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SUMMARY

Resting metabolic rate (RMR) adaptation occurs during obesity and is hypothesized to contribute 

to failed weight management. Angiotensin II (Ang-II) type 1 (AT1A) receptors in Agouti-related 

peptide (AgRP) neurons contribute to the integrative control of RMR, and deletion of AT1A from 

AgRP neurons causes RMR adaptation. Extracellular patch-clamp recordings identify distinct 

cellular responses of individual AgRP neurons from lean mice to Ang-II: no response, inhibition 

via AT1A and Gαi, or stimulation via Ang-II type 2 (AT2) receptors and Gαq. Following 

diet-induced obesity, a subset of Ang-II/AT1A-inhibited AgRP neurons undergo a spontaneous 

G-protein “signal switch,” whereby AT1A stop inhibiting the cell via Gαi and instead begin 

stimulating the cell via Gαq. DREADD-mediated activation of Gαi, but not Gαq, in AT1A-

expressing AgRP cells stimulates RMR in lean and obese mice. Thus, loss of AT1A-Gαi coupling 

within the AT1A-expressing AgRP neuron subtype represents a molecular mechanism contributing 

to RMR adaptation.

In brief

Balapattabi et al. discovered that a specific subtype of Agouti-related peptide (AgRP) neuron 

in the hypothalamic arcuate nucleus is inhibited by the angiotensin II type 1 receptor (AT1R). 

Obesity causes AT1R within this AgRP subtype to switch from inhibitory Gαi to stimulatory Gαq 

signaling, resulting in dysfunctional control of resting metabolism.

Graphical Abstract
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INTRODUCTION

Resting metabolic rate (RMR) normally accounts for approximately 70% of energy 

expenditure in humans.1 Obesity is associated with “RMR adaptation,” or the suppression 

of RMR relative to body size and composition,2 and RMR adaptation has been proposed as 

a factor in weight regain after weight loss.3 Thus, understanding the integrative control of 

RMR and the pathogenesis of RMR adaptation remains an important goal in the context of 

the ongoing obesity epidemic.

Circulating hormones including leptin and angiotensin II (Ang-II) contribute to RMR 

control, in part, by acting within the arcuate nucleus (ARC) of the hypothalamus to suppress 

inhibitory Agouti-related peptide (AgRP) neurotransmission.4,5 Because the neural networks 

that control RMR are intricately intertwined with mechanisms controlling blood pressure 

(BP), many novel RMR-stimulating drugs inevitably cause hypertension and have been 

abandoned before reaching clinical use.6 Thus, there is a critically unmet need to develop 

approaches to maintain or increase RMR without causing hypertension, which will depend 

on identifying unique molecular players differentiating mechanisms controlling RMR versus 

BP.3,7,8

We previously demonstrated that Ang-II type 1A (Agtr1a/AT1A) receptors are expressed in 

a subset of AgRP neurons of the mouse ARC5,9–11 and are required for integrative control 

of AgRP expression and RMR, independent of BP or feeding.5,9,12 Further, using single-

nucleus RNA sequencing, we recently demonstrated that obesity induced by prolonged high-

fat diet (HFD) feeding results in changes in the transcriptomic signatures for leptin, CREB, 

and other relevant pathways in AgRP neurons.13 These findings prompt the hypotheses that 

AT1A-mediated control of AgRP neurotransmission contributes to the integrative control of 

RMR and that dysfunctions in this mechanism contribute to RMR adaptation. The goals of 

this study were thus (1) to understand normal AT1A signaling within AgRP neurons in RMR 

control, (2) to clarify how AT1A signaling in AgRP neurons is altered during obesity, and 

(3) to determine how dysfunctional AT1A signaling within AgRP neurons mechanistically 

contributes to RMR adaptation during obesity.

RESULTS

AgRP neurons of lean mice exhibit heterogeneous responses to Ang-II

Loose-cell recordings of AgRP neurons in ARC of male and female Ai9Agrp mice (tdTomato 

reporter is expressed in AgRP neurons) were performed to examine the effect of Ang-II 

on activity of AgRP neurons. Ang-II application resulted in one of three distinct electrical 

responses in individual AgRP neurons of both male and female lean mice (Figures 1A–

1C). Approximately one-third of AgRP neurons did not respond to Ang-II, approximately 

one-third exhibited an Ang-II-induced decreased firing rate, and one-third exhibited an 

Ang-II-induced excitation.

This distribution of responses of AgRP neurons to Ang-II was confirmed in two additional 

independent animal models. First, loose-cell recordings were performed in Npy-Gfp mice 

(GFP reporter is expressed via the Npy promoter), as neuropeptide-Y (Npy) expression 
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is tightly colocalized with Agrp expression within the ARC. Npy neurons exhibited a 

distribution of electrical responses similar to that of Ang-II (Figures S1A–S1C). Second, 

calcium flux was assessed in AgRP neurons following microinjection of an adeno-associated 

virus (AAV) vector encoding Cre-dependent expression of GCaMP7 into the ARC of Agrp-

Cre mice. Again, individual AgRP neurons exhibited an approximately equal distribution of 

no response, inhibition, or stimulation in response to Ang-II (Figures S1D and S1E).

Membrane potential and firing rate were also measured by whole-cell current-clamp 

recordings. Resting membrane potentials were similar across the three subtypes of AgRP 

neurons in both male and female Ai9AgRP mice. Ang-II caused membrane hyperpolarization 

in Ang-II-inhibited AgRP neurons and depolarized and markedly increased the firing rate 

of Ang-II-stimulated AgRP neurons, but had no effect on membrane potential of non-

responsive neurons (Figures 1D and 1E). Finally, the time course for the Ang-II-mediated 

responses of inhibited and stimulated AgRP neurons was distinct. The maximal inhibition 

of spontaneous activity of inhibited AgRP neurons occurred at ~320 ± 50 s after Ang-II 

and was maintained throughout the duration of the protocol. In contrast, maximal excitation 

of stimulated AgRP neurons occurred within ~120 ± 20 s of Ang-II application (p < 0.05 

versus inhibited). Collectively, these results identify three distinct subtypes of AgRP neurons 

in lean mice that can be functionally differentiated based on their responses to Ang-II.

In lean animals, Ang-II inhibits AgRP neurons via AT1R and stimulates via AT2R

We utilized both pharmacological and genetic approaches to identify the receptor 

dependence of Ang-II on each of the three AgRP neuron subtypes. First, we confirmed that 

repeated cycles of Ang-II application and washout did not cause tachyphylaxis (Figures S2A 

and S2B). Consequently, repeated cycles of Ang-II could be used to identify AgRP neuron 

subtypes before testing the effects of inhibitors. The AT1R antagonist losartan abolished 

the Ang-II-induced decrease in firing rate in Ang-II-inhibited AgRP neurons in Ai9AgRP 

mice (Figures 2A–2C). Thus, subsequently we referred to the subset of AgRP neurons that 

were non-responsive to Ang-II as “type 0” and the subset that were inhibited via AT1R as 

“Type 1i.” Losartan did not block the increased firing rate in the Ang-II-stimulated subset 

of AgRP neurons (Figures 2A–2C and S2C), suggesting the response was not mediated 

at AT1R. Interestingly, the AT2R antagonist PD-123319 abolished this effect (Figure 2D). 

Application of the AT2R agonist, CGP-42112a, caused excitation in this subtype similar to 

that in Ang-II (Figure S2D). Thus, subsequently we referred to the subset of AgRP neurons 

that were stimulated via AT2R as “Type 2s.” These results support a role for AT1R in Type 1i 

responses to Ang-II, and a role for AT2R in Type 2s responses to Ang-II.

Next, we employed multiple approaches to delineate the involvement of the two 

pharmacologically indistinguishable AT1R subtypes present in the mouse genome (AT1A/

Agtr1a, versus AT1B/Agtr1b). First, extracellular recording was performed in mice with 

genetic deletion of Agtr1a from AgRP neurons (AT1A
AgRP-KO mice).9 Ang-II elicited only 

two types of electrical response in this animal model: an increased firing rate in one subset 

of AgRP neurons (i.e., the Type 2s response), and no response (Type 0) in the other subset, 

consistent with the complete loss of the Type 1i response (Figure 2E). Second, loose-cell 

recording was performed on labeled cells within the ARC of mice expressing the tdTomato 
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reporter in cells that express Agtr1a (Ai9AT1A, generated by breeding the Ai9 reporter 

strain with mice expressing Cre-recombinase via the Agtr1a promoter in a P1 artificial 

chromosome transgene, termed BAC-AT1A-Cre14). Of these cells, 92% were inhibited by 

Ang-II application and 8% did not respond to Ang-II (Figure 2F). These findings, along with 

previous efforts utilizing in situ hybridization, reporter transgene expression, and single-cell 

RNA sequencing analyses, support the concept that within the ARC Agtr1a is expressed 

only in a subset of AgRP neurons, while Agtr1b expression is below detection limits 

in AgRP neurons.5,9,10 Collectively these results demonstrate that the inhibitory effect of 

Ang-II upon Type 1i neurons is mediated through the AT1A receptor and support Agtr1a as a 

marker of this unique neuronal subtype within the ARC.

