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Abstract Body weight is regulated by interoceptive neural circuits that track energy need, but

how the activity of these circuits is altered in obesity remains poorly understood. Here we describe

the in vivo dynamics of hunger-promoting AgRP neurons during the development of diet-induced

obesity in mice. We show that high-fat diet attenuates the response of AgRP neurons to an array of

nutritionally-relevant stimuli including food cues, intragastric nutrients, cholecystokinin and ghrelin.

These alterations are specific to dietary fat but not carbohydrate or protein. Subsequent weight

loss restores the responsiveness of AgRP neurons to exterosensory cues but fails to rescue their

sensitivity to gastrointestinal hormones or nutrients. These findings reveal that obesity triggers

broad dysregulation of hypothalamic hunger neurons that is incompletely reversed by weight loss

and may contribute to the difficulty of maintaining a reduced weight.

Introduction
Body weight is regulated by a physiologic system that balances energy intake and expenditure over

the long term. Key components of this system are specialized neurons in the hypothalamus that

monitor internal state, but how obesity alters these circuits remains poorly understood.

Among the cell types involved in body weight regulation, AgRP neurons are particularly impor-

tant. These neurons are located in the arcuate nucleus of the hypothalamus and are activated by

food deprivation (Hahn et al., 1998; Mandelblat-Cerf et al., 2015; Takahashi and Cone, 2005;

van den Top et al., 2004). Stimulation of AgRP neurons drives voracious feeding and recapitulates

the motivational, affective and sensory hallmarks of hunger (Aponte et al., 2011; Chen et al., 2016;

Krashes et al., 2011; Livneh et al., 2017). Conversely, silencing or ablating AgRP neurons causes

aphagia (Gropp et al., 2005; Krashes et al., 2011; Luquet et al., 2005). Thus AgRP neurons link

the need for energy to the desire to eat.

AgRP neurons are regulated by layers of nutritional signals that operate on different time scales.

Leptin, which is secreted from adipose tissue in proportion to body fat reserves, influences AgRP

neuron activity over the long term (Beutler et al., 2017; Coleman, 1978; Cowley et al., 2001;

Pinto et al., 2004; Seeley et al., 1997; van den Top et al., 2004; Vong et al., 2011; Zhang et al.,

1994). On shorter timescales, AgRP neurons receive two rapid signals that report on impending or

recent food consumption. The first is triggered by the sensory detection of food in the environment

and functions to inhibit AgRP neurons within seconds (Betley et al., 2015; Chen et al., 2015; Man-

delblat-Cerf et al., 2015). The magnitude of this rapid sensory inhibition predicts the quantity of
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imminent food intake. Infusion of nutrients directly into the stomach bypasses this sensory response

and reveals additional signals that arise from the gastrointestinal (GI) tract (Beutler et al., 2017;

Su et al., 2017). These are trigged by the detection of calories or the activation of mechanorecep-

tors (Bai et al., 2019) and inhibit AgRP neurons over minutes as nutrients are infused. Thus AgRP

neurons integrate multiple signals, arising from different tissues, in order to estimate the body’s

energy needs.

A critical unanswered question regards how obesity alters AgRP neuron activity in response to

these diverse signals. It is thought that diet-induced obesity renders AgRP neurons resistant to the

effects of leptin, based in part on the fact that exogenous leptin fails to reduce food intake or induce

pSTAT3 in obese animals and does not inhibit AgRP neurons in ex vivo preparations from obese ani-

mals (Bates et al., 2003; Baver et al., 2014; Enriori et al., 2007; Knight et al., 2010; Wei et al.,

2015). In contrast, nothing is known about how diet-induced obesity alters the response of AgRP

neurons to sensory cues signaling food availability or their modulation by gastrointestinal nutrients

during a meal. These aspects of AgRP neuron regulation cannot be probed using ex vivo methods,

such as immunohistochemistry or slice physiology, due to their rapid timescale, inhibitory nature,

and because the pathways for gut-brain communication are disrupted in a brain slice.

To address this basic question, we set out to monitor and manipulate the activity of AgRP neu-

rons in vivo in mice during the development of obesity induced by a high-fat diet (HFD). We have

further tracked how these responses change during weight loss. We show that diet-induced obesity

attenuates neural and behavioral responses to multiple nutritional stimuli including food presenta-

tion, hormone administration and intragastric (IG) nutrient delivery. These changes are nutrient-spe-

cific, with blunted AgRP neuron responses to fat but not glucose or protein. Moreover, while the

AgRP neuron response to the sensory detection of food is rescued with the onset of weight loss,

neural responses to gastrointestinal stimuli are not. This combination of changes represents a neural

correlate for the long-lasting effects of obesity on the energy homeostasis system.

Results

Diet-induced obesity attenuates the AgRP neuron response to the
sensory detection of food
We set out to characterize how the regulation of AgRP neurons is modulated by diet-

induced obesity and subsequent weight loss. We generated mice equipped for fiber photometry

recordings from AgRP neurons (Beutler et al., 2017; Chen et al., 2015) and then tested these ani-

mals at baseline, after 6 weeks of ad libitum consumption of HFD (60% kcal from fat), and then again

after 4 weeks of ad libitum chow consumption (Figure 1A). Exposure to HFD produced reliable

weight gain, which was partially reversed after animals were returned to chow (Figure 1B,C). As an

additional control, we also recorded from lean mice that were maintained in parallel on standard

rodent chow (13% kcal from fat) for the duration of the study.

We measured the response of AgRP neurons to the sensory detection of food along this time

course. Mice were fasted overnight and then presented with a pellet of chow or high-fat diet and

photometry responses recorded. As previously reported (Betley et al., 2015; Chen et al., 2015;

Mandelblat-Cerf et al., 2015), food presentation rapidly inhibited AgRP neurons of lean mice at

baseline (Figure 1D,G). After six weeks on HFD, obese animals showed markedly attenuated

responses to presentation of both chow and HFD (Figure 1E,F,H,I,J,K,M,N). Of note, the amount of

weight gain in individual mice did not correlate significantly with magnitude of the reduction in

AgRP neuron response to food presentation (Figure 1—figure supplement 1), indicating that this

impairment is not solely due to increased body weight.

Diet-induced obese (DIO) mice were then switched back to chow and tested again after four

weeks of weight loss (Figure 1A,B), which partially rescued the response of AgRP neurons to chow

(Figure 1E,F,L) but not HFD presentation (Figure 1H,I,O). In contrast, control mice maintained on

chow throughout this time course exhibited relatively stable neuronal inhibition upon presentation

of both foods. Thus, diet-induced obesity reversibly blunts the rapid inhibition of AgRP neurons in

response to exterosensory cues.
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Figure 1. Diet-induced obesity (DIO) reversibly attenuates AgRP neuron inhibition in response to food presentation. (A) Schematic for the photometry

experiments performed in this study. Mice were divided into two cohorts, one of which received chow throughout (lean controls) and one of which was

challenged with high-fat diet (HFD) for 6 weeks and then returned to chow for 4 weeks (DIO mice). Baseline recordings were taken from AgRP neurons

on day 0, then repeated after 6 weeks on either HFD or chow, and then repeated 4 weeks later after all DIO mice had been returned to chow. (B) Body

Figure 1 continued on next page
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Diet-induced obesity decreases food consumption after fasting
The rapid inhibition of AgRP neurons by food presentation is thought to be a prediction of impend-

ing food consumption (Beutler et al., 2017; Chen et al., 2015). We therefore tested whether these

HFD-induced changes in AgRP neuron dynamics are correlated with changes in subsequent food

intake. Mice were fasted overnight and then given access to food and consumption over 30 min was

measured at the time points in Figure 1. We found that DIO animals consumed significantly fewer

calories when presented with chow after an overnight fast compared to lean controls (Figure 2A

and B), as others have observed (Briggs et al., 2011; Ueno et al., 2007). This reduction in caloric

intake was not due solely to the lower palatability of chow, because DIO mice that were fasted and

then allowed to re-feed with HFD also showed a reduction in consumption of HFD when compared

either to lean controls (Figure 2C and D) or their own HFD consumption prior to obesity

(Figure 3E). This reduction in HFD consumption by DIO animals was also not due to sensory-specific

satiety or a learned aversion, because when fasted DIO animals were presented with chocolate, a

Figure 1 continued

weights in lean control (left) and DIO (right) mice at baseline, after 6 weeks of chow or HFD, and after an additional 4 weeks of chow (n = 9–12 mice per

group). (C) Change in body weight from baseline in mice from (B) (D and E) Calcium signal from AgRP neurons in fasted control (D) and DIO (E) mice

presented with chow at baseline (black), after 6 weeks of chow or HFD (red), and after an additional 4 weeks of chow (blue). (n = 9–12 mice per group).

