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SUMMARY

Obesity comorbidities such as diabetes and cardiovascular disease are pressing public health
concerns. Overconsumption of calories leads to weight gain; however, neural mechanisms
underlying excessive food consumption are poorly understood. Here, we demonstrate that
dopamine receptor D1 (Drd1) expressed in the agouti-related peptide/neuropeptide Y (AgRP/
NPY) neurons of the arcuate hypothalamus is required for appropriate responses to a high-fat
diet (HFD). Stimulation of Drd1 and AgRP/NPY co-expressing arcuate neurons is sufficient to
induce voracious feeding. Delivery of a HFD after food deprivation acutely induces dopamine
(DA\) release in the ARC, whereas animals that lack Drd1 expression in ARCAIRP/NPY neyrons
(Drd1A9RP-KO) exhibit attenuated foraging and refeeding of HFD. These results define a role for
the DA input to the ARC that encodes acute responses to food and position Drd1 signaling in the
ARCAIRPINPY neyrons as an integrator of the hedonic and homeostatic neuronal feeding circuits.

Graphical Abstract

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
"Correspondence: aguler@virginia.edu.

AUTHOR CONTRIBUTIONS

Q.Z. and A.D.G. conceived and designed the experiments, with input from all co-authors. Q.Z. performed all experiments. N.M.P.,
Q.T., J.B.D., and R.K.P. contributed to the generation of experimental cohorts. Q.T. contributed to fiber photometry recording

and data analysis. J.B.D. and N.M.P. contributed to food intake and food seeking analysis. C.B. and N.M.P. contributed to
immunohistochemistry. E.G. contributed to RNAscope. L.S.Z. and A.S. generated viral constructs (AAV1-hSyn-FRT-TeNT-GFP and
AAV1-ConFoff-hM3-HA, respectively). J.N.C. performed and guided RNAseq analysis. Q.Z. and A.D.G. wrote the manuscript with
input from all co-authors.

DECLARATION OF INTERESTS

The authors declare no competing interests.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.celrep.2022.111718.

INCLUSION AND DIVERSITY
We support inclusive, diverse, and equitable conduct of research.


https://creativecommons.org/licenses/by-nc-nd/4.0/

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zhang et al.

In brief

Page 2

PVN

Feeding
Energy expenditure
Locomotion

Acute feeding

HFD foraging/refeeding

i

g U

ARC DA level

Ve

© AgRP/ ¢ RE

: B NPY :

HPY B i ARC Time

Zhang et al. show that DA release in the ARC is modulated by metabolic states and

encodes the energy density of the available food. The Drd1-expressing neurons in the ARC
including a subpopulation of ARCAIRPINPY neyrons induce feeding. Genetic ablation of Drd1 in
ARCAIRPINPY neyrons attenuates HFD-induced hyperphagia.

INTRODUCTION

Obesity resulting from overconsumption and a sedentary lifestyle often leads to diabetes,
cardiovascular disease, and the metabolic syndrome.12 Energy-dense foods increase
appetite, leading to consumption even in the absence of homeostatic need.> Mammals have
evolved exquisite neural mechanisms to consume sufficient but not excessive calories, yet
how a high-fat diet (HFD) short circuits these mechanisms remains unclear.

The drive to eat is determined by multiple neural circuits. The arcuate nucleus of the
hypothalamus (ARC) integrates peripheral signals to regulate energy homeostasis.* Neurons
that synthesize both the agouti-related peptide (AgRP) and neuropeptide Y (NPY) are

the predominant orexigenic population in this nucleus.® During states of energy deficit,

these ARCAIRP/NPY neyrons are activated by hunger signals.>® The increased activity of
ARCAIRPINPY neyrons promotes feeding and suppresses energy expenditure.10-13 Dopamine
(DA) signaling is necessary for encoding feeding-associated behaviors, especially with the
incentive and motivational aspects driving feeding.14-16 DA-deficient mice fail to eat and
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die of starvation.1” The mesolimbic DA system is well-established for reinforcing the value
of rewarding food and facilitating motivated behaviors.16:18-22 However, counterintuitively,
stimulation of the midbrain DA neurons fails to affect the amount of food consumed.23

Beyond the mesolimbic system, DA neurons in the ARC (A12 group) are primarily
involved in prolactin secretion,24:25 and have been reported to promote feeding by inhibiting
the anorexigenic proopiomelanocortin neurons (ARCPOMC neurons).26 Additionally, DA
neurons in the zona incerta (ZI; A13 group) and in the periventricular nucleus (PeVN;

Al4 group) project to the ventral hypothalamus2”+28; yet a gap remains as to whether or
how these dopaminergic nodes contribute to the regulation of energy homeostasis. Notably,
a potential role for DA receptor D1 (Drd1) in ARCAIRP/NPY neyron activity has been
postulated26:29-31; however, the functional relevance of DA signaling in the ARC-dependent
metabolic responses is unknown. Therefore, we evaluated the role of Drd1 signaling in the
ARCAIRPINPY neyrons during feeding.

In this study, we show that the Drd1-expressing neurons in the ARC (ARCP"d! neurons)
comprise a heterogeneous population of cells, including a subpopulation that expresses
AgRP. Optogenetic or chemogenetic stimulation of the ARCP1 neurons induces acute

and reversible food consumption and promotes energy expenditure. These responses are
attenuated by blocking neurotransmitter release from ARCAIRP/NPY neyrons. In line with
these findings, activation of the ARCPrd! neurons that do not express the ARCAIRP/NPY
neuronal marker, NPY, fails to initiate feeding, while stimulation of the neurons that
co-express Drd1 and NPY increases food intake robustly. The ARC receives projections
from a continuum of DA neurons in the hypothalamic and subthalamic areas. Food delivery
acutely induces DA release in the ARC of fasted mice, whereas mice that lack Drd1
expression in ARCAIRP/NPY neyrons (Drd1A9RP-knockout [KO]) exhibit attenuated foraging
and refeeding of HFD. Our findings suggest that energy-dense foods increase DA signaling
to the ARCAIRP/NPY neyrons through Drd1 to promote feeding.

The ARCPrd1 heurons express genes of energy homeostasis

To identify neuronal populations that potentially receive dopaminergic input in the ARC, we
examined the RNA levels of DA receptors (Drd1-5) using previously obtained single-cell
RNA sequencing data.32 We found that Drd expression is enriched in multiple molecularly
distinct neuronal groups, which is in contrast with the low expression levels of Dra2to
Drd5in the same dataset (Figure 1A). This analysis revealed that 53 of the 173 Drd1-
expressing neurons are from the ARCAIRPNPY neyronal clusters (Agro/Gm8773 and Agrp/
Ssi), while 26 of them express two other orexigenic markers, Sst and 7/ (Figures 1B and
S1A). Juxtaposing this, 45 of the Drd1 -expressing cells are from two POMC neuronal
clusters, Pomc/Ttrand Pomc/AnxaZ (Figures 1B and S1A). Because Drd1-dependent
activation of ARCAIRP/NPY neyrons has been previously observed,26 we confirmed that a
subpopulation of ARCAIRP/NPY neyrons expresses Drd messenger RNA (MRNA) using
RNAscope (Figure 1C). To quantify the colocalization between the ARCP™1 neurons

and ARCAIRP/NPY neyrons or ARCPOMC neurons, we probed Agrp or Pomc mRNA by
RNAscope on brain sections from the Drg7tm(cre)Rpa (Drd1-Cre) mice, which express

Cell Rep. Author manuscript; available in PMC 2022 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 4

Cre:GFP in the Drd1 positive cells.33 21.0 + 2.2% of the Cre:GFP-expressing ARCP™1 cells
co-express Agrp, while 33.7 £ 5.9% of the Agrp-expressing cells co-express Drd1-Cre:GFP
in the ARC (Figure 1D). In contrast, 9.0 + 0.9% of the Cre:GFP-expressing ARCP! cells
co-express Pomec, while 18.2 + 2.1% of the Pomc-expressing cells co-express Drd1-Cre:GFP
in the ARC (Figure S1B).