In Type 1i AgRP neurons, the AT1A receptor signals via the Gαi cascade to cause cellular 
inhibition

Second-messenger coupling of AT1A in Type 1i AgRP neurons was assessed using slice 

preparations from Ai9AT1A mice. Whereas pretreatment with the Gαi inhibitor pertussis 

toxin (PTX) abolished the inhibitory effect of Ang-II in Type 1i neurons, pretreatment 

with the Gαq inhibitor BIM-46187 had no effect (Figures 3A–3C). Importantly, the 

efficacy of BIM-46187 to attenuate Gαq signaling within AgRP neurons was confirmed 

in mice that express the Gαq-coupled hM3Dq designer receptors exclusively activated 

by designer drugs (DREADD) in these cells (hM3DqAgRP mice), as clozapine N-oxide 

(CNO)-induced activation of hM3Dq and electrical activity were attenuated by BIM-46187 

(Figure S3A). Complementing this approach, the efficacy of Gαi activation within Type 1i 

AgRP neurons to cause cellular inhibition was also examined using the Gαi-coupled hM4Di 

DREADD. Loose-cell recordings of Type 1i AgRP neurons (i.e., inhibited by Ang-II) 

of mice expressing hM4Di in AgRP neurons (hM4DiAgRP mice) demonstrated that CNO 

application decreased spontaneous activity (Figure 3D).

A panel of candidate ion channels hypothesized to mediate Ang-II-induced inhibition of 

Type 1i neurons was examined using pharmacological inhibitors. Loose-cell recordings 

were performed in slice preparations from Ai9AgRP mice in the presence of artificial 

cerebrospinal fluid (aCSF) and Ang-II to identify Type 1i AgRP neurons, followed by a 

wash and incubation with the specific modulator before a second application of Ang-II. 

Whereas incubation with aCSF vehicle had no effect in blocking the inhibitory effect 

of Ang-II, incubation with tertiapin-Q (inhibitor of G-protein-coupled inwardly rectifying 

potassium [Kir3/GIRK] channels), FPL-64776 (voltage-gated calcium-channel agonist), or 

4-aminopyridine (voltage-gated potassium-channel inhibitor) all significantly attenuated the 

effect of Ang-II in the Type 1i neuron (Figures 3E and S3B). In contrast, penitrem A 

(calcium-activated potassium-channel subunit alpha-1 [BK] channel inhibitor), CLP-257 

(potassium chloride transporter member 5 [KCC2] agonist), and bumetanide (Na-K-Cl 

cotransporter-1 [NKCC1] inhibitor) each had little or no effect. We conclude that within 

the Type 1i AgRP neuron under normal physiological conditions, AT1A signals via a Gαi-

coupled second-messenger cascade to activate voltage-gated potassium efflux and inhibit 

voltage-gated calcium influx, ultimately to inhibit the activity of the cell.
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Type 1i ARC AgRP neurons project to a subset of regions that receive ARC AgRP inputs

ARC AgRP neurons are known to project to a relatively wide array of brain regions.15 To 

clarify the target regions of Type 1i AgRP neurons, we performed unilateral microinjection 

of an AAV encoding a Cre-recombinase- and flippase-dependent eYFP fluorescent reporter 

into the ARC of mice expressing Cre-recombinase via the Agtr1a promoter and flippase via 

the Npy promoter (Figure 4A).16 eYFP fluorescence exhibited unilateral expression across 

the rostral-caudal ARC (Figures 4B and 4C). Subsequent evaluation of the distribution of 

eYFP fibers identified a restricted pattern, largely limited to the medial preoptic nucleus 

(MPO), supraoptic nucleus (SON), paraventricular nucleus (PVN), and bed nucleus of the 

stria terminalis (BNST) (Figures 4D–4I). Sparse innervation was noted in the dorsomedial 

hypothalamus, lateral hypothalamic area, amygdala, paraventricular nucleus of the thalamus, 

periaqueductal gray, and parabrachial nucleus (Figure S4). It is important to consider, 

however, that because of the intersectional genetic approach used here, the low number 

of axons labeled by the eYFP reporter may result in false-negative conclusions regarding 

projections of these neurons. Previously reported AgRP projections are illustrated in the 

upper panel of Figure 4J,17,18 while qualitative visual estimation of relative eYFP fiber 

density across different brain regions is illustrated in the lower panel.

High-fat-diet-induced obesity induces a G-protein “signal switch” in some Type 1i AgRP 
neurons

Aga in, using loose-cell recordings, the electrical responses of AgRP neurons to Ang-II 

were examined after 10 weeks of exposure to HFD (45% kcal from fat). Surprisingly, after 

HFD (Figure 5A) a larger proportion of AgRP neurons exhibited stimulatory responses to 

Ang-II compared to chow-fed mice (previously shown as Figure 1C; χ2 comparison of 

distributions, p = 0.03), although this deviation was only observed in male mice. To further 

understand the molecular basis of this change in male mice after HFD feeding, the receptor 

dependencies of responses to Ang-II were examined.

As before, individual AgRP neurons were not responsive to Ang-II (Type 0), inhibited 

through an AT1R-mediated mechanism (Type 1i), or stimulated through an AT2R-mediated 

mechanism (Type 2s). Interestingly, a new subtype of AgRP neuron also emerged after 

HFD feeding, which was stimulated by Ang-II through a losartan-dependent (i.e., AT1R-

mediated) mechanism (Figures 5B and 5C). Importantly, the Ang-II response was not 

sensitive to inhibition by PD-123319, indicating that AT2R do not contribute to this 

stimulatory effect (Figure 5D). Thus, because these cells are stimulated via an AT1R-

dependent mechanism, we referred to this HFD-induced AgRP neuron subtype as “Type 

1s.”

In both lean and HFD-fed mice, type 0 and type 2s subtypes of AgRP neurons each 

accounted for approximately one-third of the AgRP neuron population (Figures 5E and 5F). 

Type 1i AgRP neurons also accounted for approximately one-third of AgRP neurons in lean 

mice. The emergence of the new Type 1s subtype resulted in a redistribution of this fraction 

of the cells; however, Type 1i only accounted for 19% of AgRP neurons after HFD, and 

Type 1s accounted for 17%. These results prompt the concept that HFD feeding induces a 

“signal switch” within Type 1 AgRP neurons. After HFD, AT1R signaling begins to promote 
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cellular stimulation (i.e., Type 1s response) instead of inhibition within individual Type 1 

neurons.

Ten weeks of HFD feeding did not alter the Ang-II-mediated electrical responses of AgRP 

neurons in female mice. The relative proportion of Ang-II-unresponsive, -inhibited, and 

-stimulated subtypes of AgRP neurons remained the same in lean versus HFD-fed female 

mice (Figure S5A). While losartan abolished inhibitory responses to Ang-II, it had no 

effect on stimulatory responses after HFD (Figures S5B–S5D). This indicates that all Ang-

II-stimulated cells in females were Type 2s and, further, that 10 weeks of HFD feeding failed 

to induce the subtype switch from Type 1i to Type 1s in females. This finding parallels 

observations by our group and others that female C57BL/6J mice are largely resistant to 

weight gain and cardiometabolic alterations as induced by 10 weeks of HFD.19

As in lean male mice, Type 1i cells from HFD-fed mice responded to Ang-II with 

an inhibitory response that was mediated through a losartan-dependent (AT1R) and PTX-

dependent (Gαi) mechanism, while blockade of Gαq via BIM-46187 had no modulatory 

effect (Figure 5G). In contrast, Type 1s cells from HFD-fed mice responded to Ang-II 

with a stimulatory response that was mediated through a losartan-dependent (AT1R) 

and BIM-46187-dependent (Gαq) mechanism, while PTX had no effect(Figure 5H). 

Collectively, these data demonstrate that 10 weeks of HFD feeding—which is sufficient to 

disrupt normal integrative control of thermogenesis and energy balance19–21 and to robustly 

alter the transcriptome of AgRP neurons within the ARC13 in male C57BL/6J mice—is 

associated with a spontaneous G-protein “signal switch” by the AT1R within a subset of 

AgRP neurons, which results in complete reversal of cellular responses to AT1R activation.