(F) Quantification of DF/F from (D) and (E) for 5 min after chow presentation. (G and H) Calcium signal from AgRP neurons in fasted control (G) and DIO

(H) mice presented with HFD at baseline (black), after 6 weeks of chow or HFD (red), and after an additional 4 weeks of chow (blue). (n = 9 mice per

group). (I) Quantification of DF/F from (G) and (H) for 5 min after HFD presentation. (J–L) Peri-stimulus heatmaps depicting DF/F of AgRP neurons in

individual DIO mice (from E) following presentation of chow at baseline (J), 6 weeks (K) and after 4 weeks recovery (L). (M–O) Peri-stimulus heatmaps

depicting DF/F of AgRP neurons in individual DIO mice (from H) following presentation of HFD at baseline (M), 6 weeks (N) and after 4 weeks recovery

(O). *p<0.05, **p<0.01, ***p<0.001 and ****p<0.001 as indicated. +p<0.05, ++++p<0.0001 compared to lean control at the 6 week timepoint. There

was no significant difference between lean control and DIO groups at baseline. (D,E,G,H) Traces represent mean ± SEM (B,C,F,I) Lines denote

individual mice. Error bars represent mean ± SEM.

The online version of this article includes the following figure supplement(s) for figure 1:

Figure supplement 1. Magnitude of DIO-induced changes in AgRP neuron dynamics are not correlated with amount of weight gain.
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Figure 2. Diet-induced obesity reversibly attenuates fasting induced re-feeding. (A–D) Animals were maintained

on either a chow diet throughout the entire experiment (lean controls, A and C) or exposed to high-fat diet for 6

weeks before being returned to chow diet for an additional 4 weeks (DIO mice, B and D). At 0, 6 and 10 weeks,

animals were fasted overnight, and then re-fed for 30 min with chow (A and B) or HFD (C and D) and caloric intake

was recorded (n = 8–12 mice per group). **p<0.01, ***p<0.001, ****p<0.0001 as indicated. Lines denote individual

mice. Error bars represent mean ± SEM.

The online version of this article includes the following figure supplement(s) for figure 2:

Figure supplement 1. Hyperleptinemia in diet-induced obesity correlates with suppression of fast re-feeding.
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novel palatable food, their food intake remained significantly attenuated (control-chocolate 1.36 kcal

vs DIO-chocolate 0.36 kcal, p<0.001).

Animals were returned to chow for four weeks, which resulted in moderate weight loss

(Figure 1B). However this dietary switch completely restored the consumption of chow and HFD in

formerly DIO mice following an overnight fast (Figure 2B and D). Strikingly, these behavioral

responses to weight gain and loss mirrored the changes in AgRP neuron responses to food during

this time course (Figure 1). This reveals that HFD exposure inhibits fasting-induced hyperphagia,

which is then rapidly restored following weight loss, and that the anticipatory dynamics of AgRP neu-

rons track these behavioral fluctuations.

To further investigate potential metabolic mechanisms underlying blunted fasting-induced hyper-

phagia in obese mice, we placed wild type mice on a HFD for four weeks while maintaining control

mice on a normal chow diet. These DIO animals exhibited attenuated fasting-induced re-feeding

when presented with chow or HFD despite limited weight gain over this short time course (Fig-

ure 2—figure supplement 1A–D). As expected, plasma leptin was significantly elevated in DIO ani-

mals, but fasting insulin levels were not elevated relative to lean controls (Figure 2—figure

supplement 1E and F). Moreover, fasting-induced re-feeding was negatively correlated with leptin

levels in DIO animals presented with HFD whereas insulin levels did not significantly correlate with

food intake (Figure 2—figure supplement 1G–J). Thus, hyperleptinemia is correlated with

decreased fasting-induced hyperphagia in mice early in DIO.

Obesity alters the ability of AgRP neurons to drive food consumption
AgRP neuron activity is required for food deprivation to trigger compensatory re-feeding

(Denis et al., 2015; Liu et al., 2012). We therefore investigated whether the decreased fasting-

induced re-feeding we observe in obese mice might be due to a change in the ability of AgRP neu-

rons to drive food intake.

We equipped mice for optogenetic stimulation of AgRP neurons and then tested them, before

and after the development of obesity, using two complementary stimulation protocols. In the first

protocol (‘pre-stimulation’), AgRP neurons were stimulated for 30 min immediately prior to food

availability, and then mice were given food and allowed to eat in the absence of continued stimula-

tion (Chen et al., 2016). This protocol is designed to mimic the natural dynamics of AgRP neurons,

in which these neurons are active in hungry mice but shut off immediately before food consumption.
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In the second paradigm (‘concurrent stimulation’), mice were given food and AgRP neurons were

concurrently stimulated for 30 min while mice ate (Figure 3A). This stronger stimulation protocol has

been shown to drive feeding behavior to a greater extent than natural hunger (Burnett et al.,

2019).

We first tested lean animals at baseline. As expected, we found that concurrent or pre-stimulation

of AgRP neurons caused fed mice to eat more low-fat pellets (Figure 3B, baseline) or HFD

(Figure 3C, baseline), and the amount of food consumed was similar between the two protocols

(Figure 3B,C, baseline). In the fasted state, pre-stimulation did not increase the consumption of

either diet (Figure 3D,E, baseline), whereas concurrent stimulation caused a small increase in the

consumption of low-fat pellets (Figure 3D, baseline) but not HFD (Figure 3E, baseline). This result is

consistent with the notion that AgRP neurons are already highly active in fasted, lean mice, and

therefore that optogenetic stimulation has little additional effect.

Animals were then placed on a HFD to induce weight gain and, four weeks later, the tests above

were repeated. Consistent with our data from a separate cohort (Figure 2), we found that, in the

absence of optogenetic stimulation, diet-induced obesity greatly reduced the amount of food the

mice consumed during the behavioral tests. For example, diet-induced obesity blunted the hyper-

phagia in response to presentation of HFD (Figure 3C, no stim, baseline versus DIO) as well as the

hyperphagia induced by fasting (Figure 3D,E no stim, baseline versus DIO). Importantly, we found

that optogenetic stimulation of AgRP neurons could rescue this decreased feeding in DIO mice

(Figure 3B–E, DIO). This suggests AgRP neurons are not fully activated by fasting in DIO animals,

and that optogenetic stimulation supplies this missing activation.

In obese mice, we found that concurrent stimulation induced a bigger effect on food intake than

pre-stimulation (Figure 3B,C,E, DIO), whereas in lean animals the effect of these two stimulation

protocols was indistinguishable in every test performed (Figure 3B–E, baseline). One interpretation

of this result is that diet-induced obesity reduces the sensitivity of the downstream circuitry to AgRP

neuron activity, such that supraphysiologic stimulation (i.e. concurrent stimulation) is now required to

fully drive feeding. This suggests that HFD causes dysregulation of both AgRP neurons and their

downstream targets.

Obesity selectively reduces the AgRP neuron response to intragastric
fat
AgRP neurons are regulated not only by the sensory detection of food but also by ingested

nutrients. This gastrointestinal regulation can be selectively elicited by infusing food directly into the

stomach, which inhibits AgRP neurons in proportion to the number of calories infused but indepen-

dent of the macronutrient composition of the infusate (Beutler et al., 2017; Su et al., 2017). We

therefore set out to test whether obesity modulates this nutrient-mediated signaling from the gas-

trointestinal tract to the hypothalamus.

