cell patch-clamp recordings were performed under visual control with infrared illumination and differential interference

contrast (IR-DIC). A continuous perfusion of warmed aerated ACSF was maintained throughout recordings. Borosilicate glass pi-

pettes (2-5 M U; King Precision Glass, Claremont, CA) were pulled using P-97 instrument (Sutter Instruments) and filled with internal

solution prior to recording. A minimum of 10-minutes equilibration period was done before recording. Patch-clamp recordings were

acquired using Multiclamp 700B amplifier (Axon Instruments, Molecular Devices, Union City, CA) with DigiData 1440A analog digital

converter and pClamp v10.6 (Axon Instruments, Molecular Devices, Union City, CA). Signals acquired at either 2 kHz for current-

clamp or 20 kHz for voltage-clamp, and low-pass filtered at 3 kHz.

Voltage-clamp configuration was used to identify GABAergic neutrotransmission inhibitory postsynaptic current (IPSC). Warmed

aerated ACSF containing 1mMkynurenic acid was used as perfusate. Glass electrodeswere filledwith Cs-gluconate internal solution

containing (in mM): 130 Cs-gluconate, 1 NaCl, 5 EGTA, 10 HEPES, 1 MgCl2, 1 CaCl2, and 2-3 Mg-ATP (pH 7.1-7.2). Cs+ was used as

the primary cation carrier to block K+ currents, which allowed consistent voltage clamp at depolarized membrane potentials and

diminished any influence of postsynaptic GABABR during recordings. Biocytin (0.2% final concentration, Sigma) was added to

the internal solution to allow visualization post-recording. Both phasic and tonic inhibitory currentsmediated byGABAARwere exam-

ined at a holding potential of 0 mV.

Current clamp recordings were performed to determine neuronal excitability and membrane properties. K-gluconate internal

recording solution containing (in mM): 130 K-gluconate, 1 NaCl, 5 EGTA, 10 HEPES, 1 MgCl2, 1 CaCl2, and 2-3 Mg-ATP (pH

7.33-7.39) was used to fill the glass electrodes. Action potential (AP) frequency, resting membrane potential (RMP), and input resis-

tance (IR) were measured. Neurons were clamped at �60 mV to ensure a consistent starting voltage before measuring AP response

to 400ms duration depolarizing current pulses with current steps injection (0–300 pA with 50pA interval).

Analysis of recordings was done using Clampfit (Molecular Devices) andMini Analysis v6.0.3 (Synaptosoft, Decatur, CA) for current

and voltage clamp configuration respectively. For voltage clamp experiments, phasic GABAAR neurotransmission was determined

based on analysis of 2-minutes of recording before BIC treatment. All synaptic events were used to assess IPSC frequency, but only

single peak events were used to determine IPSC amplitude and decay time. Tonic current amplitudes were determined based on the

difference between average holding current in 2-minutes of recording before and after BIC treatment. Tonic currents were normalized

to whole-cell capacitance to correct for small differences in cell size and are presented as tonic current density (pA/pF).

Action potential frequency, resting membrane potential (RMP), and input resistance (IR) were measured in current clamp mode.

RMP was corrected for liquid junction potential post hoc (�7 mV). IR was measured by injecting current-steps (20 pA, 400 ms).

To measure AP response to depolarizing current pulses (400 ms duration) of increasing intensity (from 30 to 210 pA), neurons

were clamped at �60 mV, to ensure a consistent starting voltage. Number of AP responses during each depolarizing current step

were quantified recorded as a count. Afterhyperpolarization (AHP) amplitude was calculated by measuring the absolute value of

the anti-peak amplitude (in mV) of the AP afterhyperpolarization. AHP amplitude was measured using the first evoked AP at the

250pA current injection step for each CVNDMV. All recordings were discarded if series resistance was >25 M U or changed by

>20% throughout the course of the experiment. Mean series resistance was 12.82±1.07 M U.

Drugs preparation

Drugs used in this study included GABAAR antagonists, bicuculline methiodide (BIC; 30mM; R&D Systems, Minneapolis, MN), SR

95531/gabazine (GBZ; 1mM; Tocris Bioscience, 1262; Bristol, United Kingdom) and picrotoxin (PTX; 100mM; Tocris Bioscience,

1128); GABAAR agonist, THIP hydrochloride (THIP; 3mM; Tocris Bioscience, 0807); as well as glutamate receptor antagonists,

6-cyano-7-nitroquinoxaline-2,3-dione or cyanquixaline (CNQX; 10 mM, Hello Bio, HB0204; Princeton, NJ) and D-2-amino-5-

phosphonopentanoate (AP5; 50 mM, Hello Bio, HB0225). All drugs were made according to manufacturers. All drugs were applied

in the perfusate for a minimum of five minutes until a steady state was reached.

Single-cell quantitative reverse-transcription PCR
Rhodamine-labeled CVNDMV were collected after electrophysiological recording by applying negative pressure until the cell cyto-

plasm was aspirated into the patch pipette. The pipette was slightly elevated, and once the neuron rose with the pipette, negative

pressure was increased until the entire cell body was collected. Each collected neuron was transferred into a 200 uL RNAse free

PCR tube containing 4mL 2X buffer by breaking the tip of the pipette (<10mL total after pipette aspiration). Patch pipettes lacking

the entire cell body were discarded. Two different negative control was also collected: 1) one containing only PCR reagents and

2) another where a pipette filled with internal solution was placed at the surface of the tissue and positive pressure was removed

for one minute. Isolated neurons and negative controls were immediately stored at -80�C until processed for single-cell quantitative

reverse-transcription PCR (scqRT-PCR).