Activation of Gαi within Type 1 AgRP neurons stimulates resting metabolism, while 
activation of Gαq has no major effect

To probe the physiological and pathophysiological significance of Gαi versus Gαq signaling 

within the Type 1 AgRP neuron in the control of metabolism, we used site-specific 

delivery of an AAV vector encoding Cre-dependent expression of DREADD into the 

ARC of both male and female BAC-AT1A-Cre mice to direct expression of hM4Di or 

hM3Dq, respectively, into Type 1 AgRP neurons. After 2 weeks of recovery, extracellular 

patch-clamp recordings were performed on these neurons to investigate the efficacy and 

specificity of the expressed DREADD. Ang-II caused cellular inhibition, confirming Type 

1i identity (Figures 6A and 6B). CNO was applied to induce chemogenetic modulation of 

the DREADD-expressing cells, and 13 out of 15 identified hM4Di-expressing Type 1i AgRP 

neurons responded to CNO with a significant reduction in firing rate. Pretreatment with PTX 

blocked this CNO-induced suppression. In contrast, activation of hM3Dq by CNO resulted 

in the robust activation of firing rate in 14 out of 17 cells, and BIM-46187 significantly 

attenuated this effect (Figures 6A and 6C). CNO did not influence the spontaneous activity 

of either hM4Di- or hM3Dq-deficient cells (Figures S6A and S6B).

A separate cohort of BAC-AT1A-Cre mice was maintained on chow diet or switched to 

HFD for 10 weeks (i.e., between 8 and 18 weeks of age). DREADD viruses were injected 

into the ARC at 16 weeks of age and metabolic responses to CNO injection were tested 2 

weeks later. As expected, male but not female mice exhibited increased fat mass with HFD 
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feeding, and this effect was not modified by expression of either DREADD within type 1 

AgRP neurons (Figures 6D and 6E). In parallel, only male mice exhibited a suppression 

of RMR after HFD feeding, and expression of the DREADD receptors did not modify 

this effect (Figure 6F). These results support two conclusions. First, HFD-induced RMR 

dysfunctions and AT1R signal switching within Type 1 AgRP neurons both correlate with 

changes in body composition and not simply with HFD feeding. Second, because females 

did not exhibit changes in RMR control, body composition, or signal switching in response 

to HFD feeding, this suggests that the correlations among these effects may occur if females 

were exposed to a more robust obesogenic stimulus.

Finally, these mice were tested for acute RMR responses to activation of the DREADD 

receptors within Type 1 neurons. Injection of CNO had no effect on RMR in control 

mice and no major effect on RMR in mice expressing the Gαq-coupled hM3Dq receptor 

(Figure 6G). In contrast, CNO significantly increased RMR in both male and female mice 

expressing the Gαi-coupled hM4Di receptor, regardless of diet. Because no significant 

modulatory effect of sex was observed, reanalysis of the dataset with sexes combined clearly 

illustrate that activation of hM4Di similarly stimulates RMR in mice fed chow or HFD, 

while activation of hM3Dq had no significant effect on RMR regardless of diet (Figure 

6H). These findings indicate that activation of Gαi signaling within type 1 AgRP neurons 

is sufficient to stimulate RMR even after prolonged HFD feeding. By extension, obesity-

associated dysfunctions in RMR control appear to be secondary to the loss of AT1R-Gαi 

coupling in these cells rather than the gain of AT1R-Gαq coupling.

Previous work by various other groups has demonstrated that DREADD-mediated activation 

of Gαq or Gαi signaling within AgRP neurons has robust effects on feeding behavior.22 

Surprisingly, activation of Gαi or Gαq only within the Type 1 subtype of AgRP neurons had 

no effect on food intake in chow-fed or HFD-fed mice (Figures S6C–S6E). These findings 

imply that other subtypes (Types 0 and 2) of AgRP neuron contribute to the control of 

feeding behaviors.

Potential role for β-arrestin-1 in mediating AT1A-Gαi coupling in Type 1 AgRP neurons

Coupling of G-protein-coupled receptors (GPCRs) to second-messenger cascades is 

mediated through a combination of receptor conformation, modifications, or decorations 

of the receptor, interactions with enzymes such as GPCR kinases, and interactions 

with β-arrestins.23–28 Thus, it follows that HFD-induced “signal switching” within the 

AgRP neuron may be mediated through altered interactions between the AT1R and these 

modulators of second-messenger cascade engagement.

One previous study demonstrated that mice harboring null alleles for β-arrestin-1 (Arrb1; 

Arrb1NULL mice) are sensitized to HFD-induced weight gain due to suppressed energy 

expenditure, while mice with global transgenic (over)expression of Arrb1 exhibit increased 

energy expenditure and are protected against HFD-induced weight gain and adiposity.29 

Another more recent study identified a role for β-arrestin-1 specifically within AgRP 

neurons in energy balance and glycemic control.30 The team determined that within 

Agrp-expressing cells β-ar restin-1, but not β-arrestin-2 (Arrb2), is critically involved in 

electrochemical and physiological responses to insulin and obesogenic stimuli. For example, 
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Arrb1 overexpression in AgRP neurons resulted in a significant reduction in fat mass despite 

no changes in food-intake behaviors, implying increased energy expenditure.30 We therefore 

probed the hypothesis that a β-arrestin-mediated pathway is involved in AT1R signaling 

within Type 1i AgRP neurons. First, we examined electrophysiological responses of Type 1i 

neurons isolated from lean Ai9AgRP mice to the β-arrestin-biased AT1R agonist, TRV120027 

(TRV027). Identity of the cell as a Type 1i neuron was confirmed first by inhibitory 

responses to Ang-II. Subsequent application of TRV027 caused inhibition of the cell, and 

this effect was not additive to subsequent addition of Ang-II (Figure 7A). In contrast, 

preincubation of the cells with losartan or PTX each ameliorated the inhibitory response 

to TRV027 (Figure 7B). Previous work using bioluminescence resonance energy transfer 

proximity analyses in HEK293 cells suggested that TRV027, although touted as a biased 

agonist at the AT1R to stimulate β-arrestin and not Gαq signaling, may also act as a partial 

agonist with low to moderate efficacy to stimulate Gαi2, Gαi3, and Gα12 signaling.31 

Therefore, the effect of TRV027 in inhibiting the Type 1 AgRP neuron is mediated by a 

PTX-sensitive Gαi cascade, but the involvement of β-arrestins in this mechanism remains 

unclear.

Thus, we next generated two mouse models with conditional deletion of either Arrb1 
(Arrb1Agrp-KO mice) or Arrb2 (Arrb2Agrp-KO mice) from AgRP neurons and evaluated the 

distribution of cells that were stimulated, inhibited, or non-responsive to Ang-II. Compared 

to the relatively even distribution of responses by individual AgRP neurons in the ARC of 

lean Ai9AgRP mice (Figure 1C), AgRP cells that exhibited inhibitory responses to Ang-II 

were under-represented in the ARC of Arrb1Agrp-KO mice (sexes combined χ2, p < 0.01; 

comparing sexes within Arrb1Agrp-KO group, p = 0.87) (Figure 7C). Responses of AgRP 

neurons from Arrb2Agrp-KO mice, in contrast, were distributed similarly to those of Ai9AgRP 

mice (sexes combined χ2, p = 0.95; comparing sexes within Arrb2Agrp-KO group, p = 0.90) 

(Figure 7D).

Together, these data support the general concept that under normal physiological conditions, 

the AT1R in Type 1 AgRP neurons couples through a signaling cascade that involves both 

β-arrestin-1 and Gαi (Figure 7E), but perhaps not β-arrestin-2. This mechanism becomes 

uncoupled during prolonged obesity, resulting in loss of inhibitory responses to AT1R 

signaling and, ultimately, dysfunctional integrative control of resting metabolism. Because 

female Arrb1Agrp-KO mice appear to exhibit a loss of Ang-II-inhibited AgRP neurons similar 

to that of males, this may also hint that females exhibit resistance to diet-induced signal 

switching due to sex-dependent differences in molecular mechanisms regulating ARRB1 

and/or Gαi recruitment to AT1R in Type 1 AgRP neurons.