Optogenetic and chemogenetic activation of the ARCP'1 neurons increases food intake

Given the genetic profile of the ARCP™1 neurons, we sought to investigate the

relative contribution of the AgRP/NPY-positive or -negative ARCP™1 neurons on energy
homeostasis and determine the role of Drd1 signaling in the ARCAIRP/NPY neyrons (Figure
2A). To test whether increased activity of the ARCP'! neurons stimulates feeding, we
targeted them by infusing an adeno-associated virus (AAV) into the ARC of adult Drd1-

Cre mice. This AAV vector drives the expression of Channelrhodopsin-2 (ChR2; AAV2-
DIO-ChR2-EYFP) in a Cre-dependent manner (Figure 2B). After at least 3 weeks of
postoperative recovery, the ARCP™! neurons were activated by a 473-nm laser at 20 Hz with
a 2-s-on/3-s-off pattern delivered via a fiber optic cannula implanted above the ARC. We
measured food consumption in these mice before, during, and after the 1-h laser stimulation.
Similar to optogenetic stimulation of AgRP neurons, activation of ARCP"1 neurons induced
rapid and reversible food intake, 1-h intake in Drd1 stimulated: 0.60 £ 0.13 g; AgRP
stimulated: 0.56 + 0.03 g; negative control stimulated: 0.005 + 0.002 g; two-way ANOVA
with Bonferroni post hoc comparison, Fgenotype (2, 14) = 14.56, p < 0.001 (Figure 2C).

To determine the effect of extended stimulation of the ARCP™1 neurons, we similarly
expressed the designer receptor hM3Dg (AAV8-DIO-hM3Dg-mCherry) in the ARC of
Drd1-Cre mice (Drd1-hM3Dq) (Figure 2D). We activated the ARCP"1 neurons with an
intraperitoneal injection of 0.3 mg/kg clozapine N-oxide (CNO). At the beginning of the
light phase, when mice normally refrain from eating, this stimulation significantly increased
food consumption in the Drd1-hM3Dq mice (4-h food consumption, saline: 0.24 + 0.033

g vs. CNO: 1.14 + 1.127 g; repeated-measures three-way ANOVA with Bonferroni post

hoc comparison;, p < 0.001) (Figure S2C). Reflecting the increased daily food intake, 3
consecutive days of CNO injections led to a significant amount of body weight gain in these
animals (body weight change, Drd1-hM3Dq: 3.17 + 0.677% vs. Drd1-mCherry controls:
-1.29 + 0.487%; Student two-tailed ztest; p < 0.001) (Figure S2D). The temporal pattern

of food consumption over 24 h (Figures 2F-2H and S2G) and the body weight gain across
three days of CNO treatment (Figure 21) were similar between chemogenetic stimulation of
the ARCAIRPINPY (AgRP-hM3Dq) and the ARCPrd1 neurons. Next, we evaluated the food-
seeking behavior of AgRP-hM3Dq and Drd1-hM3Dq mice in an open field where eight
pellets of standard chow (PicoLab Rodent Diet 20 5053) were buried under the corn bedding
(Figure 3A). Stimulated AgRP-hM3Dq mice spent significantly more time eating overall
than Drd1-hM3Dg mice (Figure 3B). Specifically, compared with AgRP-hM3Dq mice,
Drd1-hM3Dq mice stopped consuming the initially acquired pellet more rapidly and instead
searched for the next pellet (Figures 3C-3E). These results suggest that the ARCPrd1 and
ARCAIRPINPY neyrons differentially regulate food consumption and activation of ARCPrdl
neurons promotes exploration even after a food source has already been acquired.
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The ARCPrdl heurons promote energy expenditure and locomotion

To gain insight into how energy homeostasis is regulated by ARCP1 neurons, we
monitored the metabolic activity during their chemogenetic activation using the Homecage
Comprehensive Lab Animal Monitoring System (CLAMS). Paralleling the increased food
consumption, we observed increased respiratory exchange rates (RER) in Drd1-hM3Dq
and AgRP-hM3Dq mice after CNO administration (Figures 4A-4D). This reflects the

rapid switch of substrate utilization from fats to carbohydrates as the animals begin to
consume food. Interestingly, stimulation of Drd1-hM3Dgq and AgRP-hM3Dq neurons even
in the absence of food still increased RER (Figures S2K and S2L), indicating that, like
ARCAIRPINPY neyrons, ARCPTAL neurons regulate substrate utilization independent of food
consumption. Consistent with previous reports,3* we did not observe increased energy
expenditure (EE) after ARCAIRP/NPY neyron stimulation (Figure 4E). However, stimulation
of the ARCP"1 neurons significantly increased EE (Figure 4E) and locomotor activity
(Figure 4F), suggesting a distinct role for these neurons in energy homeostasis.

Inhibition of ARCAIRP/NPY neyron neurotransmitter release dampens ARCP'4! neuron-
induced food consumption

We sought to elucidate whether the ARCP"1 neuron-induced feeding depends on the
ARCAIRPINPY neyrons. To this end, we used the Npyt™m1-1(flpo)Hze (NPY-flp) mice, which
express Flp recombinase in the ARCAIRP/NPY neyrons, and crossed them with the
Drd1-Cre mice to generate Drd1-Cre;NPY-FIp mice. This allowed us to express two
independent transgenes in these two neuron populations simultaneously. By expressing
Cre-dependent AAV8-DIO-hM3Dg-mCherry in the ARCP'1 neurons and Flp-dependent
tetanus neurotoxin (AAV1-fDIO-TeNT-GFP) in the ARCAIRPINPY of the Drd1-Cre;NPY-
Flp mice, we blocked neurotransmitter release in the ARCAIRP/NPY neyrons while being
able to chemogeneticaly stimulate ARCP'1 neurons (Figure 5A). We found that blocking
the ARCAIRP/NPY _neyron neurotransmission dramatically dampened the increased food
consumption induced by stimulation of the ARCP™1 neurons (Figures 5B and S3A),
although a trend toward increased 4-h food consumption was still observed compared to
the saline control group (4-h food consumption, saline injected: 0.46 + 0.06 g vs. CNO
injected: 0.81 + 0.19 g; Student two-tailed ftest; p = 0.0677) (Figure 5B). Likewise, after
the CNO injection, we did not observe an increase in the RER, EE, or locomotion in
these animals (Figures 5C-5E), unlike stimulation of ARCP™1 neurons in the absence of
ARCAIRPINPY neyrotransmission blockade. Taken together, these results demonstrate that
intact ARCAIRPINPY neyron signaling is required for the ARCPL neuron-induced changes
in energy homeostasis.