Animals prepared for AgRP neuron photometry recordings were additionally equipped for nutri-

ent infusion via intragastric catheters (Beutler et al., 2017). We first tested these animals at baseline

by infusing solutions of pure lipid, sugar or protein into the stomach over the course of 12 min (Fig-

ure 4 and Figure 4—figure supplement 1). As previously reported, all three infusates induced pro-

gressive, potent, and durable inhibition of AgRP neuron activity in hungry animals (Figure 4A,G and

Figure 4—figure supplement 1A; Beutler et al., 2017; Su et al., 2017). We then exposed these

animals to HFD, or for the control group maintained them on chow, and repeated these infusions.

Strikingly, AgRP neuron inhibition in response to lipid infusion was significantly decreased in DIO ani-

mals compared to their response at baseline (Figure 4B–E). In contrast the response of AgRP neu-

rons to glucose and protein was not altered in obese mice (Figure 4H–K and Figure 4—figure

supplement 1B–D), and control animals maintained on a low-fat diet showed no change in their

response to any macronutrient (Figure 4A,G and Figure 4—figure supplement 1A). This indicates

that obesity induced by HFD selectively desensitizes AgRP neurons to dietary fat.

To test whether weight loss reverses this desensitization, we returned animals to a chow diet for

four weeks and then repeated the macronutrient infusions. Weight loss did not rescue the neural

response to IG lipid in DIO mice, which remained significantly impaired relative to baseline measure-

ments (Figure 4B–F), whereas control mice maintained a stable neural response to lipid throughout

the experiment (Figure 4A). Thus, HFD-mediated obesity selectively attenuates lipid-induced
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Figure 4. Diet-induced obesity causes selective and long-lasting attenuation of AgRP neuron inhibition by lipid.

(A and B) Calcium signal from AgRP neurons in fasted control (A) and DIO (B) mice during intragastric infusion

with intralipid at baseline (black), after 6 weeks of chow or HFD (red), and after an additional 4 weeks of chow

(blue). (n = 4–6 mice per group) (C) Quantification of DF/F from (A) and (B) showing inhibition at the end of

infusion. (D–F) Peri-infusion heatmaps depicting DF/F during photometry recording in individual DIO mice (from B)

at baseline (D), after 6 weeks on HFD (E), and after 4 weeks recovery (F). (G and H) Calcium signal from AgRP

neurons in fasted control (G) and DIO (H) mice during intragastric infusion with glucose at baseline (black), after 6

weeks of chow or HFD (red), and after an additional 4 weeks of chow (blue). (n = 4–6 mice per group) (I)

Quantification of DF/F from (G) and (H) showing inhibition at the end of infusion. (J–L) Peri-infusion heatmaps

depicting DF/F during photometry recording in individual DIO mice (from H) at baseline (J), after 6 weeks on HFD

Figure 4 continued on next page
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inhibition of AgRP neurons and modest weight loss is not sufficient to restore the effects of this

macronutrient.

Diet-induced obesity blunts AgRP neuron responses to cholecystokinin
(CCK) and ghrelin
The mechanisms by which gastrointestinal nutrients inhibit AgRP neurons are poorly understood, but

it has been shown that the hormone CCK is required for the effects of dietary fat on these cells

(Beutler et al., 2017). We therefore investigated whether the inhibition of AgRP neurons by CCK

might be altered in DIO animals.

Mice were fasted overnight, challenged with an intraperitoneal injection of CCK, and AgRP neu-

ron responses recorded by photometry. At baseline CCK injection caused potent but transient inhi-

bition of AgRP neuron activity, as previously reported (Figure 5A), and led to suppression of fasting-

induced re-feeding (Figure 5M). Both the neuronal and behavioral responses to CCK were reduced

following six weeks of HFD exposure (Figure 5B–E,N; Figure 5—figure supplement 1A–D) but

unchanged in control animals maintained on a chow diet. As observed for chow presentation, the

reduction in AgRP neuron dynamics did not correlate with weight gain, suggesting that this

impairment is not solely due to increased weight (Figure 5—figure supplement 1I). Returning DIO

mice to a chow diet for four weeks failed to rescue this CCK resistance (Figure 5B–F). Thus HFD

causes long-lasting desensitization of AgRP neurons to the effects of CCK, which may explain why

these neurons show persistent desensitization to dietary fat.

In addition to CCK, ghrelin is also known to regulate food intake via AgRP neurons (Chen et al.,

2015; Cowley et al., 2003; Hewson and Dickson, 2000; Kamegai et al., 2001; Nakazato et al.,

2001; Tang-Christensen et al., 2004; van den Top et al., 2004; Wang et al., 2014; Zigman et al.,

2005) and obesity is thought to cause ghrelin resistance in AgRP neurons as measured by Fos stain-

ing and ex vivo recordings (Briggs et al., 2010; Briggs et al., 2014). To characterize this ghrelin

resistance in vivo, we first confirmed that ghrelin injection activates AgRP neurons (Figure 5G) and

stimulates food intake (Figure 5O) in lean mice at baseline. Following six weeks of HFD exposure,

we observed a clear reduction in this ability of ghrelin to activate AgRP neurons (Figure 5H–K) and

drive feeding (Figure 5P). Interestingly, we found that a higher, supraphysiologic dose of ghrelin

(0.5 mg/kg; Figure 5—figure supplement 1E–H) was able to induce normal calcium responses in

AgRP neurons of DIO mice, indicating that the ghrelin resistance in AgRP neurons is partial. In con-

trast, ghrelin at this and even higher doses (1 mg/kg, Figure 5P) failed to have any effect on feeding

in DIO animals. This indicates that the impairment of ghrelin-induced feeding in DIO mice is not

solely due to reduced sensitivity of AgRP neurons, and may instead involve desensitization of down-

stream circuits, as suggested by our optogenetic manipulations (Figure 3). Subsequent weight loss

did not restore the responsiveness of AgRP neurons in DIO mice to ghrelin, similar to observations

with CCK (Figure 5H–L). Thus, obesity causes persistent resistance to two key gastrointestinal sig-

nals at the level of AgRP neuron activity, and this is associated with decreased ability of these hor-

mones to modulate food intake.

Discussion
Obesity arises due to an imbalance between energy intake and energy expenditure. Neural circuits

in the hypothalamus are well known for monitoring energy balance, but how obesity alters the in

vivo dynamics of these circuits has been unclear (Andermann and Lowell, 2017; Rossi et al., 2019).

Here, we have used fiber photometry and optogenetics in conjunction with a mouse model of diet-

Figure 4 continued

(K), and after 4 weeks recovery (L). *p<0.05 as indicated. There was no significant difference between lean control

and DIO groups at baseline. (A,B,G,H) Traces represent mean ± SEM. (C,I) Lines denote individual mice. Error bars

represent mean ± SEM.

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. Diet-induced obesity does not alter AgRP neuron response to intragastric infusion of

peptides.
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Figure 5. Diet-induced obesity attenuates AgRP neural and behavioral responses to CCK and ghrelin. (A and B) Calcium signal from AgRP neurons in

fasted control (A) and DIO (B) mice treated with CCK 30 mg/kg IP at baseline (black), after 6 weeks on chow or HFD (red), and after an additional 4

weeks of chow (blue). (n = 9–12 mice per group). (C) Quantification of DF/F from (A) and (B) showing area under the curve (AUC) for 20 min after

injection. (D–F) Peri-injection heatmaps depicting DF/F during photometry recording in individual DIO mice from (B) at baseline (D), after 6 weeks on

Figure 5 continued on next page
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induced obesity to study how feeding circuits are altered by chronic changes in diet. We have shown

that obesity broadly desensitizes AgRP neurons to an array of nutritionally relevant stimuli and fur-

ther alters the ability of AgRP neuron stimulation to drive feeding. Importantly, some of these

changes persist after animals lose weight, revealing that dietary history can have long-lasting effects

on feeding circuit dynamics. This metabolic hysteresis may contribute to difficulty of maintaining

weight loss.