DISCUSSION

Previous studies have implicated AgRP neurons in the integrative control of energy 

balance, and increasing evidence supports the existence of multiple subtypes of AgRP 

neurons.5,9,11,32,33 Here we document three subtypes that can be dissociated based on 

their electrochemical responses to Ang-II. Further, we document the receptor dependencies 

and associated second-messenger cascades that mediate these responses, with one subtype 

(Type 1) exhibiting an inhibitory response via AT1R, and one subtype (Type 2) exhibiting 
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a stimulatory response via AT2R. Under normal physiological conditions the signal 

transduction of AT1R within Type 1 neurons is mediated via a Gαi-coupled cascade that 

contrasts AT1R transduction mechanisms in other neurons and other cell types throughout 

the body. The Type 1 subtype also only projects to a subset of the second-order brain regions 

that are known to receive ARC AgRP neuron projections. Most interestingly, we determined 

that prolonged HFD feeding results in a spontaneous G-protein “signal switch” by the AT1R 

receptor within the Type 1 AgRP neuron subtype, from a Gαi-coupled cascade to a Gαq-

coupled cascade, resulting in a complete reversal of the electrochemical responses of this 

neuron to Ang-II. As we have previously implicated AT1R signaling within AgRP neurons 

in the integrative control of RMR,5,9 this HFD-induced signal switch within the Type 1 

subtype likely represents a molecular basis of obesity-associated dysfunctional control of 

RMR. Finally, DREADD-mediated stimulation of Gαi signaling in Type 1 AgRP neurons is 

sufficient to stimulate RMR even after HFD feeding while stimulation of Gαq signaling had 

no effect, indicating that the signal transduc- tion mechanisms responding to Gαi signaling 

within the Type 1 neuron remain largely intact during obesity. Further, these findings suggest 

that resulting dysfunctional control of RMR is the result of the loss of AT1R-Gαi coupling 

in Type 1 neurons rather than the gain of AT1R-Gαq coupling.

It is known that AT1R can couple to various G-protein cascades and β-arrestin pathways, 

and clarifying the mechanisms that dictate biased signaling through any individual pathway 

represents a major ongoing effort by multiple groups. Early work identified the third 

intracellular loop of AT1R as critical to mediating its interactions with G proteins,34 and 

more recent work has provided much more detailed identification of specific intracellular 

domains that mediate interactions with various G proteins and β-arrestin partners.26,31 

Biased ligands for AT1R are understood to differentially activate specific second-messenger 

cascades, and this is thought to occur through the induction of unique conformations of 

AT1R, GPCR kinase (GRK)-mediated phosphorylation of different combinations of residues 

in the intracellular domains, or orthosteric or allosteric modulation of the intracellular 

conformational states of the receptor.31,35–41 While AT1R signaling through Gαq is thought 

to represent the dominant mode of signal transduction by this receptor in most tissues and 

has been disproportionately studied in various tissue types in vivo and in vitro, AT1R has 

been documented to couple to the PTX-sensitive Gαi cascade in multiple tissues including 

rat adrenal glomerulosa, liver, kidney, and pituitary glands.31,42–44 The present work, in 

contrast, documents a spontaneous change in the signaling cascade activated by AT1R within 

a single in vivo cell type in response to its endogenous Ang-II ligand and the association 

of such a change with a pathophysiological outcome. This finding underscores the critical 

need to clarify the context dependency (cell type, disease state) of AT1R coupling to various 

cascades. Further, this finding prompts a reconsideration of the potential context dependency 

of AT1R signaling modalities in response to other synthetic and biased ligands. For example, 

while much of the work mapping second-messenger signaling in response to Ang-II and 

other ligands is performed in immortalized cells or tissues from healthy lean animals, 

re-evaluation of cell-type-specific signaling during pathological states such as hypertension, 

heart failure, obesity, and diabetes may uncover unexpected signaling events and identify 

novel therapeutic targets.
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The general concept that electrochemical responses to neuronal AT1R activation may be 

altered during HFD feeding has been hinted at previously. For example, de Kloet et al. 

previously demonstrated that few or no neurons of the PVN are inhibited by Ang-II,45 which 

suggests that the normal signaling mechanism of AT1R within PVN neurons is distinct 

from the Gαi-coupled pathway employed by Type 1i AgRP neurons within the arcuate. 

Interestingly, however, they determined that HFD feeding increased the proportion of PVN 

parvocellular neurons that were stimulated by Ang-II. This may reflect an increase in AT1R 

expression or cell-surface localization, increased coupling efficiency to Gαq, or changes 

in signal termination, which may each involve molecular mechanisms that are shared by 

Type 1 AgRP neurons. Similar to their conclusions, the data presented herein support the 

concept that weight/adiposity gains, rather than diet composition, likely represents the driver 

of signal switching within Type 1 AgRP neurons.

Several possible molecular mechanisms that underlie the observed change in second-

messenger signaling by AT1R must be investigated. Our primary working hypothesis is 

focused on changes in the intracellular modulators of second-messenger coupling efficiency. 

Data presented in Figure 7 hint that conditional deletion of Arrb1 within AgRP neurons is 

sufficient to cause redistribution of responses to Ang-II that parallel effects of prolonged 

HFD. Previous work by Pydi et al. implicated Arrb1 within AgRP neurons in modulation 

of glycemic control and energy balance,30 although the specific roles for Arrb1 within 

subtypes of AgRP neuron remain unresolved. The “phosphorylation barcoding” hypothesis 

has been forwarded by multiple groups as a model to explain how intracellular regulators 

such as GRKs can differentially decorate the intracellular portions of a GPCR and thereby 

modify the relative affinity of that GPCR to recruit binding partners such as G proteins 

and β-arrestins.23,27,46,47 We therefore hypothesize that obesity modifies the abundance 

or action of modulators such as GRKs within the Type 1 AgRP neuron, thereby altering 

phosphorylation patterns of AT1R and the relative affinity of AT1R for the Gαi versus 

Gαq cascades. Whether obesity induces signal switching in other cell types, whether signal 

switching affects other receptor types in AgRP and other cell types, and the mechanism by 

which obesity induces signal switching all represent critical future directions of inquiry.

Another hypothesized mechanism that may contribute to signal switching involves changes 

in the relative abundance of second-messenger cascade components. For example, the 

Kapusta and Wainford groups have demonstrated that under various conditions, the levels 

of individual G proteins can be altered within regions of the hypothalamus and that 

experimental depletion of individual G proteins can cause phenotypic changes in vivo.48–51 

Thus, it follows that the availability of Gαi proteins (in addition to, or instead of, altered 

affinity of AT1R for Gαi) might become reduced in Type 1 neurons during HFD feeding. 

Ultimately, this would result in increased association of AT1R with other binding partners, 

subject to both their relative affinities and abundances within the cell.

Many additional hypotheses might also be considered. For example, if obesity changes 

local levels of the Ang-II ligand within the interstitial space versus the synaptic clefts in 

the ARC or if the cellular localization of AT1R changes during obesity (e.g., redistributes 

among the synaptic cleft versus the rest of the cell surface), the function of AT1R might 

be expected to change. Homodimerization of AT1R or its heterodimerization with other 
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receptors might alter the receptor’s signaling kinetics,52 and it is possible that obesity 

modulates these processes. Stretch of the cell membrane has been implicated as a ligand-

independent modulator of AT1R signaling,53 and it follows that changes in os motic stresses 

upon the AgRP neuron during obesity may influence AT1R signaling. Spontaneous ligand-

independent activity of AT1R in the absence of Ang-II is estimated to occur in ≈5% of 

these receptors in any given cell,54 and if obesity alters that rate or the total abundance of 

receptors in the cell, this may also influence AT1R signaling. All of these mechanisms may 

therefore independently or synergistically contribute to obesity-associated signal switching 

in the Type 1 AgRP neuron.