The subpopulation of ARCP1 neurons expressing AGRP/NPY is sufficient to induce
voracious food consumption

Because ARCP"1 neuron-induced food consumption depends on the ARCAIRP/NPY
neurons, either the ARCP"1 neurons increase ARCAIRP/NPY neyron activity to induce
feeding or activation of a subpopulation of the ARCP™ neurons that express AgRP/NPY
are sufficient for this behavior. To distinguish between these two possibilities, we delivered
an AAV in which hM3Dq expression is turned on by Cre recombinase but turned off
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by Flp recombinase (AAV1-Con/Foff-hM3Dq), to the ARC of Drd1-Cre;NPY-FIp mice
(Figure 5F). Activation of the non-AgRP/NPY ARCPd1 neurons failed to induce feeding or
metabolic changes in RER, EE, and locomotion that were observed during activation of all
ARCPrL neyrons within 4 h (Figures 5G-5J). Interestingly, activation of this subpopulation
of ARCP1 neurons still increased 24-h food consumption after CNO injections (24-h food
consumption: saline injected: 5.79 + 0.24 g; CNO injected: 6.33 + 0.29 g; Student two-tailed
ttest; p = 0.003 (Figure S3B)), suggesting a role for these neurons in sustained feeding
response. To test the possibility that ARCPT1 neurons expressing AgRP/NPY are sufficient
to induce food intake, we targeted them by infusing an AAV that expresses hM3Dq only
after Cre- and Flp-dependent recombination (AAV1-Con/Fon-hM3Dq) into the ARC of

the Drd1-Cre;NPY-Flp (Drd1/NPY-hM3Dq) mice (Figure 5K). As a positive control, we
delivered the same virus to the ARC of the AgRP-Cre;NPY-FIp (AgRP/NPY-hM3Dq) mice
(Figure 5K). CNO-stimulated Drd1/NPY-hM3Dq mice rapidly initiated voracious feeding
within 1 h (Figure S3D), which lasted at least for 4 h, similar to the AQRP/NPY-hM3Dq
mice (Figures 5L and 5M). However, 24-h food consumption in Drd1/NPY-hM3Dqg mice
was not as robust as AgRP/NPY-hM3Dq mice (normalized 24-h food consumption: Drd1/
NPY-hM3Dgq: 0.73 + 0.26 g; AgRP/NPY-hM3Dq: 2.30 £ 0.53 g; one-way ANOVA with
Bonferroni post hoc comparison, p = 0.0251) (Figure S3F). This suggests that the subset

of ARC neurons that express AgRP, NPY, and Drd1 (ARCAIRP/NPY/Drdl) gre engaged
during acute feeding response. Consistent with this finding, Drd1/NPY-hM3Dgq mice did
not gain body weight after 3 consecutive days of CNO injections (body weight change:
Drd1/NPY-hM3Dq: 0.62 £ 0.60%; AgRP/NPY-hM3Dg: 6.38 + 1.59%; one-way ANOVA
with Bonferroni post hoc comparison, p = 0.0079) (Figure S3G). We next determined the
role of the ARCAYIRP/NPY/Drdl pneyrons in metabolic responses using CLAMS. Similar to
AgRP/NPY-hM3Dg mice, Drd1/NPY-hM3Dq mice exhibited a rapid increase in their RER
after CNO injections in both ad /ib-fed, 4-h average RER: saline injected: 0.79 £ 0.01; CNO
injected: 0.92 + 0.01; two-way ANOVA with Bonferroni post hoc comparison, Fireatment (1
13) = 267.4, p < 0.001 (Figures 5N and 50), or food-deprived states, 4-h average RER with
no food: saline injected: 0.75 + 0.01; CNO injected: 0.92 £ 0.01; Fieatment (1, 13) = 371.5,
p < 0.001 (Figure S3H). Neither Drd1/NPY-hM3Dq nor AgRP/NPY-hM3Dq mice showed
changes in EE (Figure 5P) or locomotion (Figure 5Q).

Optogenetic stimulation of the ARCAIRP/NPY/Drdl neyron projections in the paraventricular
nucleus induces robust food consumption

To investigate the downstream brain regions that receive projections from the
ARCAIRPINPY/Drdl pneyrons, we examined the distribution of hM3Dg-HA-labeled axons

in brain regions of Drd1/NPY-hM3Dq mice. We observed that the paraventricular nucleus
(PVN) is densely innervated by the axons of the HA-expressing Drd1/NPY neurons (Figure
S3C). Therefore, we sought to evaluate the functional role of the Drd1/NPY neuron
projections in the PVN. To this end, we targeted the ARC of Drd1-cre; NPY-flp mice with
an AAV that expresses ChR2-EYFP after Cre- and Flp-dependent recombination (AAV8-
Con/Fon-ChR2-EYFP). After at least 3 weeks of postoperative recovery, the axon terminals
from the Drd1/NPY neurons in the PVN were activated by a 473-nm laser at 20 Hz with

a 2-s-on/3-s-off pattern delivered via a fiber optic cannula (Figure 5R). We measured food
consumption in these mice before, during, and after 1-h laser stimulation. Stimulation of the

Cell Rep. Author manuscript; available in PMC 2022 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 7

Drd1/NPY neuron projections in the PVVN robustly increased food consumption, indicating
that the ARCAIRP/NPY/Drdl _, py\/N circuit is sufficient to drive feeding, 1-h intake in
Drd1/NPY stimulated: 0.624 + 0.107 g vs. in negative control stimulated: 0 £ 0 g; two-way
ANOVA with Bonferroni post hoc comparison, Fgenotype (1, 8) = 44.51; p < 0.001) (Figure
5S).

The ARC receives anatomic inputs from multiple dopaminergic neuronal populations

To gain insight into the potential sources of DA inputs to the ARC, we targeted the ARC

of adult wild-type mice with retrogradely transported red fluorescent beads (retrobeads)
(Figures S4A and S4B). One week after surgery, we examined the distribution of retrobeads
in brain regions inhabited by dopaminergic neurons. We observed retrobeads in the ARC,
Z1, and ventral tegmental area (VTA). There was notable co-localization of retrobeads and
tyrosine hydroxylase (TH) (the rate-limiting enzyme in DA synthesis) immunoreactivity

in the ARC and ZI, but relatively lower in the VTA (Figure S4C). This suggests that the
projections from the VTA to the ARC are non-dopaminergic and dopaminergic input to the
ARC originates in the hypothalamic and subthalamic areas. To identify the dopaminergic
neurons that make synaptic contacts within the ARC, we delivered a retrogradely transported
AAV that Cre recombinase dependently expresses hM3Dg-mCherry (retrograde AAV-DIO-
hM3Dg-mCherry) to the ARC of Thim(cre/Esrl)Nat (TH_|RES-CreER) mice, which express
Cre in TH-positive cells after 5 consecutive days of 75 mg/kg tamoxifen injections (Figures
6A and 6B). In these mice, we observed robust mCherry and TH colocalization in the dorsal
ARC, PeVN, and ZI (Figures 6C-6E), but relatively sparsely in the VTA (Figures 6D and
6E). This indicates that the dopaminergic neurons in the dorsal ARC, PeVN, and ZI are the
likely sources of DA in the ARC.