Obesity selectively desensitizes feeding circuits to dietary fat
Meal size is regulated by the signals from the gut that tell the brain about the quantity and quality

of recently ingested food (Clemmensen et al., 2017; Cummings and Overduin, 2007; Williams and

Elmquist, 2012). While many studies have investigated how the levels of circulating hormones are

altered by diet or obesity (Lean and Malkova, 2016), it remains unknown how these and other

peripheral changes are reflected in the dynamics of feeding circuits in the brain.

To investigate this, we monitored the activity of AgRP neurons while infusing different macronu-

trients into the stomach of awake mice. We then longitudinally tracked these nutrient responses as

animals gained weight due to a HFD and then lost weight following return to a low-fat diet. This

revealed that diet-induced obesity blunts the inhibition of AgRP neurons by intragastric fat but has

no effect on the response to intragastric sugar or protein (Figure 4, Figure 4—figure supplement

1). Ingestion of fat is communicated to AgRP neurons in part through CCK (Beutler et al., 2017)

and, consistent with this, we found that obesity also desensitizes AgRP neurons to peripheral CCK

(Figure 5A–F). Remarkably, this resistance to dietary fat and CCK persisted after mice had been

returned to a low-fat diet and lost weight, which normalized their feeding behavior (Figure 2B and

D) and neural responses to food cues (Figure 1F and J–L). This identifies a gastrointestinal

fat!CCK!AgRP neuron pathway that is selectively and persistently impaired by HFD. Impairment

of this pathway may contribute to the ability of dietary fat to drive obesity in mice and raises the

possibility that diets with different macronutrient compositions may modulate homeostatic circuits in

distinct ways.

High-fat diet alters hunger circuit dynamics in ways predicted to both
promote and suppress obesity
A fundamental question is whether diet-induced obesity is caused by the dysregulation of homeo-

static circuits, or alternatively whether it occurs despite the action of those circuits to resist weight

gain (Ottaway et al., 2015; Timper and Brüning, 2017; Velloso and Schwartz, 2011). By monitor-

ing AgRP neurons in vivo during weight gain and loss, the experiments described here provide new

insight into this question.

Overall, we find that HFD triggers changes in AgRP neuron regulation that would be predicted to

both promote and suppress obesity. Among the former is the finding that obesity renders AgRP

neurons desensitized to intragastric fat and CCK. This change would create a positive feedback loop

whereby over-ingestion of fat would reduce the ability of subsequent fat intake to attenuate feeding,

thereby promoting weight gain. How exactly information about gastrointestinal fat is relayed to

AgRP neurons, and where in the pathway from the gut to the hypothalamus resistance to CCK devel-

ops, remain unknown. However, plausible candidate mechanisms include desensitization of CCK-

Figure 5 continued

HFD (E), and after 4 weeks recovery (F). (G and H) Calcium signal from AgRP neurons in ad libitum fed control (G) and DIO (H) mice treated with ghrelin

0.1 mg/kg IP at baseline (black), after 6 weeks on chow or HFD (red), and after an additional 4 weeks of chow (blue). (n = 4–6 mice per group). (I)

Quantification of DF/F from (G) and (H) showing area under the curve (AUC) for 30 min after injection. (J–L) Peri-injection heatmaps depicting DF/F

during photometry recording in individual DIO mice from (H) at baseline (J), after 6 weeks on HFD (K), and after 4 weeks recovery (L). (M and N) 30 min

food intake in fasted control (M) or DIO (N) animals re-fed with chow or HFD, respectively following injection of the indicated doses of CCK. (n = 9–10

mice per group). (O and P) 30 min food intake in ad libitum fed control (O) or DIO (P) animals of chow or HFD, respectively, following injection of the

indicated doses of ghrelin (n = 6 mice per group). *p<0.05, **p<0.01, and ****p<0.0001 as indicated. There was no significant difference between lean

control and DIO groups at baseline. (A,B,G,H) Traces represent mean ± SEM. (C,I) Lines denote individual mice. Error bars represent mean ± SEM. (M,

N,O,P) . denotes individual mice. Error bars represent mean ± SEM.

The online version of this article includes the following figure supplement(s) for figure 5:

Figure supplement 1. The effect of DIO on AgRP neuronal responses to CCK and ghrelin is dose-dependent.
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responsive vagal afferents (Daly et al., 2011; Grabauskas et al., 2019) and brain stem neurons

(Covasa et al., 2000; Wall et al., 2019) as well as changes in lipid-induced CCK release

(Kentish and Page, 2015).

We also found that obesity blunts the rapid inhibition of AgRP neurons that occurs when hungry

mice see and smell food (Figure 1). While the function of this rapid sensory inhibition of AgRP neu-

rons remains unresolved (Chen and Knight, 2016), its magnitude correlates with the amount of food

subsequently consumed; that is, the more AgRP neurons are inhibited when food is presented, the

more food the mouse consumes in the ensuing meal (Beutler et al., 2017). Consistent with this, we

found that the diminished inhibition of AgRP neurons by food presentation in obese mice was asso-

ciated with less subsequent food consumption (Figure 2B and D). After return to a low-fat diet and

weight loss, the sensory response to chow was restored (Figure 1F) as was chow intake (Figure 2B).

This indicates that the prediction of food intake that is relayed to AgRP neurons reliably anticipates

how weight gain and loss will alter feeding behavior.

We also identified changes in AgRP circuit dynamics that would be predicted to suppress weight

gain. Most notably we found that obesity blunted the activation of AgRP neurons by the appetite

promoting hormone ghrelin (Figure 5G–L). This finding is consistent with prior work showing that

AgRP neurons from obese mice are resistant to activation by ghrelin in slice and that obese mice

show reduced Fos in the arcuate nucleus and eat less food following peripheral ghrelin injection

(Briggs et al., 2010; Briggs et al., 2014; Perreault et al., 2004). Interestingly, our finding that

AgRP neurons become resistant to both ghrelin and CCK, along with substantial prior evidence of

leptin resistance in obesity (Myers et al., 2010), suggests that AgRP neurons may become generally

resistant to hormonal input following weight gain. It will be important to investigate whether there is

a common mechanism by which AgRP neurons become desensitized to these diverse signals, and

whether this change is adaptive or deleterious.

Diet-induced obesity alters the behavioral response to AgRP neuron
stimulation
To understand the functional significance of these changes in AgRP neuron dynamics, we also mea-

sured the behavioral response to optogenetic manipulation of AgRP neurons before and after the

development of obesity. The most prominent effect we observed was that optogenetic stimulation

was able to partially rescue the deficit in food consumption of obese mice following an overnight

fast (Figure 3D,E). This indicates that downstream circuits retain the ability to respond to AgRP neu-

ron stimulation in obese mice. It also suggests that the reason why obese mice show diminished fast-

ing-induced re-feeding may be that AgRP neurons are not fully activated by food deprivation in

these animals (and that optogenetic stimulation supplies this missing activation). This interpretation

is consistent with prior data showing DIO mice have reduced arcuate Fos in response to fasting

(Briggs et al., 2011) and an inability to respond to ghrelin (Figure 5G–L and O,P, and Briggs et al.,

2010). It is also consistent with the tendency of elevated leptin levels in obese mice to suppress the

activation of AgRP neurons by fasting (Becskei et al., 2010).

While these observations point to a primary defect in AgRP neuron activation, our findings also

suggest that downstream circuits may have reduced sensitivity to AgRP neuron stimulation in obese

animals. For example, we found that concurrent stimulation had a stronger effect on food intake

than pre-stimulation in DIO mice (Figure 3B,C,E) whereas there was no difference between these

two protocols in lean animals (Figure 3B–E). Given that concurrent stimulation causes stronger acti-

vation of this circuitry (Burnett et al., 2019), this suggests that greater AgRP neuron activity is

required to drive food intake in obese mice. This observation is also consistent with the possibility

that NPY signaling, which is necessary for food intake in response to pre- but not concurrent stimula-

tion, is attenuated in DIO animals (Beck, 2006; Chen et al., 2019; Stricker-Krongrad et al., 1994;

Stricker-Krongrad et al., 1997).