Instead of a signal switch from AT1R coupling to Gαi to Gαq within an individual Type 

1 AgRP neuron after prolonged HFD feeding, yet another potential explanation for the 

observed redistribution of AgRP neuron subtypes could involve recruitment of other neuron 

types into the pool of Agrp-expressing neurons. It is conceivable that HFD feeding causes 

other neuron types within the ARC to begin expressing both Agrp and Agtr1a. If such 

cells would normally exhibit AT1R-Gαq coupling, this might also help explain the current 

observations by diluting the total pool of AgRP neurons. Alternatively, it is conceivable 

that Type 0 or Type 2 AgRP neurons might start expressing AT1R. Such scenarios seem 

unlikely, however, because the relative proportions of Type 0 and Type 2s AgRP neurons 

were not altered by HFD feeding. Additional studies of the transcriptomes of individual 

AgRP neuron types after HFD feeding are required to address these ideas, but current 

single-cell/single-nucleus RNA sequencing methods provide insufficient sequencing depth 

to consistently resolve expression levels of GPCRs including AT1R in individual neuron 

subtypes. Approaches such as Patch-to-Seq may prove beneficial in this regard.55

Despite the canonical role of AgRP neurons in the control of feeding behavior,56 the Type 

1 AgRP subtype appears to specifically contribute to the control of energy expenditure 

but not food intake. Deletion of the leptin receptor (Lepr) from AgRP neurons results in 

accelerated body mass and adipose gains despite normal food intake, implying a reduction in 

energy expenditure.57 We previously demonstrated that deletion of AT1A receptors (Agtr1a) 

from Lepr-expressing cells results in major disruption in the integrative control of energy 

expenditure without any notable effect on food intake.9 In addition, although transgenic 

activation of the brain renin-angiotensin system (RAS), induction of the endogenous 

brain RAS through deoxycorticosterone acetate (DOCA)-salt treatment, or infusion of 

exogenous Ang-II into the brain have variable effects upon feeding behaviors, each of these 

manipulations strongly induces energy expenditure through the AT1R.9,58–61 Critically, the 

stimulation of energy expenditure by DOCA-salt treatment or exogenous Ang-II application 

to the brain is dependent upon the melanocortin type 4 receptor (MC4R).62 Because AgRP 

is an inverse agonist at the MC4R, these findings support a working model in which various 

stimuli (e.g., leptin, DOCA-salt, Ang-II) all depend upon the activation of AT1R on Type 

1 AgRP neurons to suppress inhibitory AgRP neurotransmission to MC4R on postsynaptic 

cells, presumably to disinhibit the activity of those target cells and ultimately stimulate 

resting metabolism.

The identity of relevant MC4R-expressing second-order neurons represents a major focus 

for future study, but we hypothesize a role for projections to the preoptic area. Here 
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we determined that Type 1 AgRP neurons clearly extend to a subset of regions that 

receive projections from ARC AgRP neurons, including the PVN, MPO, BNST, and SON. 

Previous work investigating the consequences of manipulating MC4R in cells that express 

Sim1 (such as neurons of the PVN) demonstrate that MC4R within the PVN is critically 

involved in the control of feeding but not energy expenditure.63 While the SON is strongly 

implicated in the control of fluid and electrolyte homeostasis and MC4R are known to 

be expressed in neurons in this region, the SON is not appreciated for a major role in 

energy balance.64 A recent study using single-cell RNA sequencing and spatial mapping 

techniques to understand the cellular architecture of the preoptic area (including the MPO 

and BNST) demonstrated that MC4R is expressed in a small number of glutamatergic 

neuron subtypes within the MPO but not the BNST.65 In addition, microinjection of 

the melanocortin receptor agonist melanotan-II into the MPO of rats elicits thermogenic 

responses that are abolished by lesion of the dorsomedial hypothalamus.66 As recently 

reviewed by Nakamura et al.,67 the preoptic area including the MPO serves as a primary 

site of integrative control of thermoregulatory responses to various environmental stimuli. 

Although the neurocircuitry within the preoptic area governing responses to excess heat 

are generally mapped and typically involve inhibitory GABAergic neurons, the circuits and 

neuron types controlling responses to cold are less well clarified. These insights collectively 

lead us to a working model in which Type 1 AgRP neurons from the ARC project to 

the MPO to modulate activity of glutamatergic cold-sensitive neurons that express MC4R 

and project to the dorsomedial hypothalamus to participate in the coordinated control 

of thermogenic autonomic activity. The activation of AT1R on these Type 1 neurons 

therefore normally reduces inhibitory AgRP neurotransmission in this circuit, resulting in 

disinhibition of glutamatergic MC4R-expressing target cells and, ultimately, the stimulation 

of thermogenesis. We posit that obesity-induced G-protein signal switching within the Type 

1 neuron therefore causes adaptation of metabolic control through increased inhibitory 

AgRP neurotransmission.

Limitations of the study

Several limitations of the current study should be considered. First, we focused on the 

functions of AT1R within Type 1 AgRP neurons but have not yet characterized the role(s) 

of Type 0 cells, or AT2R within Type 2 AgRP neurons, in energy balance physiology. As 

our manipulations of Type 1 cell activity had no effect on feeding behavior, we conclude 

that the major effect of AgRP neurons upon feeding behavior are likely mediated through 

some combination of Type 0 and Type 2 subtypes. Second, we have not yet explored the 

possibility that G-protein signal switching induced by HFD feeding may occur at other 

receptors within the Type 1 AgRP neuron or in any other cell types. For example, ghrelin 

acts at AgRP neurons via its GPCR (Ghsr) to stimulate cell activity,68 while glucagon-like 

peptide 1 acts via its GPCR (Glp1r) at AgRP neurons to inhibit cell activity.69 Determining 

whether such receptors also undergo G-protein signal switching during pathological states 

such as obesity remains un-tested. Third, 10 weeks of HFD feeding was insufficient to 

induce a G-protein signal switch in Type 1 neurons from female mice. This observation 

correlates well with the resistance of female C57BL/6J mice to gain excessive weight with 

HFD feeding. Preliminary studies of females fed HFD for 25 weeks instead of 10 weeks 

similarly resulted in a lack of substantial weight gain or induction of signal switching (data 
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not shown). Thus, it remains unclear whether females are resistant to signal switching and 

weight gain and whether there is a causal relationship among these outcomes. Future studies 

using other obesogenic diets, and possibly genetic, surgical, or pharmacological models 

of obesity, will be required to disentangle the relationships among obesity, sex, G-protein 

signal switching, and integrative control of energy expenditure.

Finally, although data here indicate that activation/restoration of Gαi signaling in Type 

1 AgRP neurons was sufficient to stimulate RMR regardless of diet, it remains unclear 

whether G-protein signal switching is a cause or consequence of excess weight gain. Future 

studies identifying the molecular mechanism of this signal switch are required, and studies 

purposefully inducing such signal switching will illuminate this issue. As highlighted here, 

one such mechanism that deserves exploration is the role of β-arrestin signaling within 

AgRP neurons. Pydi et al. previously implicated β-arrestin-1, but not β-arrestin-2, within 

AgRP neurons in energy balance and glycemic control.30 In the present study, our data build 

upon these observations to more specifically implicate β-arrestin-1 in the transduction of 

AT1R within the Type 1 subtype of AgRP neurons in lean animals, and hint that loss of 

β-arrestin-1 may contribute to signal switching by AT1R in these cells. Thus, we hypothesize 

that mediators and modulators of G-protein signaling, such as β-arrestin-1, within AgRP 

neurons may contribute to the development of G-protein signal switching. Additional future 

studies to investigate the status and function of such mediators and modulators within 

individual subtypes of AgRP neurons during obesity and other pathological states are 

required.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to the lead contact, Justin L. Grobe, PhD, (jgrobe@mcw.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability

• Data: All data reported in this paper will be shared by the lead contact upon 

request.

• Code: This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT PARTICIPANT DETAILS

All animal procedures were approved by the Medical College of Wisconsin and University 

of Iowa Institutional Animal Care and Use Committees and were in accordance with the 

expectations laid out by the National Institutes of Health 8th guide for the care and use of 

laboratory animals. All mice were housed in ventilated cage racks at 22°C–24°C, with ad 
libitum access to food and filtered tap water unless otherwise noted. The following animal 
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models were used in this study: Male and female C57BL/6J mice were purchased from 

Jackson Laboratory (Jax 000664) at 6 weeks of age. Agrp-Cre71 x Ai972 (Cre-dependent 

tdTomato reporter), in which tdTomato is expressed in all the cells that express AgRP.9 

P60 Npy-Gfp73 mice (Jax 006417) that express GFP in all NPY expressing cells in ARC. 

BAC-Agtr1a-Cre x Ai9 mice that express Cre recombinase via the AT1A locus14 and their 

littermate controls were used in this study. To map whole-brain projections of Type 1i AT1A-

expressing AgRP/NPY neurons, we generated Agtr1a-Cre/Npy-FLP+ mice by breeding 

BAC-Agtr1a-Cre females14 to Npy-Flp74 males. Briefly, all animals starting at 8 weeks 

of age were maintained in either standard chow (Teklad 2920x) or HFD (Research Diets 

D12451) for 10 weeks before use in experiments. Individual animal numbers used for each 

experiment are reported in the figure legend and/or within Table S1.