ScqRT-PCRwas performed by UTHSA Bioanalytic and Single-Cell Core (BASiC). In brief, collected cells were thawed and lysed at

75�C for 10 min followed by a treatment with DNase I to remove genomic DNA contamination. RT-PCR then was performed using

CellsDirectTM One-Step qRT-PCR Kit (#11753–100, Invitrogen), and a microfluidics device, BioMark HDMX/HX 12 X 12 chip system

(Fluidigm Inc., BMKHDPKG- MH; South San Francisco, CA). Semi-nested primers for GABAAR subunits were designed by UTHSA

BASiC using Primer3 software and top 25 primer set candidates underwent in silico analysis to select the most optimum sequence.

Eight final primers were used to detect GABAAR-a1 (Table S1). Target genes were amplified using a BioMark HBMX/HX system with
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1X SsoFast Eva-Green supermix with low ROX (Bio-Rad, N172-5211; Hercules, CA) and 1X DNA binding dye sample loading reagent

(Fluidigm, PN 100-3738). GAPDH and b-actin were used as housekeeping genes. Universal mouse RNA (200 pg) (BioChain,

R4334566-1; Newark, CA) was used as a positive control. Human embryonic kidney cells and no template were used as negative

controls. PCRproducts amplification was detected using a FluidigmBioMark HDwith the FlexSix IFC using Delta Gene assays (Fluid-

igm PN 100-7717 B1). Detection was limited to 40 cycles, and any target that did not reach threshold by 40 cycles was considered

non-detectable.

Immunohistochemistry
Biocytin and ChAT colocalization

Brain slices were collected at termination of electrophysiological recording to detect colocalization of biocytin/choline acetyltrans-

ferase (ChAT)-positive motor neurons thereby confirming identity as motor efferent neurons. Brain slices were fixed in 4% parafor-

maldehyde in 0.01 M phosphate-buffered saline (PBS) overnight at 4�C, followed by 30% sucrose for two days. Slices were then

mounted in OCT compound (Tissue Plus, Fisher Healthcare, 4585, Houston, TX) and serial coronal sections were taken at 40 mM

on a cryostat at -19 degrees (Leica Biosystems, CM 1860). Biocytin-filled neurons were processed via avidin, Texas Red staining

(TX Red Avidin D; 1:400; Vector Laboratories, A-2206; Newark, CA). Free floating sections were then immuno-labeled for choline-

acetyl transferase (ChAT; goat anti-ChAT; 1:250; Sigma-Aldrich, AB144P; St. Louis, MO) followed by secondary antibodies to donkey

anti-goat 488 (Alexa Fluor Plus 488; 1:200; Invitrogen A-11055) for four hours at room temperature, to detect co-labeling of ChAT-

positive motor neurons in the DMV.

GABAAR-d-subunit and ChAT colocalization

To verify GABAAR-d-subunit knock-out in ChAT-d-Null mice, animals were first transcardially perfused with 0.01M PBS followed by

4%PFA where they remained overnight. Brains were then cryoprotected in 30% sucrose until they sunk. Brain tissue was blocked to

include DMV and sectioned in serial coronal sections (40 mM) on a cryostat at -19 degrees (Leica Biosystems). Immunofluorescent

staining was then performed on free floating sections for the detection of ChAT and the GABAAR-d-subunit. For GABAAR-d-subunit

protein expression was probedwith primary antibodies (rabbit anti- GABAAR-d-subunit; 1:50; PhosphoSolutions 868A-GDN; Denver,

CO) overnight at 4 degrees, followed by secondary antibodies (donkey anti-rabbit 488, Alexa Fluor Plus 488, 1:200, Invitrogen

A-21206) at four hours at room temperature. ChAT expression was probed as above, with the exclusion that secondaries antibodies

were tagged with Alexa Fluor 568 (donkey-anti-goat, Alexa Fluor 568, 1:200, Invitrogen A-10042).

After immunohistochemistry, slices were mounted (Vectashield; Vector Laboratories, H-1000) and coverslipped. Imaging was

done with an Olympus microscope (BX43), images were captured with a Q Imaging Retina R6 camera (Photometrics; Tucszon,

AZ) and Ocular Image Acquisition Software (Photometrics).

QUANTIFICATION AND STATISTICAL ANALYSIS

For patch-clamp electrophysiology experiments, only one cell per slice, and amaximumof three cells were recorded fromone animal.

Statistical analyses were performed using GraphPad Prism 9 (GraphPad, La Jolla, CA) Results are reported as mean ± SEM unless

otherwise stated. Each statistical method used is reported in figure legends accordingly. Changes in neural excitability were

determined by subtracting area under the curve value of treatment from baseline area under the curve (positive

value=increase; negative value=decrease; 0=no change). Differences were considered statistically significant if p% 0.05. * indicates

p % 0.05; ** indicates p % 0.01, *** indicates p % 0.001, **** indicates p % 0.0001.
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