DA is released in the ARC in response to food

To investigate the DA levels in the ARC during changing metabolic states, we virally
delivered the G-protein-coupled receptor-based DA sensor, GRAB DA2h (AAV9-GRAB-
DA2h),% to the ARC of adult WT mice (Figure 7A). We monitored GRAB DA2h signal
during repeated delivery and withdrawal of a standard diet (SD), HFD, or non-food object
(NFO) in ad libitum or overnight fasted mice (Figure 7A). Delivery of HFD mildly increased
DA levels in the ARC of ad /ibitum mice, while SD or NFO failed to alter DA levels
significantly (Figures 7B and S5A-S5E). Surprisingly, SD presentation induced immediate
DA releases in the ARC of overnight-fasted mice (Figures 7C and S5G), suggesting that
energy deficiency enhances the DA response to regular food. However, delivery of HFD
evoked rapid and more robust DA release in these mice (Figure 7C and S5F-S5J; Video S1)
when compared with SD or NFO delivery and when compared with HFD delivery to ad
libitum mice (Figures 7D, 7E, and S5K-S5M). These findings indicate that DA release in the
ARC is modulated by metabolic states and encodes the energy density of the available food.

Genetic ablation of Drd1 in the ARCAIRP/NPY neyrons attenuates HFD-associated feeding

behaviors

To investigate the function of Drd1 in the ARCAIRPINPY neyrons, we genetically ablated
the Drd1 expression from these neurons by crossing the mice that carry the floxed Drd1
allele (Drg1tm2.158) with the AgRP-Cre mice (Drd1A9RP-KO) (Figures 7F and S6A-S6C).
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Unlike the germline Drd1 KO mice,38 at 8 weeks of age, the Drd1A9RP_-KO mice had a
similar body weight compared with the control littermates (Figure S6D). To test whether
genetic ablation of the Drd1 expression from the ARCAIRP/NPY neyrons affects feeding,
we first monitored the gross changes of feeding structure in Drd129RP-KO and control
groups when switched from a SD to a HFD during the initial 2-day period. We did not
observe any difference in consumption amounts between the Drd1A9RP-KO and control
groups during the day or night periods (Figures 7G and S6E). Next, we determined the
meal microstructure of the Drd149RP-KO and control mice fed on either of these diets.
Meals were defined as feeding bouts clustering within 5-min intervals,3” with a consumption
amount of no less than 0.05 g and a duration of no less than 5 s. On SD, Drd1A9RP-KO

and control mice had similar feeding microstructure (Figures S6F-S6l). However, on HFD,
the Drd1A9RP-KO mice had significantly smaller meals during the daytime (HFD meal size
in day time: Drd1A9RP-KO: 0.15 + 0.008 g; control: 0.18 + 0.004 g; Student two-tailed ¢
test, p = 0.0026) (Figure 7H). Therefore, we investigated the role of Drd1 in ARCAIRP/NPY
neurons in HFD-associated foraging behaviors by assessing food seeking in Drd1A9RP-KO
mice and controls. For this, we placed habituated mice in an open field with one pellet

of the HFD buried under the bedding (Figure 71).3¢ The latency to find the pellet was
significantly longer in the Drd1A9RP-KO mice compared with controls (latency to food:
Drd1A9RP_KO: 486.9 + 36.83 s; control: 239.9 + 39.60 s; Student two-tailed test, p <
0.001) (Figure 7J), which implicates a role for Drd1A9RP signaling in foraging of palatable
food. To examine whether the refeeding of HFD after food deprivation is affected in the
Drd1A9RP-KO mice, we placed overnight-fasted mice in an open field where one pellet of
HFD was provided during the 10-min recording period (Figure 7K). The Drd1A9RP_-KO mice
consumed significantly less HFD compared with controls (HFD refeeding consumption:
Drd1A9RP_KO: 0.37 + 0.03 g; control: 0.52 + 0.07 g; Student two-tailed #test, p = 0.0270)
(Figure 7L). This is in support of the notion that DA signaling via Drd1 in ARCAIRP/NPY
cells is necessary for promotion of HFD consumption during an energy-deprived state. To
investigate the long-term consequences of this response, we put Drd1A9RP-KO mice and
controls on the HFD for 8 weeks and measured their food consumption and body weight
weekly. Although we did not observe a difference in consumption amount during the initial
2-day period (Figure 7G), the Drd1A9RP-KO mice exhibited reduced food consumption
(Figure 7M) and body weight gain (Figures 7N and 70) compared with the controls during
the long-term exposure to HFD. These observations confirm that Drd1 signaling in the
ARCAIRPINPY neyrons is a contributor to HFD-induced hyperphagia and body weight gain.

DISCUSSION

The decision to eat is informed by many factors, including peripheral energy balance signals
and sensory inputs relaying the palatability of the food.38:3% Neuronal circuits that originate
in the ARC process these inputs to initiate or terminate feeding.10:26:40-43 The nature of how
ARC neurons monitor and respond to blood-borne signals are well described**; however,
the contribution of the central projections carrying sensory information to the ARC during
feeding-associated behaviors remains obscure.*®

Dopaminergic signaling in the brain is involved in many aspects of feeding-associated
behaviors.14-16:46 The ARC receives projections from an array of DA neurons in the
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hypothalamic and subthalamic areas (Figures 6 and S4).26-28 |n this study, we show that
presentation of HFD to a food-deprived animal induces robust DA release in the ARC. The
hypothalamic engagement of this dopaminergic signaling is likely multi-faceted, with Drd1
expressing ARC neurons being one of the major targets.26:29.31 Drd1, as a predominantly
Gs-coupled G protein-coupled receptor (GPCR), could trigger sustained increase in food
intake similar to exogenously expressed designer Gs-coupled GPCRs in ARCAIRP/NPY
neurons.*” This is unlike Gg-coupled activation of ARCAIRP/NPY neyrons, which increases
food consumption only acutely and minimally contributes to weight gain.#8 Our findings
provide a plausible mechanism for the HFD-induced modulation of the ARC cells, where
an HFD increases the intrinsic excitability of ARCP™ neurons (including a subpopulation
of ARCAIRPINPY neyrons) through Drd1-dependent DA signaling. This also brings up an
interesting potential feedforward mechanism in which intra-hypothalamic DA can regulate
the metabolic state-dependent ARCAIRP/NPY neyron-mediated mesolimbic responses.29:49.50
Therefore, this node represents a significant integration point for DA neurotransmission in
energy homeostasis.

A significant proportion of the ARCP™1 neurons that express AGRP/NPY
(ARCAIRP/NPY/Drdl neyrons) are within the Agrp/Gm8773 neuronal cluster. Although
a second subset of the ARCAIRP/NPY neyrons mediate glucoregulation and metabolism
(i.e., the somatostatinergic Agrp/Sst neurons),32 whether Agrp/Gm8773 neurons have a
unique role in energy homeostasis is unclear. We established that the stimulation of
ARCAIRP/INPY/Drdl neyrons s sufficient to initiate robust feeding (Figures 5L and 5M)
and that genetic ablation of Drd1 in these neurons disturbs food-seeking and reduces
refeeding of HFD (Figures 7J and 7L). These data suggest that Drd1-expressing Agrp/
Gm8773 neurons are potent drivers of orexigenic responses and can be modulated by DA
in response to availability of energy-dense foods, making them a target of interest for
therapeutic intervention for eating disorders.