METHOD DETAILS

Drugs—The concentration of drugs was chosen from dose responses established in 

referenced previous studies. Compounds used were Angiotensin II (Ang-II, 2 mM,75 

Sigma, A9525), AT1R antagonist losartan (LOS, 10 μM,76 Sigma, 61188), AT2R 

antagonist PD-123,319 (1 μM,77 Sigma, P186), Gαi inhibitor Pertussis toxin (PTX, 500 

ng/mL,78 Sigma Aldrich; P7208), DREADD agonist, Clozapine N-oxide (CNO, 1 μM 

for electrophysiology, and 2 μg/g of body weight, i.p. for physiological measurements,79 

Tocris, 4936), GIRK/Kir3 inhibitor, Tertiapin Q (0.3 μM,80 Tocris, 1316), VGCC agonist, 

FPL 64176 (4 μM,81 Tocris, 1403), Voltage gated potassium channel (VGKC) inhibitor, 

4 Aminopyridine (4-AP, 1 mM,82 Tocris, 0940), Gαq inhibitor, BIM-46187 (10 μM,83 

Sigma, 5332990001), BK channel inhibitor, Penitrem A (0.5 mM,84 Tocris, 4617), K+/Cl
— co-transporter 2 (KCC2) inhibitor, VU 0463271 (10 mM,85 Tocris, 4719), Na+/K+/Cl− 

co-transporter 1 (NKCC1) inhibitor, Bumetanide (10 μM,86 Sigma, B3023), KCC2 agonist, 

CLP-257 (10 μM,87 Tocris, 5242), VGCC inhibitor, Cilnidipine (5 μM,88 Tocris, 2629), 

TRV027 (3 μM89), GeneScript). Stock solutions of Penitrem A (100 mM) were first 

dissolved in DMSO (Sigma-Aldrich) then diluted to a final concentration (0.03% DMSO) in 

aCSF for bath application (100 μM). All other drugs were dissolved in aCSF.

Food intake—Chow and HFD fed 18-week-old mice were singly housed in static home 

cages for assessing food intake. The first 24-h period was discarded for acclimation. Food 

intake, water intake, and feces output were all recorded.

Resting metabolic rate measurement/heat production—Resting metabolic rate 

was measured via respirometry as previously90 described using Sable Systems FMS-3 

gas analyzers. Mice were individually placed in an air-tight chamber maintained at 

thermoneutrality (30°C) and supplied with 400 mL/min air supply. Animals remain in the 

chamber until a clear plateau in VO2 and VCO2 were observed, which corresponds with the 

animal resting. STP-corrected rates of oxygen consumption and carbon dioxide production 

were determined from measures of VO2, VCO2, water vapor pressure, and mass flow of 

effluent air. Aerobic heat production was then estimated from measures of gas exchange 

using the modified Weir equation.91 Analyzers were calibrated daily using a calibration gas 

mixture at 20.50% O2 and 5000 ppm CO2.
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Stereotaxic injection of DREADDs in the arcuate nucleus—BAC-Agtr1a-Cre 

transgenic mice were bilaterally injected in the ARC (200 nL/side) with an Adeno-

Associated Virus (AAV) encoding the Synapsin-1 promoter driving Cre-dependent 

expression of hM4Di or hM3Dq vector conjugated with a mCherry reporter (Addg- ene). 

The vectors were injected at a titer of 1.6 × 1013 GC/mL.22 Each mouse was anesthetized 

with 2–3% isoflurane and placed in stereotaxic frame. Their skulls were exposed and leveled 

between lambda and bregma. A micromanipulator was oriented to lower the probe to the 

targeted coordinates of ARC (1.96 mm posterior, 5.80 mm ventral, and ±0.40 mm lateral 

from bregma). Each construct was injected in both the ARCs over a 10 min period. After 

5 min, the injector was removed, and the incision was closed with sutures. The injection 

site was evaluated by light microscopy at the end of the study. Mice with injections located 

primarily in the ARC were included in the subsequent analyses. The specificity and the 

efficiency of the viral construct was verified by performing electrophysiological recordings.

Electrophysiology slice preparation—Mice were anesthetized with 2–3% isoflurane 

and decapitated. Hypothalamic slices containing the ARC were prepared similar to 

previously described approach.76 Coronal slices (300 mm) containing the ARC were cut 

using a vibratome (Leica VT1200s) in ice-cold (0°C–1°C), oxygenated (95% O2, 5% CO2) 

cutting solution consisting of the following: 3 mM KCl, 1 mM MgCl2-6H2O, 2 mM CaCl2, 

2 mM MgSO4, 1.25 mM NaH2PO4, 26 mM NaHCO3, 10 mM D-glucose, and 206 mM 

sucrose (300 mOsm/kg H2O, pH 7.4). Slices were incubated at room temperature (22°C) 

in oxygenated (95% O2-5% CO2) artificial cerebrospinal fluid (aCSF) containing 126 mM 

NaCl, 3 mM KCl, 2 mM CaCl2, 2 mM MgSO4, 1.25 mM NaH2PO4, 26 mM NaHCO3, and 

10 mM D-Glucose (300 mOsm/ kg H2O, pH 7.4) for a minimum of 1 h before recording.

Slice preparation from P60 Npy-Gfp mice were performed using buffers with different 

compositions as detailed below and described previously.92 Briefly, mice were sacrificed, 

and brains were immersed in NMDG-HEPES aCSF cutting solution (in mM): 92 NMDG, 

2.5 KCl, 1.25 NaH2PO4, 30 NaHCO3, 20 HEPES, 25 glucose, 2 thiourea, 5 Na-ascorbate, 

3 Na-pyruvate, 0.5 CaCl2·2H2O, and 10 MgSO4·7H2O. Brain tissue is kept in 95% 

O2/5% CO2 aerated ice-cold cutting solution and 300 μm thick fresh slices containing the 

hypothalamus were obtained with vibratome and transferred to 95% O2/5% CO2 aerated and 

HEPES containing artificial cerebrospinal fluid (aCSF) incubation solution containing (in 

mM): 92 NaCl, 2.5 KCl, 1.25 NaH2PO4, 30 NaHCO3, 20 HEPES, 25 glucose, 2 thiourea, 

5 Na-ascorbate, 3 Na-pyruvate, 2 CaCl2·2H2O, and 2 MgSO4·7H2O. The sections were 

incubated in this solution for at least 30 min and placed in the recording chamber which has 

the recording aCSF (in mM): 124 NaCl, 2.5 KCl, 1.25 NaH2PO4, 24 NaHCO3, 12.5 glucose, 

5 HEPES, 2 CaCl2·2 H2O, and 2 MgSO4·7 H2O.

Loose cell recording—Slices containing the ARC were transferred to a submersion 

recording chamber and superfused with aCSF (31 ± 1°C, 1–2 mL/min). Slices were 

visualized using an upright fixed stage epifluorescent microscope (E600FN, Nikon) with 

differential interference contrast optics. GFP-expressing (in Npy-Gfp mice) or tdTomato-

expressing (in Agrp-Cre x Ai9 or BAC-Agtr1a-Cre x Ai9 mice) AgRP neurons were 
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identified using epifluorescence and standard filters on the microscope equipped with a 

Cool Snap HQ2 CCD camera (Photo- metrics, Inc).

Loose patch voltage clamp (extracellular) recordings were obtained using borosilicate glass 

micropipettes (1–3 MΩ) containing aCSF as the internal solution. Voltage was clamped at 

0 mV to measure changes in current. Recordings were performed in the presence of the 

NMDA receptor antagonist D-2-amino-5-phosphonopentanoate (D-AP5; 50 μM), AMPA 

receptor antagonist 6-cyano-7-nitroquinoxaline-2,3-dione disodium salt (CNQX; 10 μM) 

and GABAA receptor antagonist picrotoxin (50 μM) unless otherwise stated. Recordings 

from ARC neurons were made by targeting GFP or tdTomato-expressing neurons in slices 

prepared from various transgenic mice. Baseline was first recorded for 5 min. The drugs 

were bath applied for 5 min (PTX 30 min) and were maintained throughout the following 5 

min recording procedure. All recordings were performed at 32 ± 1°C using an automatic 

temperature controller (Warner Instruments). Electrophysiological signals (voltage and 

current) were amplified and digitized using MultiClamp 700B and Digidata 1440A, 

respectively using (Molecular Devices). Signals were filtered at 2 kHz and digitized at 10 

kHz. Electrophysiological signals were obtained and analyzed using Axon pCLAMP 11.3 

software. Spontaneous baseline firing rate of 2–5 min was monitored before administration 

of any drugs, neurons that remained within ±20% of baseline firing rate were classified as 

unaffected by the drug.