One limitation of these findings is that fiber photometry cannot measure absolute firing rates.

Thus, we have described how obesity changes the response of AgRP neurons to food cues, nutrients

infusions, and hormone injections, but we cannot measure how the tonic activity of AgRP neurons

changes over time. Slice electrophysiology studies have suggested that the activity of AgRP neurons

may be elevated in obese animals and then resistant to further increases caused by fasting

(Baver et al., 2014; Wei et al., 2015). This could be tested by using extracellular recordings to

record spiking activity in vivo (Mandelblat-Cerf et al., 2015). Another important question not
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addressed here is whether there is heterogeneity in AgRP neuron responses to diet-induced obesity.

Such heterogeneity could be investigated using single-cell calcium imaging or electrophysiology.

Dietary history has persistent effects on feeding circuit dynamics
One reason why obesity is such a challenging clinical problem is that patients experience great diffi-

culty maintaining weight loss (Fothergill et al., 2016; Leibel et al., 2015). To explain this, it has

been suggested that obesity may alter the body weight set point, such that the energy homeostasis

system comes to defend a new, heavier body weight (Leibel et al., 1995). In mice, diet-induced obe-

sity can be reversed by restricting animals’ caloric intake, but these formerly obese animals remain

sensitized to accelerated weight gain when returned to ad libitum chow or HFD (Briggs et al., 2013;

Schmitz et al., 2016). This recidivism has been associated with a variety of physiologic mechanisms

(Friedman, 2002; Ravussin et al., 2018; Zigman et al., 2016), but a core idea is that homeostatic

circuits are altered by obesity in a way that persists after weight loss and promotes weight re-gain.

In this study, we set out to look for evidence of such hysteresis in the dynamics of AgRP neurons.

We found that that exposure to HFD can impair to neural responses to nutrients and hormones in a

way that would be predicted to promote weight gain, and that this impairment persists for weeks

after mice have been returned to a low-fat diet and lost weight. This reveals that dietary history can

have long-lasting effects on the dynamics of the neural circuits that control hunger (Matikainen-

Ankney and Kravitz, 2018). An important task for the future will be to clarify the molecular basis of

this diet-induced resistance of AgRP neurons to gastrointestinal hormones and nutrients, since this

may suggest novel strategies for treating obesity.

Materials and methods

Key resources table

Reagent type
(species) or resource Designation Source or reference Identifiers Additional information

Strain, strain
background
(Mus musculus)

Wildtype Jackson Labs Stock No:000664

Strain, strain
background
(M. musculus)

AgRP-Cre Jackson Labs Stock No:012899

Strain, strain
background
(M. musculus)

ROSA26-lox
Stoplox-ChR2-eYFP

Jackson Labs Stock No:012569

Strain, strain
background
(adeno-associated
virus-1)

AAV1.CAG.
Flex.GCaMP6s

Addgene ID:100842

Peptide,
recombinant protein

CCK Bachem Product No:
4033010.0001

Peptide,
recombinant protein

Ghrelin R and D Systems Catalog #:1465/1

Commercial
assay or kit

Leptin ELISA Crystal Chem Catalog #:90030

Commercial
assay or kit

Insulin ELISA Crystal Chem Catalog #:90080

Chemical
compound, drug

‘high-fat diet; HFD’ Research Diets Diet Formula:
D12492

Chemical
compound, drug

‘low-fat pellets;
food pellets’

Bio-Serv Product #:F0163

Software, algorithm MATLAB MathWorks RRID:SCR_001622

Software, algorithm Prism GraphPad RRID:SCR_002798
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Animals
Experimental protocols were approved by the University of California, San Francisco IACUC follow-

ing the National Institutes of Health guidelines for the Care and Use of Laboratory Animals (Proto-

col# AN179674). Animals were housed in 12 hr dark/light cycle with ad libitum access to food and

water. Animals were maintained on ad libitum chow (LabDiet 5053, Fort Worth, TX) or high-fat diet

(HFD; Research Diets D12492, New Brunswick, NJ), and were fasted for 16 hr before experiments as

indicated in the text and figures. They maintained ad libitum access to water throughout this time.

Agrptm1(cre)Lowl(AgRP-Cre, #012899, Jackson Labs, Bar Harbor, ME) animals used in all fiber photom-

etry experiments have been previously described and have been backcrossed onto a C57BL/6 back-

ground. To achieve channelrhodopsin-2 expression in AGRP neurons for optogenetic experiments,

Agrp-Cre mice were crossed with 129S-Gt(ROSA)26Sortm32(CAG-COP4*H134R/EYFP)Hze (ROSA26-loxSto-

plox-ChR2-eYFP, #012569, Jackson Labs) to generate double mutant animals (AgRP::ChR2). For

experiments examining the effects of CCK and ghrelin on acute feeding behavior, and for studies

examining the effects of plasma leptin and insulin levels on fast re-feeding in DIO animals, C57BL/6J

(wildtype #000664, Jackson Labs) mice were used. No statistical methods were used to determine

sample sizes. Male and female mice ranging from 8 to 20 weeks were used. Animals used in intra-

gastric infusion experiments were individually housed, as were animals used in hormone-induced

feeding experiments. All other mice were group-housed.

Diet-induced obesity
All baseline fiber photometry recordings and optogenetics experiments were performed on animals

fed a chow diet. Following baseline fiber photometry or optogenetic experiments, DIO animals were

placed on HFD. For photometry experiments, animals were assigned to DIO or lean control groups

to match baseline body weight between groups. Photometry and fast re-feeding experiments were

performed in DIO and lean control animals after 4–9 weeks on their respective diets as indicated in

the text and figures, after which DIO animals were returned to a standard chow diet for 4 weeks and

neuronal recordings and fast re-feeding experiments were repeated. DIO and control animals under-

went the same fiber photometry experiments at the same time points to control for fluctuations in

calcium-induced fluorescence over time. Optogenetics experiments were performed at baseline and

after 3–5 weeks on HFD in the same cohort of animals. Hormone-induced feeding experiments and

plasma hormone studies were performed at a single time point on separate DIO and control animals

after 4–8 weeks on HFD.

Stereotaxic surgery
For photometry experiments, we used recombinant AAV expressing cre-dependent GCaMP6s

(AAV1.CAG.Flex.GCaMP6s, Penn Vector Core/Addgene, Philadelphia, PA/Watertown, MA). AAV

was stereotaxically injected unilaterally above the arcuate nucleus (ARC) of AgRP-Cre, mice. During

the same surgery a commercially available photometry cannula (MFC_400/430–0.48_6.1

mm_MF2.5_FLT, Doric Lenses, Franquet, Quebec) was implanted unilaterally in the ARC at the coor-

dinates x = �0.3 mm, y = �1.85 mm, z = �5.9 mm from bregma. Mice were allowed 2–4 weeks for

viral expression and recovery from surgery before photometry recording or intragastric catheter

implantation.

For optogenetic experiments, commercially available fiberoptic implants (MFC_200/245_0.37_6.1

mm_ZF1.25_FLT, Doric Lenses) were placed unilaterally above the arcuate nucleus of AgRP::ChR2

mice at the coordinates x = �0.30 from bregma, y = �1.8 from bregma, z = �5.7 from dorsal skull

surface. Mice were allowed 1 week recovery from surgery before behavior experiments.