The ARCAIRP/NPY/Drdl hayron stimulation-induced 24-h food consumption response
(Figure S3E) is not as robust as the stimulation of the entire ARCAIRP/NPY neyron
population (Figure S3F). Notably, the stimulation of the ARCPL neurons that lack

NPY expression increases 24-h food consumption without significant induction during

the acute phase of the feeding response, while blocking neurotransmitter release from
ARCAIRPINPY neyrons attenuates the ARCP'd! neuron-induced feeding responses. These
findings suggest that the non-AgRP/NPY ARCPd! orexigenic neurons (e.g., ARCSsYDrdl
or ARCTDrdl neyrons) contribute to the sustained food consumption after the acquisition
of food when the activity of the ARCAIRP/NPY neyrons are dampened.455152 |nterestingly,
chemogenetic activation of the ARCP! neurons induces distinct metabolic phenotypes
from the stimulation of the ARCAYRP/NPY neyrons, including increased EE and locomotion
(Figures 4E and 4F). These responses may be associated with the simultaneous activation
of multiple ARC dependent circuits, including the neurons coexpressing POMC, which

are known to promote EE and ambulatory movements. Expression of Drd1 in both
ARCAIRPINPY and ARCPOMC neyrons could be a reflection of their shared hypothalamic
progenitor origin®3; however, the role of Drd1 signaling in ARCPOMC neurons remains
unclear.
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The daily rhythm and the microstructure of feeding are two critical parameters that

are required for maintaining energy balance. Energy-dense foods increase appetite and
encourage snacking outside of regular mealtimes.36 Mice fed an ad /ibitum HFD lose
circadian rhythmicity of their food consumption, which contributes to obesity and is
reversible by time-restricted feeding.>* Larger portion sizes of food lead to significantly
higher energy intake and weight gain,5>-57 while a greater number of smaller meals is
associated with a lower risk of obesity.>® Wild-type mice rapidly increase their meal size
during the resting phase when presented with an HFD (Figures 7H and S6F). Surprisingly,
this diet-induced meal size change is reduced in the AgRPP™1-KO mice. Thus, Drd1
signaling in the ARCAIRP/NPY neyrons contributes to the diet-induced disturbance of
temporal feeding microstructure. Because A12 and A14 DA neurons exhibit circadian
rhythmicity in their activity,>® DA input from these neurons are a potential source for time of
day signal. Consumption of the HFD might be disrupting the temporal pattern of DA release
in the ARC from the A12 or Al14 group of DA neurons and therefore promoting feeding
during the resting phase. In future studies, we will delineate the mechanism by which the
ARC-projecting DA neurons get modulated and contribute to consummatory behaviors.

Limitations of the study

Extra-synaptic DA transmission in dopaminergic neurons has been well defined.60.61

This brings challenges in the interpretation of retrograde tracing experiments seeking to
determine the source of DA for ARCP'! neurons. The proximity of dorsal and ventral
ARC is another confound due to the potential somatic uptake of retrobeads or retrograde
AAV. Therefore, although we demonstrated that the ARC receives DA projections from the
dorsal ARC, PeVN, and ZI, we cannot rule out a possible contribution of DA from other
dopaminergic neurons (i.e., midbrain). To monitor ARC DA, we used GRAB DA2h, which
preferentially detects DA over other catecholamines3®; however, it is formally possible

that other catecholamines could be contributing to the observed responses. Last, previous
findings have demonstrated that long-term access to HFD diminishes the capacity of SD

to suppress the activity of ARCAIRP/NPY neyrons 49.62 This indicates that ARCAIRP/NPY
neurons are dysregulated during diet-induced obesity. Although our results demonstrate that
the DA-ARC axis is engaged during HFD feeding, we did not investigate the precise role it
plays during the development of obesity or an HFD-induced neuroplasticity, which will be
the focus of future studies.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Ali D. Giler (aguler@virginia.edu).

Materials availability—AAV1-hSyn-FRT-TeNT-GFP and AAV1-Efla-ConFoff-hM3-HA
generated in this study will be made available on request, but we may require a payment
and/or a completed materials transfer agreement if there is potential for commercial
application.
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Data and code availability

. All data reported in this paper will be shared by the lead contact upon request.

. All original code has been deposited at Zenodo and is publicly available as of the
date of publication. DOIs are listed in the key resources table.

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

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—All animal care experiments were conducted in accordance with the University
of Virginia Institutional Animal Care and Committee. Mice were housed in a temperature
and humidity controlled vivarium at 22-24°C and ~40% humidity with a 12h/12h

light/dark cycle. Adult male and female animals older than 8 weeks were used

in all behavioral experiments with the following genotypes: C57BL6 (The Jackson
Laboratory Cat# JAX#000664; RRID: IMSR_JAX:000,664), Drd1-Cre (Palmiter Lab,
University of Washington), Drd1tm21St (The Jackson Laboratory Cat# JAX#025700; RRID:
IMSR_JAX:025,700), Agrptmi(cre)Lowl (The jackson Laboratory Cat# JAX#012899; RRID:
IMSR_JAX:012,899), Npy'm1-1(flpo)Hze (The Jackson Laboratory Cat# JAX#030211; RRID:
IMSR_JAX:030,211), Thtmi(cre/Esri)Nat (The Jackson Laboratory Cat# JAX#008532; RRID:
IMSR_JAX:008,532).

METHOD DETAILS

Mouse diets—Standard diet (SD): Teklad 8664 (Envigo, United Kingdom: 3.07 kcal/
gram; 19% fat, 31% protein, 50% carbohydrates. PicoLab Rodent Diet 20 5053 (3.07 kcal/
gram; 13% fat, 24% protein, 62% carbohydrates; 3.2% sucrose). High-fat diet (HFD): Open
Source D12451 (4.73 kcal/gram; 45% fat, 20% protein, 35% carbohydrates; 17% sucrose).

RNAseq analysis—The batch-corrected and normalized cluster-level expression values
for Drd1, Drd2, Drd3, and Drd5 were downloaded from the Broad Single Cell Atlas and
read into the R package to generate a heatmap with the following code:

expr < - read.csv(file = "ForAli_v4_heatmap.csv", header = TRUE, row.names = 1)
expr_mat < - data.matrix(expr)cols = colorRampPalette(c("white", "red")) (30)

pheatmap(expr_mat,border_color = "NA", scale = "none", show_rownames = TRUE,
main = "Dopamine Receptor Isoforms Expressed by Arc-ME Neurons",cluster_rows =T,
cluster_cols =T, legend = T, color = cols)

The number of Drd1 positive neurons from each molecular cluster according to the Broad
Single Cell Atlas was quantified to make the bar graph.