Whole cell recording—Whole cell recordings were performed in current clamp mode to 

measure membrane potential and firing rate of AgRP neurons in brain slices. Recordings 

were obtained using borosilicate glass micropipettes (3–8 MΩ). The internal pipette solution 

consisted of the following 145 mM K-gluconate, 10 mM HEPES, 1 mM EGTA, 2 mM 

Na2ATP, and 0.4 mM NaGTP (300 mOsm/kg H2O, pH 7.2). Recordings were made from 

ARC neurons with a series resistance of less than 25 MΩ following whole cell access. 

Neurons were slightly depolarized with current injection (current clamp) to generate a 

regular spiking activity (range, 50 to 40 mV), as previously described.93,94 Liquid junction 

potential was corrected for within whole cell patch-clamp recordings automatically using the 

pipette offset on the patch-clamp amplifier and again calculated after recording. Parameters 

measured for action potential firing was spike count separated into 30 s bins.

GCaMP7 calcium imaging—P60 Npy-gfp mice were anesthetized with isoflurane and 

~300 nL of rAAV2-syn-FLEX-jGCaMP7 virus70 was injected bilaterally to ARC using 

a pulled glass pipette (Drummond Scientific) with 50 μm tip diameter as described 

previously.95 The virus was injected at the rate of 30 nL/min by a micromanipulator 

(Narishige), allowing 10 min time for each injection. At least 3 weeks were given for 

animal recovery and transgene expression before further experiments. Slices were prepared 

as described above and CNQX (10 μM) + AP5 (50 μM) + PTX (50 μM) cocktail was added 

to the recording aCSF solution. Images were obtained on Scientifica SliceScope pro3000 

using Hamamatsu Orca Flash 4.0v3 camera at 3Hz. A baseline of 5–10 min was imaged 

using 470 nm stimulation (CooLED PE4000) and GFP filter set 525/50m (Chroma) before 

bath administration of Ang-II (2 μM). Images were first background subtracted and ΔF 

values were obtained by subtracting baseline (F0) fluorescence, which was defined as the 

Balapattabi et al. Page 17

Cell Rep. Author manuscript; available in PMC 2023 September 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



minimal fluorescence value in 5 min moving window. The area under the ΔF/F0 curve was 

calculated using Axon pCLAMP software before and after administration of Ang-II.

Anterograde tracing of neurons—Adult (8–12 weeks) Agtr1a-Cre+/Npy-Flp+ mice 

received stereotaxic microinjection of an AAV expressing ChR2-eYFP in both a Cre- and 

Flp-dependent manner (AAV-nEF-Con/Fon-ChR2-EYFP; Addgene# 137139) directly into 

the ARC. Stereotaxic surgery was performed as previously reported.64,96 Briefly, mice 

were anesthetized by intraperitoneal (IP) injection of ketamine/xylazine (100/10 mg/kg) and 

placed on a Kopf stereotaxic apparatus. Following standard disinfection procedure, ~1.0 cm 

incision was made to expose the skull and a small hole was drilled into the skull unilaterally 

at defined positions to target the ARC. Pulled glass micropipette filled with AAV was slowly 

inserted to reach the ARC and a small volume (200 nL) of injection was made by applying 

pulse pressure using Tritech pressure Microinjector (Tritech Research). After 10 min of 

waiting to ensure full penetration of AAV, the needle was slowly retracted, and the incision 

closed by wound clips. Mice were kept on a warming pad until awake before returning 

to their home cages. After 3 weeks of recovery following AAV microinjection, mice were 

transcardially perfused, and the brains were extracted and cut into 30 μm of sections and 

the processed for FIHC to visualize EYFP fibers as reported.64 A total of 9 mice received 

microinjection and 3 successfully targeted cases were used to evaluate the projections of 

Type 1i AgRP neurons throughout the brain.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses of data were performed using GraphPad Prism 9.5.1 and SPSS v27. 

Data were analyzed by independent t test, one- or two-way ANOVA or generalized linear 

modeling as noted in individual figure legends, with p < 0.05 considered statistically 

significant. Šidák multiple comparison procedures were used when main effects reached 

significance, to explore pairwise comparisons among groups. Throughout, summary data are 

reported as mean ± SEM.
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Highlights

• Three AgRP neuron subtypes are dissociated via electrochemical responses to 

Ang-II

• The Type 1 AgRP neuron subtype in lean mice is inhibited via AT1A and a 

Gαi cascade

• Obesity induces a spontaneous AT1A-Gαi to -Gαq signal switch in Type 1 

AgRP neurons

• The loss of AT1A-Gαi coupling in Type 1 AgRP neurons contributes to RMR 

adaptation
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Figure 1. Ang-II causes distinct electrical responses in individual AgRP neurons of chow-fed 
mice
(A) Initial analyses of firing-rate responses of individual AgRP neurons to application of 

Ang-II (n = 18 cells).

(B) Cells were grouped into three subtypes according to electrical responses to Ang-II: no 

response, inhibited, or stimulated by Ang-II (n = 15–17 per response).

(C) Pie chart illustrating the relative distribution of AgRP neuron subtypes in chow-fed mice 

of each sex.

(D) Example tracings of three subtypes under baseline and Ang-II-stimulated conditions.

(E) Current clamping demonstrates a similar distribution of subtypes of AgRP neuron within 

the ARC (n = 7–8 per response).

*p < 0.05 by Šidák multiple comparisons procedure (A, B, E); summary data are presented 

as mean ± SEM. Replicates are indicated by individual dots or summaries within each panel. 

See also Figure S1.
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Figure 2. Ang-II inhibits Type 1i AgRP neurons via AT1R, and stimulates Type 2s AgRP neurons 
via AT2R
(A) Example tracings from Type 0, Type 1i, and Type 2s neurons after application of Ang-II, 

and subsequently Ang-II in the presence of the AT1R antagonist losartan (LOS).

(B) Example quantification of changes in firing rate of Type 0, Type 1i, and Type 2s neurons 

(n = 4–5 each) in response to Ang-II versus Ang-II + LOS. Note the normalization of firing 

rate of Type 1i neurons by LOS, but the lack of effect of LOS in Type 2s neurons.

(C) Quantification of the firing rate of Type 1i and Type 2s neurons after Ang-II + LOS 

application, relative to baseline firing rates (n = 17, 15).

(D) Quantification of the firing rate of Type 1i and Type 2s neurons (n = 6, 7) after 

application of Ang-II in the presence of the AT2R antagonist PD-123319, relative to baseline 

firing rates.

(E) Pie chart illustrating the relative abundance of Type 0 and Type 2s neurons, and the lack 

of Type 1i neurons, in mice with conditional genetic deletion of Agtr1a (AT1A receptor) 

from all AgRP neurons (AT1A
Agrp-KO mice).

(F) Pie chart illustrating firing-rate responses of neurons within the ARC that express AT1A 

(Ai9AT1A mice) to acute Ang-II application.
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†p < 0.05 versus zero by one-sample t test (C and D); summary data are presented as mean 

± SEM. Replicates are indicated by individual dots or summaries within each panel. See also 

Figure S2.
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Figure 3. Ang-II inhibits Type 1i neurons through a cascade involving Gαi, inward-rectifier, and 
voltage-gated potassium channels, and L-type calcium channels
(A–C) Changes in firing rates of Type 1i neurons from the ARC of Ai9Agrp mice in response 

to Ang-II after pharmacological blockade of Gαi via pertussis toxin (PTX), or Gαq via 

BIM-46187. (A) Time course of responses to Ang-II before and after incubation with 

vehicle (n = 6) or PTX (n = 15). (B) Time course of responses to Ang-II before and after 

application of vehicle (n = 6) or BIM-46187 (n = 9). (C) Quantification of responses after 

preincubation with vehicle (n = 9), losartan (LOS, n = 17), PTX (n = 15), or BIM (n = 9).

(D) Changes in firing rate of Type 1i neurons (identified by inhibitory response to Ang-II, 

n = 13) from the ARC of mice expressing the Gαi-coupled hM4Di DREADD in AgRP 

neurons (hM4DiAgrp mice), in response to clozapine N-oxide (CNO) with or without 

pretreatment with PTX.

(E) Summary of responses of Type 1i neurons from the ARC of Ai9Agrp mice in response 

to Ang-II after pretreatment with vehicle or selected channel inhibitors (n = 9–11 per 

inhibitor).

*p < 0.05 as indicated by Šidák multiple comparisons procedure, †p < 0.05 versus zero by 

one-sample t test; summary data are presented as mean ± SEM. Replicates are indicated by 

individual dots. See also Figure S3.
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Figure 4. Type 1i neurons project to a subset of brain regions that are known to receive ARC 
AgRP inputs
(A) Schematic drawing of the strategy for unilateral anterograde tracing of AT1A-expressing 

AgRP (Type 1i) neurons.