Intragastric catheter implantation
Intragastric catheters were made and implanted as described in detail previously (Beutler et al.,

2017; Ueno et al., 2012). Catheters were constructed by attaching 8 cm of Silastic tubing (508–003,

Silastic) and 8 cm Tygon tubing (Tygon, AAD04119) to opposite ends of a curved metal connector

(NE-9019, Component Supply Company, Sparta, TN). A 1 cm circle of biologically compatible mesh

(gifted by Raul Lazaro) was attached to the silastic tubing 2.3–2.8 cm distal to the edge of the metal

connector using adhesive (Xiameter RTV-3110 base and Dow Corning four catalyst). A 1 cm by 1.5

cm oval of felt was affixed to the silastic tubing at the distal edge of the curve in the connector and
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a 0.5 cm by 1 cm strip of felt was affixed around the metal connector on the proximal edge of its

curve. A luer adaptor was placed into the free end of the Tygon tubing (LS20, Instech, Plymouth

Meeting, PA). Assembled catheters were sterilized using ethylene oxide.

AgRP-Cre mice with functional photometry implants were anesthetized with ketamine/xylazine

and the surgical areas shaved and scrubbed with betadine and alcohol. A skin incision of about 1 cm

was made between the scapula and the skin dissected from the subcutaneous tissue toward the left

flank. A midline abdominal skin incision about 1.5 cm was made extending from the xyphoid process

caudally and the skin was dissected from the subcutaneous tissue toward the left flank to complete a

subcutaneous tunnel between the two incisions. A hemostat was used to pull the sterilized catheter

through the tunnel. The linea alba was incised and the abdominal cavity entered. A small incision

was made in the left lateral abdominal wall through which the intragastric catheter was passed into

the abdominal cavity. The stomach was externalized and a small puncture made using a jeweler’s

forceps. The tip of the cathether was immediately placed into the puncture site and sutured into

place using the felt circle with polypropylene suture. Saline injection into catheter confirmed absence

of leakage. The stomach was placed back in the abdominal cavity, which was washed with sterile

saline. The abdominal muscle was sutured and the skin incision closed in two layers. Next, the cathe-

ter was secured at its interscapular site with sutures into the felt oval and surrounding muscle.

Finally, the interscapular skin incision was closed. Post-operatively, mice were treated with enrofloxa-

cin, normal saline, and buprenorpine and allowed 10–14 days to recover prior to intragastric infusion

and photometry experiments.

Fiber photometry
Two rigs for performing fiber photometry recordings were constructed following basic specifications

previously described with minor modifications (Chen et al., 2015; Gunaydin et al., 2014). A 473 nm

laser diode (Omicron Luxx) was used as the excitation source. This was placed upstream of an optical

chopper (MC2000, Thorlabs, Newton, NJ) that was run at 400 Hz. The laser was then split with

a beam splitter (CM1BS013, Thorlabs) and the slit laser beams each reflected off two kinetic mirrors

(BB1-E02, KM100, Thorlabs) to allow adjustment of the light path. Each laser beam was passed

through a GFP excitation filter (MF469-35, Thorlabs), reflected by a dichroic mirror (FF495-Di03�25

� 36, Semrock, Rochester, NY) and coupled through a fiber collimation package (F240FC-A, Thor-

labs) into a commercially available patchcord (MFP_400/460/1100–0.48_2 m_FCM-MF2.5 or

MFP_400/430/1100–0.48_2 m_FCM-MF2.5, Doric Lenses). Patchcords were not changed within

experiments. The patchcords were then linked to fiberoptic implants through bronze sleeves (SLEE-

VE_BR_2.5, Doric Lenses). Fluorescence outputs were each filtered through a GFP emission filter

(MF525-39, Thorlabs) and focused by convex lenses (LA1255A, Thorlabs) onto photoreceivers (2151,

Newport, Irvine, CA). The signals were output into lock-in amplifiers (SR810, Stanford Research Sys-

tem, Sunnyvale, CA) with time constant at 30 ms to allow filtering of noise at higher frequency.

Those two lock-in amplifiers receive the frequency signal of chopper split by BNC splitter. Signals

were then digitized with a LabJack U6-Pro and recorded using software provided by LabJack

(https://labjack.com/support/software) with 250 Hz sampling rate.

All photometry experiments were performed in operant chambers (H10-11M-TC, Coulbourn, Hol-

liston, MA) inside a sound-attenuating cubicle (ENV-022MD, Med Associates, Fairfax, VT). Experi-

ments were performed during the dark cycle in a dark environment. Mice that did not show a

sensory response to chow of at least DF/F 20% at baseline were assumed to be technical failures and

were excluded from further experiments or analysis.

To minimize contamination of the signal by dust in the light path, we cleaned the fiberoptic on

the mouse with connector cleaning sticks (MCC25, Thorlabs) and 70% ethanol before each record-

ing. A syringe needle was used to pick out debris that occasionally became stuck in the sleeve. We

also refrained from re-aligning light path of photometry rig to ensure consistency.

Intragastric infusions
Nutrients were infused via intragastric catheters using a syringe pump (70–2001, Harvard Apparatus,

Holliston, MA) similar to what has been described previously (Beutler et al., 2017) All infusions were

delivered at 100 mL per min with a total infusion volume of 1.2 mL and infusion time of 12 min. All

photometry experiments involving intragastric infusion were performed in fasted animals. Animals
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were habituated to behavioral chambers for 20 min during photometry recording. During this time,

the intragastric catheter was attached to the syringe pump using plastic tubing and adapters

(AAD04119, Tygon; LS20, Instech). Photometry recording was continued for 15 min after the end of

infusion. One to three trials of the same experiment for each mouse were combined, averaged, and

treated as a single replicate. For peristimulus plots, time zero was defined as the moment that the

infusion pump started.

All nutrients were diluted into deionized water fresh for each experiment. Intralipid (I141, Sigma-

Aldrich, St. Louis, MO) was used undiluted; unflavored premium collagen peptides (Sports Research)

and glucose were dissolved at 0.24 g/mL.

Hormone injections
Hormones were injected at the concentrations and routes indicated below during photometry

recording and prior to measurement of food intake. All compounds were injected at a volume of 10

mL/g body weight. For photometry experiments, animals were habituated to the recording chambers

for 20 min prior to injection. Following hormone injection, photometry recording continued for 35

min. One to four trials of the same experiment for each mouse were combined, averaged, and

treated as a single replicate. For peristimulus plots, time zero was defined as the moment that the

investigator opened the behavioral chamber. For feeding experiments, animals in their home cage

were injected with hormone immediately before the measurement of food intake began.

We used the following doses: CCK octapeptide 30 mg/kg or 10 mg/kg IP (4033010, Bachem, Tor-

rance, CA) and ghrelin 1.0 mg/kg, 0.5 mg/kg, or 0.1 mg/kg IP (1465/1, R and D Systems, Minneapo-

lis, MN) as indicated in the text and figures.

Food presentation
To minimize the effects of novelty and to ensure that mice knew presented objects were palatable

food items, all mice including chow fed control animals were exposed prior to photometry testing or

measurement of food intake during fast re-feeding to HFD or chocolate for 1–2 nights. For fiber

photometry experiments, mice were fasted overnight (16 hr), acclimated to the behavioral chamber,

and then presented with chow or HFD during fiber photometry recording. For peristimulus plots

time zero was defined as the moment that the investigator opened the behavioral chamber. For fast

re-feeding experiments, mice were fasted overnight (16 hr) then presented with chow, HFD, or choc-

olate and food intake monitored after 30 min. For hormone-induced feeding experiments, mice

were fasted (CCK) or ad libitum fed (ghrelin) and food intake was measured 30 min (CCK) or 120

min (ghrelin) following injection based on previous studies (Briggs et al., 2010; Essner et al., 2017).

One to three trials of the same experiment for each mouse were combined, averaged, and treated

as a single replicate.

Optogenetic feeding behavior
Optogenetic stimulation was performed as previously described (Chen et al., 2016; Chen et al.,

2019). A 473 nm laser was passed through a TTL signal generator (H03-14, Coulbourn) and synchro-

nized with the pellet distribution system (H14-01M-SP04 and H14-23M, Coulbourn) through the

Coulbourn Graphic State software. The laser was passed through a single patch cable (Doric Lenses)

to a custom fiber optic patch cable (FT200UMT, CFLC230-10, Thorlabs; F12774, Fiber Instrument

Sales) through a rotary joint (FRJ 1 � 1, Doric Lenses). Patch cables were attached to the mouse

implants by a zirconia mating sleeve (ADAL1, Thorlabs). Laser power was set to 15–20 mW at the

terminal of each patch cable. The laser was modulated at 20 Hz on a 2 s ON and 3 s OFF cycle with

a 10 ms pulse width.