RNAscope—Mice were anesthetized with ketamine and xylazine (i.p.) and perfused
transcardially with PBS followed by 4% paraformaldehyde. Brains were harvested and
fixed overnight in 4% paraformaldehyde at 4°C. Coronal sections were cut at 30 um on a
vibratome and dried on slides overnight in the dark and a hydrophobic barrier was applied
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to the slides. /n situhybridization was performed using the RNAscope Multiplex Fluorescent
Reagent Kit v2 Assay (ACD) in accordance with the manufacturer’s instruction. Probes
were used against mouse Drd1 (RNAscope Probe- Mm-Drd1-C2, Cat No. 461901), mouse
AgRP (RNAscope Probe- Mm-AgRP, Cat No. 400711), and mouse POMC (RNAscope
Probe- Mm-POMC-C3 Cat No. 314081). Sections were immersed with RNAscope hydrogen
peroxide to block the activity of endogenous peroxidases. After a wash in distilled water,
sections were permeabilized with RNAscope protease IV for 30 min at 40°C. Sections were
hybridized with the Drd1, AgRP or POMC probe at 40°C for 2 h, followed by amplification
incubation steps: Amp 1, 30 min at 40°C; Amp 2, 30 min at 40°C; Amp 3, 15 min at

40°C. HRP signals were developed with RNAscope Multiplex FL v2 HRP and TSA Plus
fluorophores (1:750). Sections were washed with the provided washing buffer 2 x 2 min in
between each step. Sections were then coverslipped with DAPI Fluoromount-G (Southern
Biotech). For Figures 1D and S1B, sections were incubated with goat anti-GFP primary
antibodies overnight and donkey anti-goat Alexa Fluor 488 secondary antibodies for 2 h at
room temperature following the amplification incubation steps. Images were captured on

a Zeiss Axioplan 2 imaging microscope equipped with an AxioCam MRm camera using
AxioVision 4.6 software (Zeiss), or with a confocal Leica SP5 X imaging system in W.M.
Keck Center for Cellular Imaging, University of Virginia. Brightness and contrast were
corrected with ImageJ. The manipulation of the images between control and experimental
conditions were kept consistent.

Immunohistochemistry—Mice were anesthetized with ketamine and xylazine (i.p.) and
perfused transcardially with PBS followed by 4% paraformaldehyde. Brains were harvested
and fixed overnight in 4% paraformaldehyde at 4°C and then were then placed into 30%
sucrose for around 24h until they sank to the bottom of the container. The tissue was
sectioned coronally at 30 um on a cryostat and immersed in PBS with 0.004% sodium azide.
Sections were treated with 3% donkey serum in 0.3% Triton X-100 in PBS for 30 min, and
then incubated with primary antibodies overnight at 4°C. After washing with PBS (5 min x
2), brain sections were incubated with secondary antibodies for 2 h at room temperature.
Sections were washed in PBS (5 min x 2) and mounted using DAPI Fluoromount-G
(Southern Biotech). Images were captured on a Zeiss Axioplan 2 Imaging microscope
equipped with an AxioCam MRm camera using AxioVision 4.6 software (Zeiss). Brightness
and contrast were corrected with ImageJ. The manipulation of the images between control
and experimental conditions were kept consistent.

For c-Fos staining, Drd1-ChR2 mice were treated with a 20-min, 20-Hz, and 2s-on-3s-off
473 nm laser above the ARC 90 min before anesthesia; Drd1-hM3Dq and Drd1-Ctrl mice
were i.p. injected with 0.3 mg/kg CNO two hours before anesthesia. Brain sections were
treated with 5% donkey serum in 0.3% Triton X-100 in PBS for 1 h, and then incubated
with rabbit anti-c-Fos (1:200) for 20h at room temperature. After washing with PBS, brain
sections were incubated with secondary donkey anti-rabbit Cy2 (1:250) for 3h at room
temperature.

The following primary antibodies were used for fluorescent labeling: rabbit anti-c-Fos
(1:200, Santa Cruz Sc-52), rabbit anti-DsRed (1:1000, Clontech 632,496), rabbit anti-HA
(1:500, Cell Signaling Technology C29F4), chicken anti-TH (1:500, Millipore AB9702),
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chicken anti-mCherry (1:500, NOVUSBIO NBP2-25158), goat anti-GFP (1:500, Rockland
Immunochemicals Inc 600-101-215). The secondary antibodies (Jackson ImmunoResearch)
used were Cy2-or Cy3-conjugated donkey anti-rabbit (1:250), donkey anti-chicken (1:250)
and donkey anti-goat Alexa Fluor 488 (1:250).

Stereotaxic surgery—For stereotaxic injections of virus vectors, mice older than 8 weeks
were anesthetized with 5% gaseous isoflurane in a closed container, and then placed into the
Kopf Small Animal Stereotaxic Frame on a heating pad to maintain body temperature. The
isoflurane level was lowered to 2—-3% when breathing rhythms steadily reached one breath
per 1-2 s. The skull was exposed via a small incision after 0.8 mL bupivacaine injection
under the scalp. A small hole in the skull was drilled above the targeted injection site. A

26 gauge Hamilton syringe was inserted into the ARC (coordinates: bregma: AP: —1.40
mm, DV: =5.90 mm, L: 0.30 mm) and 500 nL of the virus was bilaterally injected at a

flow rate of 100 nL/min using an automated delivery system (World Precision Instruments
microsyringe controller). For optogenetic surgeries, a fiber optic cannula was implanted
above the ARC following the injection of the virus (coordinates: bregma: AP: —1.40 mm,
DV: -5.65 mm, L: 0.30 mm). The exposed end of the fiber optic cannula was fixed to

the skull with Metabond. Mice were allowed to recover for 3 weeks before any behavioral
tests. All surgical procedures were performed in sterile conditions and in accordance with
University of Virginia IACUC guidelines.

Viral constructs—AAV8-hSyn-DIO-hM3Dg-mCherry (Addgene 44,361-AAVS; 9 x
10712 viral genomes/mL), AAV8-hSyn-DIO-mCherry (Addgene 50,459-AAVS; 1.2 x
10713 viral genomes/mL), AAV2-Efla-DIO-hChR2(H134R)-EYFP-WPRE-pA (University
of North Carolina at Chapel Hill Gene Therapy Center Vector Core Services; 2.1

x 10”13 viral genomes/mL), AAV1-hSyn-FRT-TeNT-GFP (generated and produced in

the Zweifel lab; 10712 viral genomes/mL), AAV1-Efla-ConFon-hM3-HA (ssAAV-1/2-
hEflalpha/hTLV1-Fon/Con [dFRT-HA_hM3D(Gq) (rev)-1-dlox-1-HA_hM3D(Gq)-I-dlox-1-
HA_hM3D(Gq) (rev)-dFRT]-WPRE-hGHp(A); entry v605 at https://vvf.ethz.ch; 4.6 x
10712 viral genomes/mL), AAV1-Efla-ConFoff-hM3-HA (generated in the Giiler lab,
produced at the University of North Carolina at Chapel Hill Gene Therapy Center

Vector Core Services; 2.2 x 10713 viral genomes/mL), AAV8-hSyn-Con/Fon-ChR2-EYFP
(Addgene 55,645-AAVS; 2.1 x 10713 viral genomes/mL), retrograde AAV-hSyn-DIO-
hM3Dg-mCherry (Addgene 44361-AAVrg; 7 x 10712 viral genomes/mL), AAV9-hSyn-
GRAB-DAZ2h (Addgene 140,554-AAV9; 2.5 x 10713 viral genomes/mL) were injected to
the ARC (ML: + 0.30 mm, AP: — 1.40 mm, DV: =5.90 mm). All coordinates are relative to
bregma (George Paxinos and Keith B. J. Franklin).