(B) Representative image showing the precise unilateral targeting of Type 1i AgRP neurons 

by ChR2-eYFP.

(C) Representative images showing the distribution of Type 1i AgRP neurons across the 

rostrocaudal ARC.

(D–I) Representative images showing the projections of ARC Type 1i neurons to (D) bed 

nucleus of the stria terminalis (BNST), (E) ventromedial preoptic nucleus (VMPO), (F) 

medial preoptic nucleus (MPO), (G) paraventricular nucleus of hypothalamus (PVN), (H) 

supraoptic nucleus (SON), and (I) paraventricular nucleus of the thalamus (PVT).

(J) Schematic diagram depicting the projections of ARC AgRP neurons (red) versus the 

Type 1i subtype (green). Additional structures: DMH, dorsomedial hypothalamic nucleus; 

LHA, lateral hypothalamic area; ARC, arcuate hypothalamic nucleus; AMY, amygdala; 

PBN, parabrachial nucleus; PAG, periaqueductal gray; ac, anterior commissure; f, fornix; 

opt, optic tract.

Scale bars represent 200 μm (B–G), 50 μm (H), and 100 μm (I). See also Figure S4.
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Figure 5. Ten weeks of high-fat diet (HFD; 45% kcal from fat) induces a G-protein signal switch 
within a subset of Type 1i AgRP neurons
(A) Ten weeks of HFD altered the relative proportion of AgRP neurons that were unaffected, 

inhibited, or stimulated by Ang-II in Ai9AgRP mice (distribution p < 0.05 versus Figure 1C), 

with an increased representation of AgRP neurons that were stimulated by Ang-II.

(B) Time course of firing-rate responses of ARC AgRP neurons from HFD-fed Ai9Agrp mice 

to acute application of Ang-II before and after AT1R blockade by losartan (LOS). Notably, 

a subset of cells (Type 1s) are stimulated by Ang-II through a mechanism that is sensitive to 

blockade by LOS. Type 1i, n = 11; Type 1s, n = 12; Type 2s, n = 20.

(C and D) Summary of firing-rate responses of Type 1i, Type 1s, and Type 2s neurons to 

Ang-II after pretreatment with LOS (C; n = 11, 12, 20) or the AT2R antagonist PD-123319 

(D; n = 6, 6, 9).

(E) Pie chart summarizing the distribution of AgRP neuron subtypes in chow-fed male 

Ai9AgRP mice.

(F) Pie chart summarizing the distribution of AgRP neuron subtypes in HFD-fed male 

Ai9AgRP mice.

(G and H) Summary of firing-rate responses of Type 1i (G; n = 10–11 each) or Type 1s (H; n 

= 8–12 each) neurons (identified by LOS-dependent inhibition or stimulation, respectively) 
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to acute Ang-II application after pretreatment with the Gαi inhibitor, pertussis toxin (PTX) 

or the Gαq inhibitor, BIM-46187.

*p < 0.05 as indicated by Šidák multiple comparisons procedure, †p < 0.05 versus zero by 

one-sample t test (B, C, D, G, H); summary data are presented as mean ± SEM. Replicates 

are indicated by individual dots or summaries within each panel. See also Figure S5.
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Figure 6. Activation of Gαi within Type 1 AgRP neurons is sufficient to stimulate RMR
(A) Example tracings from Ang-II-inhibited (Type 1i) AgRP neurons from hM4DiARC-AT1A 

and hM3DqARC-AT1A mice, demonstrating pertussis toxin (PTX)-sensitive Gαi-mediated 

inhibition or BIM-46187 (BIM)-sensitive Gαq-mediated stimulation, respectively, in 

response to clozapine N-oxide (CNO).

(B and C) Quantification of effects of activating Gαi or Gαq within multiple Type 1i 

neurons from hM4DiARC-AT1A (B; n = 15) and hM3DqARC-AT1A (C; n = 17) mice.

Balapattabi et al. Page 33

Cell Rep. Author manuscript; available in PMC 2023 September 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(D and E) Fat-free mass (FFM) (D) and fat mass (E) of mice after 10 weeks of chow or HFD 

feeding.

(F) RMR immediately preceding injection of CNO, corrected for body composition by 

GLM.

(G) Change in RMR with injection of CNO.

(H) Change in RMR with injection of CNO, with sexes combined, corrected for body 

composition by GLM.

For (D) to (G), control: n = 4 males + 2 females each diet; hM4DiARC-AT1A: n = 4 males + 4 

females fed chow versus 5 males and 5 females fed HFD; hM3DqARC-AT1A: n = 4 males + 4 

females each diet.

For all panels except (A), *p < 0.05 as indicated by Šidák multiple comparisons procedure, 
†p < 0.05 versus zero by one-sample t test; summary data are presented as mean ± SEM. 

Replicates are indicated by individual dots within each panel. See also Figure S6.
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Figure 7. Implication of β-arrestin in AT1R signaling within Type 1i neurons, and overall 
working model
(A) Firing rates of Type 1i neurons from the ARC of Ai9Agrp mice in response to Ang-II, 

TRV027, or TRV027 in the presence of Ang-II (n = 12). Summary data are presented as 

mean ± SEM.

(B) Quantification of change in firing rates of Type 1i neurons in response to TRV027 after 

preincubation with vehicle (n = 27), losartan (LOS, n = 15), or pertussis toxin (PTX, n = 12).

*p < 0.05 as indicated by Šidák multiple comparisons procedure, †p < 0.05 versus zero by 

one-sample t test; summary data are presented as mean ± SEM
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(C) Pie charts illustrating the relative distribution of ARC AgRP neuron responses to Ang-II 

in chow-fed Arrb1Agrp-KO mice.

(D) Pie charts illustrating the relative distribution of ARC AgRP neuron responses to Ang-II 

in chow-fed Arrb2Agrp-KO mice.

(E) Under normal physiological conditions, Ang-II acts on the Type 1i subtype of 

AgRP neuron within the ARC via its AT1R and a second-messenger cascade involving 

both β-arrestin-1 and Gαi to cause inhibition of the cell. This results in reduced 

inhibitory neurotransmission to postsynaptic neurons, ultimately resulting in increased 

resting metabolism. Following prolonged obesity, a fraction of Type 1i AgRP neurons 

undergoes a spontaneous G-protein “signal switch,” whereby AT1R stops coupling via this 

cascade to inhibit the cell and instead begins coupling via the Gαq cascade to stimulate 

the cell. Resulting net increases in inhibitory neurotransmission to postsynaptic targets are 

expected to contribute to the pathological adaptation of resting metabolic rate control that is 

often observed with obesity.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

pAAV-hSyn-DIO-hM4D(Gi)-mCherry (AAV8) Krashes et al.22 Addgene 44362-AAV8

pAAV-hSyn-DIO-hM3D(Gq)-mCherry (AAV8) Krashes et al.22 Addgene 44361-AAV8

AAV-nEF-Con/Fon-ChR2-EYFP Fenno et al.16 Addgene 137139

rAAV2-syn-FLEX-]GCaMP7 Dana et al.70 N/A

Chemicals, peptides, and recombinant proteins

Angiotensin II Sigma Cat# A9525

Losartan Sigma Cat# 61188

PD 123,319 Sigma Cat# P186

Pertussis toxin (PTX) Sigma Aldrich Cat# P7208

Clozapine N-oxide (CNO) Tocris Cat# 4936

Tertiapin Q Tocris Cat# 1316

FPL 64176 Tocris Cat# 1403

4 Aminopyridine (4-AP) Tocris Cat# 0940

BIM-46187 Sigma Cat# 5332990001

Penitrem A Tocris Cat# 4617

VU 0463271 Tocris Cat# 4719

Bumetanide Sigma Cat# B3023

CLP-257 Tocris Cat# 5242

Cilnidipine Tocris Cat# 2629

TRV 120027 (TRV027) GenSript Custom synthesis (Sar1-Arg2-Val3-Tyr4-Ile5- His6-Pro7-D-Ala8-OH)

Experimental models: Organisms/strains

C57BL/6J Jackson Labs 000664

Agrp-Cre Tong et al.71 Jackson Labs 012899

Ai9 Madison et al.72 Jackson Labs 007909

Npy-GFP van den Pol et al.73 Jackson Labs 006417

BAC-AT1A-Cre Ritter et al.14 N/A

Npy-FLP Daigle et al.74 Jackson Labs 030211

Software and algorithms

ImageJ https://imagej.nih.gov/ij/

Graphpad Prism https://www.graphpad.com/

SPSS Statistics https://www.ibm.com/products/spss-statistics
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