Following implant surgery, mice were given seven days to recover before experiments. During

this recovery they were given ad libitum chow and supplied with ad libitum food pellets (20 mg

F0163, Bio-Serv, Flemington, NJ) or 3 g of high-fat diet (D12492, Research Diets) for 1–3 days before

testing. Mice were habituated to the behavior chamber (H10-11M-TC with H10-11M-TC-NSF, Coul-

bourn) and pellet distribution system for 15 hr before the first experiment. Experiments were con-

ducted during the light cycle.

All laser stimulation protocols follow this general structure: 30 min habituation followed by 30

min of access to pellets or high-fat diet. For the no-stimulation protocol mice were given 30 min of
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habituation followed by 30 min of food access without laser stimulation. For the concurrentstimula-

tion protocol, mice were given 30 min of habituation followed by 30 min of food access with laser

stimulation. For the pre-stimulation protocol, mice were given 30 min of habituation with laser stimu-

lation and no food access, then 30 min of food access without laser stimulation (Chen et al., 2019).

Each of the above stimulation protocols was performed in animals in the fasted and fed state,

and with food access to pellets or HFD on separate days. For experiments with food pellets, the pel-

let distribution system detected pellet removal from the food hopper using a built-in photosensor

(H20-93, Coulbourn) and a pellet was dispensed 10 s after each removal. For experiments with HFD

access, a single 3 g piece of HFD was placed in the behavior chamber at the end of habituation and

weighed before and after 30 min of food access.

All experiments were performed at baseline and after development of DIO with 3–5 weeks of ad

libitum access to HFD.

CCK and Ghrelin-induced feeding experiments
Wildtype mice were individually housed with access to ad libitum chow or HFD in their home-cage

for 8 weeks and habituated to IP injection of saline for 1 day before experiments. To monitor CCK-

induced feeding suppression, DIO and control mice were fasted for 16 hr and at the onset of dark

cycle injected with vehicle, CCK 10 mg/kg or CCK 30 mg/kg on separate nights then immediately pre-

sented with chow (control animals) or HFD (DIO animals). Food intake was monitored at 30 min after

injection. To monitor ghrelin-induced feeding stimulation, ad libitum fed DIO and control mice were

injected with vehicle, ghrelin 0.5 mg/kg, or ghrelin 1.0 mg/kg at the onset of light cycle on separate

days. Chow (control animals) or HFD (DIO animals) intake was monitored at 120 min after injection.

Order of doses was varied among the cohorts.

Plasma hormone studies
Wildtype mice were given access to ad libitum chow or HFD in their home-cage for 4 weeks, then

fasted overnight before blood collection via submandibular venipuncture into EDTA-coated tubes

for plasma separation. ELISA assays for plasma leptin (90030, Crystal Chem) and insulin (90080, Crys-

tal Chem) were performed according to the manufacturer’s instructions. For the leptin assay, all sam-

ples were diluted 1:5 to ensure all measurements remained within the standard range.

Quantification and statistical analysis
Photometry analysis
Data were analyzed using a custom MATLAB script as described previously (Beutler et al., 2017;

Chen et al., 2015). For intragastric infusion and IP hormone injection experiments, background fluo-

rescence was corrected by subtracting the photometry signal in the absence of mice from total sig-

nal. Data were then low-pass filtered at 0.5 Hz due to their slow and sustained change in response

to stimuli and down sampled to 10 Hz. For peri-stimulus time plots the median value of data points

in a 2 min window flanking the �5 min time point before each treatment was used as the normaliza-

tion factor (F0) to calculate DF(t)/F0 = (F(t)-F0)/F0. To calculate the change of fluorescent signal at

indicated time points after treatment, all data points F(t) over the indicated time range were aver-

aged as Fa to estimate DFa/F0 = (Fa-F0)/F0.

For all experiments correction for photobleaching was not necessary due to the low laser power

used during photometry recordings (0.07 mW), the short time windows for experiments (around 60

min), and the fact that all experimental groups had control groups treated with identical laser

powers. In addition, correction for photobleaching could easily cause over-correction due to the

slow and sustained effect in our experiments.

Behavior data analysis
Optogenetics experiments in which mice were fed pellets were analyzed using a custom MATLAB

script. Consumption of each pellet was defined as the first pellet removal event after each food pel-

let delivery. Total food consumption was estimated by subtracting the pellets found dropped after

each experiment from the total number of food removal events.
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Statistical analysis
Fiber photometry data were subjected to analysis as described above. For traces in Figures 1, 4 and

5, and associated figure supplements, DF/F(%) represents the mean DF(t)/F0*100. Bar graphs depict-

ing the sensory response to chow and the response to nutrient infusion in Figures 1 and 4, and asso-

ciated figure supplements show the mean DF/F(%) over a 5 min time window following food

presentation (Figure 1) or at the end of intragastric infusion (Figure 4 and supplement). Bar graphs

depicting the response of AgRP neurons to hormone injection in Figure 5 and associated supple-

ment show the area under the curve for the time intervals indicated in the figure legends.

The effects of DIO and subsequent return to chow diet on body weight and fluorescence changes

in response to the sensory detection of food, hormones, and nutrients were analyzed using two-way,

repeated-measures ANOVA, as were the effects of DIO on optogenetic stimulation of feeding. The

effects of fasting, CCK and ghrelin on feeding in lean control and DIO animals were analyzed using

one-way, repeated-measures ANOVA. The effect of DIO on chocolate consumption, fast re-feeding

and the effects of DIO on plasma leptin and insulin levels in Figure 2—figure supplement 1 were

analyzed using an unpaired T-test. The Holm-Sidak multiple comparisons test was used in conjunc-

tion with ANOVA. Linear regression analysis was used to examine correlation between weight

change and changes in neuronal activity or between food intake during fast re-feeding and plasma

hormone level (Figure 1—figure supplement 1, Figure 2—figure supplement 1, and Figure 5—

figure supplement 1). All statistical analysis was performed using Prism. Numbers of animals (bio-

logical replicates) used in each experiment are included in the figure legends. Where multiple trials

of the same experiment were performed, these technical replicates were averaged and then treated

as a single replicate.

Significance was defined as p<0.05 and is indicated on figures and in figure legends.
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Barsh GS, Horvath TL, Brüning JC. 2005. Agouti-related peptide-expressing neurons are mandatory for
feeding. Nature Neuroscience 8:1289–1291. DOI: https://doi.org/10.1038/nn1548, PMID: 16158063

Gunaydin LA, Grosenick L, Finkelstein JC, Kauvar IV, Fenno LE, Adhikari A, Lammel S, Mirzabekov JJ, Airan RD,
Zalocusky KA, Tye KM, Anikeeva P, Malenka RC, Deisseroth K. 2014. Natural neural projection dynamics
underlying social behavior. Cell 157:1535–1551. DOI: https://doi.org/10.1016/j.cell.2014.05.017, PMID: 2494
9967

Hahn TM, Breininger JF, Baskin DG, Schwartz MW. 1998. Coexpression of agrp and NPY in fasting-activated
hypothalamic neurons. Nature Neuroscience 1:271–272. DOI: https://doi.org/10.1038/1082, PMID: 10195157

Hewson AK, Dickson SL. 2000. Systemic administration of ghrelin induces fos and Egr-1 proteins in the
hypothalamic arcuate nucleus of fasted and fed rats. Journal of Neuroendocrinology 12:1047–1049.
DOI: https://doi.org/10.1046/j.1365-2826.2000.00584.x, PMID: 11069119