Food intake analysis—For optogenetic food intake analysis, adult male Drd1-Cre and
AgRP-Cre mice were single-housed for at least 3 days and habituated to the head-tether
before the test. During the test day, after a brief habituation, mice were given no laser
stimulation for 1 h, laser stimulation for 1 h, and no laser stimulation for another hr. One
pellet of the SD around 4 g was provided. The amount of food consumption within each
hour was manually measured. The laser stimulation was 20 Hz 473 nm blue light with a
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2s-on-3s-off pattern. The light power exiting the fiber optic cable measured by an optical
power meter (Thorlabs) was 7-8 mW in all experiments.

For chemogenetic food intake analysis, adult male Drd1-Cre and AgRP-Cre mice and
adult male and female Drd1-Cre; NPY-flp mice were single-housed for at least 3 days and
habituated to i.p. injection of saline before the test. During the test, mice were i.p. injected
with saline on days 1, 5, and 6, and i.p. injected with 0.3 mg/kg CNO on days 2, 3 and 4.
The injections occur at the beginning of the light cycle, from ZT2 to ZT3. Three pellets of
SD were placed on the floor of the home cages with the total weight of food around 13 g.
Food consumption was manually measured at 1h, 2h, 3h, 4h, and 24h after the injections.
Body weights were measured 24h after injections.

For HFD intake and body weight measurements, 16-week to 24-week male control and
AgRPPrd1-KO |ittermates were provided with ad /ib access to HFD for 8 weeks. 10 pellets
of pre-weighed HFD placed on the cage floor were weighed and refreshed weekly. Body
weights were measured weekly.

Open field 8-pellet SD foraging analysis—All the open field 8-pellet SD foraging
experiments were conducted after the food intake analysis (Figures 3D-31). Adult male
Drd1-hM3Dg mice and AgRP-hM3Dg mice were habituated to the test conditions on day
1. On day 5, mice were placed in the open field before the test for 20 min. During the test,
Drd1-hM3Dgq mice and AgRP-hM3Dqg mice were injected with 0.3 mg/kg CNO and placed
into the open field without food for 20 min for CNO to take effect. Mice were put into their
home cage without food when 8 pellets of the SD were buried under the 3-cm-thick corn
bedding in the open field, and then placed back into the open field. Behavior was recorded
with a camera above the open-field chamber for 20 min. The total number of food pellets
found within 20 min, the latency to the first and second food pellets, the feeding time of the
first food pellet, and the total feeding time were quantified offline. Mice that failed to find
the second food pellet were not included in the analysis of the latency to the second food
pellet (Drd1-hM3Dgq: n = 2; AgRP-hM3Dq: n = 1).

Comprehensive lab animal monitoring system (CLAMS)—The CLAMS system
(Columbus Instruments) was used for indirect calorimeter and ambulatory locomotor
activity measurements during ad /ib access to SCD or HFD. For chemogenetic activation
experiments, mice previously used in the food intake analysis were acclimated to metabolic
cages for 3 days and habituated to i.p. injection on the second day. During test days, mice
were injected with saline or CNO between ZT 3 to ZT 4 and then monitored for 24 h
following the manufacturer’s instructions. Adult male control and AgRPP41-KO mice were
acclimated to metabolic cages for 2 days, and then monitored for 48 h with ad /ib access to
SD. Mice were switched to HFD afterward and then monitored for another 48 h with ad /ib
access to HFD.

Energy expenditure (EE) in watts per kilogram of lean mass [W/kg] was calculated with the
following formula3:
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EE[W/kg] = 1/60*((0.2716[W*min/mL]*VO2[mL/kg/h])+(0.07616[W*min/
mL]*VCO2[mL/kg/h])

The unit Watts was converted to kcal/h by multiplying factor of 0.86 to report EE as
kcal/h/kg of lean mass.

Locomotor activity was reported as the sum of ambulatory beam breaks in x and y
directions.

Retrograde tracing—Retro-beads tracing: 300 nL of fluorescent retrobeads (Lumafluor)
were bilaterally injected to the ARC of adult male WT mice. Brains were processed 3 days
after retrobead delivery.

Retrograde AAV tracing: 500nL retrograde AAV-Con-hM3Dg-mCherry was bilaterally
injected to the ARC of adult male TH-IRES-CreER mice. Brains were processed three
weeks after AAV delivery for immunohistochemistry as described above.

Open field HFD foraging analysis—Open field HFD foraging analysis was conducted
as described previously.3 8-week to 9-week old male control and AgRPP'1-KO littermates
were single-housed for at least one week and habituated to the HFD on day 1 and day 2
with 1-h access to one pellet of the HFD provided each day. On day 3, mice were habituated
to the open field for 10 min without food. On day 5, control mice and AgRPP41-KO mice
were placed into the open field with one pellet of the HFD buried under the 3cm-thick corn
bedding. Behavior was recorded with a camera above the open-field chamber for 10 min
and latency to food was quantified offline. The mice that failed to find the food pellet after
10 min were given a latency score of 10 min. One outlier in the AgRPP™1-KO group was
detected by ROUT outlier test (Q = 1%) and excluded for analysis and data presentation.

Open field HFD refeeding analysis—The same cohort of control and AgRPP1-KO
littermates previously used in the open field HFD foraging experiment were used in the
open field HFD foraging experiment when 12-week to 15-week old. Mice were overnight
fasted for 16 h before the test day. During the test day, control mice and AgRPP™1-KO mice
were placed into the open field with one pellet of the HFD provided. Behavior was recorded
with a camera above the open-field chamber for 10 min and consumption of the HFD was
measured manually.

Fiber photometry recording—Adult male and female WT mice were previously
habituated to HFD, NFO (a lego brick), and experimental conditions and were ad /ib fed

on SD or overnight fasted for 16 h before the test day. During the test day, mice were
transferred to the recording room and individually housed in their home cages with the

cage top left open. Implanted fiber-optic cannula (Thorlabs, 0.39 NA, &200 um Core)

was connected to fiber-optic cable (Doric Lenses, 0.37 NA, 200 pm Core) with the

use of a zirconia mating sleeve (Doric Lenses). The fiber-optic cables were wrapped

with metal sheath (Doric Lenses) to prevent breakage and connected to rotary joints

(Doric Lenses) to allow free-movement. Mice were allowed to acclimate to the experiment
environment and fiber-optic tethering 10 min before recording. The fiber photometry system
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used in this work records the fluorescent signal from both DA-dependent (465 nm) and
DA-independent isosbestic (405 nm) excitation light wavelengths, in which the isosbestic
wavelength excitation signal can be used to control for the artifacts from animal movement,
fluorescent reporter expression and photobleaching. The light power exiting the fiber optic
cable measured by an optical power meter (Thorlabs) was 20-30 uW for 465 nm and 4-5
MW for 405 nm in all experiments. Signals were collected at 120Hz sampling rate, with
manually entered timestamps during the experiment tracked automatically by the software.
During the test, 10 min of baseline signal was recorded prior to first delivery of food/object.
3 pellets of HFD, SD, or NFO were delivered and withdrawn at the set time of the recording
session (delivery: 600s, 960s, 1320s; withdrawal: 780s, 1140s, 1500s).