Kamegai J, Tamura H, Shimizu T, Ishii S, Sugihara H, Wakabayashi I. 2001. Chronic central infusion of ghrelin
increases hypothalamic neuropeptide Y and Agouti-related protein mRNA levels and body weight in rats.
Diabetes 50:2438–2443. DOI: https://doi.org/10.2337/diabetes.50.11.2438, PMID: 11679419

Kentish SJ, Page AJ. 2015. The role of gastrointestinal vagal afferent fibres in obesity. The Journal of Physiology
593:775–786. DOI: https://doi.org/10.1113/jphysiol.2014.278226, PMID: 25433079

Knight ZA, Hannan KS, Greenberg ML, Friedman JM. 2010. Hyperleptinemia is required for the development of
leptin resistance. PLOS ONE 5:e11376. DOI: https://doi.org/10.1371/journal.pone.0011376

Krashes MJ, Koda S, Ye C, Rogan SC, Adams AC, Cusher DS, Maratos-Flier E, Roth BL, Lowell BB. 2011. Rapid,
reversible activation of AgRP neurons drives feeding behavior in mice. Journal of Clinical Investigation 121:
1424–1428. DOI: https://doi.org/10.1172/JCI46229, PMID: 21364278

Lean MEJ, Malkova D. 2016. Altered gut and adipose tissue hormones in overweight and obese individuals:
cause or consequence? International Journal of Obesity 40:622–632. DOI: https://doi.org/10.1038/ijo.2015.220

Leibel RL, Rosenbaum M, Hirsch J. 1995. Changes in energy expenditure resulting from altered body weight.
New England Journal of Medicine 332:621–628. DOI: https://doi.org/10.1056/NEJM199503093321001,
PMID: 7632212

Leibel RL, Seeley RJ, Darsow T, Berg EG, Smith SR, Ratner R. 2015. Biologic responses to weight loss and weight
regain: report from an american diabetes association research symposium. Diabetes 64:2299–2309.
DOI: https://doi.org/10.2337/db15-0004, PMID: 26106187

Liu T, Kong D, Shah BP, Ye C, Koda S, Saunders A, Ding JB, Yang Z, Sabatini BL, Lowell BB. 2012. Fasting
activation of AgRP neurons requires NMDA receptors and involves spinogenesis and increased excitatory tone.
Neuron 73:511–522. DOI: https://doi.org/10.1016/j.neuron.2011.11.027, PMID: 22325203

Livneh Y, Ramesh RN, Burgess CR, Levandowski KM, Madara JC, Fenselau H, Goldey GJ, Diaz VE, Jikomes N,
Resch JM, Lowell BB, Andermann ML. 2017. Homeostatic circuits selectively gate food cue responses in insular
cortex. Nature 546:611–616. DOI: https://doi.org/10.1038/nature22375, PMID: 28614299

Luquet S, Perez FA, Hnasko TS, Palmiter RD. 2005. NPY/AgRP neurons are essential for feeding in adult mice but
can be ablated in neonates. Science 310:683–685. DOI: https://doi.org/10.1126/science.1115524,
PMID: 16254186

Mandelblat-Cerf Y, Ramesh RN, Burgess CR, Patella P, Yang Z, Lowell BB, Andermann ML. 2015. Arcuate
hypothalamic AgRP and putative POMC neurons show opposite changes in spiking across multiple timescales.
eLife 4:e07122. DOI: https://doi.org/10.7554/eLife.07122

Matikainen-Ankney BA, Kravitz AV. 2018. Persistent effects of obesity: a neuroplasticity hypothesis. Annals of
the New York Academy of Sciences 1428:221–239. DOI: https://doi.org/10.1111/nyas.13665, PMID: 29741270

Myers MG, Leibel RL, Seeley RJ, Schwartz MW. 2010. Obesity and leptin resistance: distinguishing cause from
effect. Trends in Endocrinology & Metabolism 21:643–651. DOI: https://doi.org/10.1016/j.tem.2010.08.002,
PMID: 20846876

Nakazato M, Murakami N, Date Y, Kojima M, Matsuo H, Kangawa K, Matsukura S. 2001. A role for ghrelin in the
central regulation of feeding. Nature 409:194–198. DOI: https://doi.org/10.1038/35051587, PMID: 11196643

Ottaway N, Mahbod P, Rivero B, Norman LA, Gertler A, D’Alessio DA, Perez-Tilve D. 2015. Diet-induced obese
mice retain endogenous leptin action. Cell Metabolism 21:877–882. DOI: https://doi.org/10.1016/j.cmet.2015.
04.015, PMID: 25980347

Perreault M, Istrate N, Wang L, Nichols AJ, Tozzo E, Stricker-Krongrad A. 2004. Resistance to the orexigenic
effect of ghrelin in dietary-induced obesity in mice: reversal upon weight loss. International Journal of Obesity
28:879–885. DOI: https://doi.org/10.1038/sj.ijo.0802640

Pinto S, Roseberry AG, Liu H, Diano S, Shanabrough M, Cai X, Friedman JM, Horvath TL. 2004. Rapid rewiring of
arcuate nucleus feeding circuits by leptin. Science 304:110–115. DOI: https://doi.org/10.1126/science.1089459,
PMID: 15064421

Beutler et al. eLife 2020;9:e55909. DOI: https://doi.org/10.7554/eLife.55909 20 of 21

Research article Neuroscience

https://doi.org/10.1002/oby.21538
http://www.ncbi.nlm.nih.gov/pubmed/27136388
https://doi.org/10.1301/002966402320634878
http://www.ncbi.nlm.nih.gov/pubmed/12403078
https://doi.org/10.1172/jci.insight.130402
https://doi.org/10.1172/jci.insight.130402
https://doi.org/10.1038/nn1548
http://www.ncbi.nlm.nih.gov/pubmed/16158063
https://doi.org/10.1016/j.cell.2014.05.017
http://www.ncbi.nlm.nih.gov/pubmed/24949967
http://www.ncbi.nlm.nih.gov/pubmed/24949967
https://doi.org/10.1038/1082
http://www.ncbi.nlm.nih.gov/pubmed/10195157
https://doi.org/10.1046/j.1365-2826.2000.00584.x
http://www.ncbi.nlm.nih.gov/pubmed/11069119
https://doi.org/10.2337/diabetes.50.11.2438
http://www.ncbi.nlm.nih.gov/pubmed/11679419
https://doi.org/10.1113/jphysiol.2014.278226
http://www.ncbi.nlm.nih.gov/pubmed/25433079
https://doi.org/10.1371/journal.pone.0011376
https://doi.org/10.1172/JCI46229
http://www.ncbi.nlm.nih.gov/pubmed/21364278
https://doi.org/10.1038/ijo.2015.220
https://doi.org/10.1056/NEJM199503093321001
http://www.ncbi.nlm.nih.gov/pubmed/7632212
https://doi.org/10.2337/db15-0004
http://www.ncbi.nlm.nih.gov/pubmed/26106187
https://doi.org/10.1016/j.neuron.2011.11.027
http://www.ncbi.nlm.nih.gov/pubmed/22325203
https://doi.org/10.1038/nature22375
http://www.ncbi.nlm.nih.gov/pubmed/28614299
https://doi.org/10.1126/science.1115524
http://www.ncbi.nlm.nih.gov/pubmed/16254186
https://doi.org/10.7554/eLife.07122
https://doi.org/10.1111/nyas.13665
http://www.ncbi.nlm.nih.gov/pubmed/29741270
https://doi.org/10.1016/j.tem.2010.08.002
http://www.ncbi.nlm.nih.gov/pubmed/20846876
https://doi.org/10.1038/35051587
http://www.ncbi.nlm.nih.gov/pubmed/11196643
https://doi.org/10.1016/j.cmet.2015.04.015
https://doi.org/10.1016/j.cmet.2015.04.015
http://www.ncbi.nlm.nih.gov/pubmed/25980347
https://doi.org/10.1038/sj.ijo.0802640
https://doi.org/10.1126/science.1089459
http://www.ncbi.nlm.nih.gov/pubmed/15064421
https://doi.org/10.7554/eLife.55909
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