Fiber photometry data analysis—Data were processed in MATLAB R2019b with
custom scripts. Recordings from 90s before to 180 s after treatments (food delivery or
withdrawal) were extracted as individual sessions for further analysis. To eliminate the
artifact from motion or protein expression, the DA-independent isosbestic control (405nm
induced) signal was fitted to the DA-dependent (465nm induced) signal with a linear least-
squares fit. To normalize the variability caused by signal strength, Zscore ((signal-average
of baseline signal)/standard deviation of baseline signal) is calculated to present the data
where the first 15 s of the 270 s sessions were used as baseline. To account for different
photobleaching dynamics, each analyzed curve was further detrended by an exponential fit
where the first 60 s were used to calculate the coefficients.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of histological images—30 pum thick brain sections containing brain
regions of interest were collected from adult male mice. The determination of the brain
region borders were guided by DAPI nuclear staining. Neurons labeled by fluorescent
markers were blindly counted by trained observers. Cell counts of multiple sections were
averaged for each animal for further statistical analysis.

Statistical analysis—When comparing two groups of normally distributed data, a
Student’s two tailed ftest was used. In experiments with a single variable across more

than two groups, an one-way ANOVA was performed. To compare the effects of genotypes
and treatments within 4 groups, a two-way ANOVA test was used. To compare the effects
of genotype and treatment within 4 groups at multiple time points, a three-way ANOVA
test was performed. Following a significant effect in the ANOVA test, Bonferroni’s post
hoc comparison was used to determine differences between individual data points. Analyses
were conducted using the GraphPad Prism 8 statistical software for Windows. All data are
presented as means + standard error of the mean with p < 0.05 considered statistically
significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The genetic profile of ARC neurons reveals an orexigenic neuronal population
expressing Drdl
(A) Batch-corrected, normalized expression values for Drd genes in each arcuate-median

eminence (ARC-ME) neuron cluster from the Campbell et al., 2017 dataset.

(B) Number of Drd1 positive neurons from each cluster of ARC-ME neurons from A. Drd1
positive neurons from Agrp-expressing clusters are depicted in yellow.

(C) RNAscope images showing representative DrdZ-expressing cells in the ARC with (») or
without (>) Agrp expression. Scale bar, 10 um.

(D) Representative images showing the ARC of Drd1-Cre:GFP mice. Scale bar, 100 ym.
Venn diagram indicates the average number of cells expressing only the Drd1-Cre:GFP
(red), only Agrp (green), and both Drd1-Cre:GFP and Agrp (yellow). n = 3.
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Figure 2. Optogenetic or chemogenetic stimulation of ARCPrdl neyrons promote feeding
(A) Hypothetical model of the ARCP™! neurons involved in inducing orexigenic responses.

(B) Schematic depicting optogenetic experiment schedule. Photostimulation was conducted
for 1 h with 20 Hz 10 msec light pulses applied for 2 s followed by a 3-s break.
Representative images showing the expression of ChR2-EYFP in the ARC of Drd1-Cre
mice. Scale bar, 100 pm.

(C) Food consumption before, during, and after the 1-h photostimulation in Drd1-Cre
(orange), AgRP-Cre (green), or wild-type (WT) negative control (gray) mice with Cre-
dependent ChR2-EYFP delivered to the ARC. Repeated-measures two-way ANOVA with
Bonferroni post hoc comparison; n = 5-6/group; Fgenotype (2, 14) = 14.56, p < 0.001;
Fireatment (2, 28) =58.52, p < 0.001.

(D) Schematic depicting Cre-dependent hM3Dg-mCherry expression in the ARC of Drd1-
Cre or AgRP-Cre mice.

(E) Food intake experiment schedule. Mice were individually caged for at least 3 days and
habituated to intraperitoneal injections on the last day. During test days, mice were injected
with saline on days 1, 5, and 6, and with CNO on days 2 through 4 at ZT 2. Food intake was
measured 1, 2, 3, 4, and 24 h after the injections.

(F) Hourly food consumption after CNO administration in Drd1-hM3Dg, AgRP-hM3Dq
mice, or control mice (Ctrl). Control mice are Drd1-Cre or AgRP-Cre mice with cre-
dependent mCherry targeted to the ARC. Responses were normalized by subtracting the
average food consumption on days 1, 5, and 6 after saline injections. Repeated-measures
three-way ANOVA with Bonferroni post hoc comparison; n = 4-10/group; Fgenotype (1,25) =
0.2733, p = 0.6057; Fyransgene (1,25) = 46.94, p < 0.001; Ftime (3, 75) = 9.785, p < 0.001.
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(G) Normalized 4-h food consumption after CNO administration in Drd1-hM3Dq, AgRP-
hM3Dq, or Ctrl mice. Two-way ANOVA with Bonferroni post hoc comparison; n = 4-10/
group; Fgenotype (1, 25) = 0.2998, p = 0.5889; Fyransgene (1, 25) = 46.38, p < 0.001.

(H) Normalized 24-h food consumption after CNO administration in Drd1-hM3Dq, AgRP-
hM3Dq, or control mice. two-way ANOVA with Bonferroni post hoc comparison; n = 4-10/
group; Fgenotype (1, 25) = 0.8396, p = 0.3683; Fyransgene (1, 25) = 19.20, p < 0.001.

(1) Percentage body weight change after 3 consecutive days of CNO administrations

in Drd1-hM3Dq or AgRP-hM3Dq mice. Two-way ANOVA with Bonferroni post hoc
comparison; n = 4-10/group; Fgenotype (1,25) = 1.377, p = 0.2517; Fyransgene (1,25) = 12.25,
p = 0.0018. Data are represented as mean + standard error of the mean. *p < 0.05; **p <
0.01; ***p < 0.001.
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Figure 3. Activation of ARCPrdl neyrons promotes food exploration
(A) Foraging paradigm: Habituated mice were injected with CNO for 20 min without food,

and then placed in an arena with eight pellets of SD buried under 3-cm-thick corn bedding
on the cage floor and video recorded for 20 min.

(B) Total feeding duration during the 20-min test. Student two-tailed #test; n = 9/group.
(C) First pellet feeding duration. Student two-tailed #test; n = 7-8/group.

(D) Latency to the acquisition of the second pellet after the acquisition of the first pellet.
Student two-tailed ftest; n = 7-8/group.

(E) Annotated consumption or non-consummatory behaviors of each mouse during the
test after the acquisition of the first pellet and before the acquisition of the second pellet.
Consumption time of Drd1-hM3Dg and AgRP-hM3Dq mice is shown as orange and green,
respectively. Time spent performing non-consummatory behaviors is shown as dark gray.
Pie charts indicated the percentage time spent consuming food (orange or green), moving
(black), digging (gray), and other non-consummatory behaviors (light gray). Data are
represented as mean + standard error of the mean. *p < 0.05; **p < 0.01; ***p < 0.001; ns,
not significant.
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Figure 4. ARCPTL neurons regulate energy homeostasis
(A and C) A 24-h RER in Drd1-hM3Dq (A) or AgRP-hM3Dq mice (C) after saline (black

traces) or CNO administration (orange and green traces, respectively). The dark portion of
the light cycle is indicated by gray shading. Arrows indicate the time of injections.

(B) Average 4-h RER in Drd1-hM3Dq and control mice after saline or CNO administration.
Repeated-measures two-way ANOVA with Bonferroni post hoc comparison; n = 5-10/
group; Firansgene (1, 13) = 48.61, p < 0.001; Fyreatment (1, 13) = 21.21, p < 0.001.

(D) Average 4-h RER AgRP-hM3Dg and control mice following saline or CNO
administration. Repeated-measures two-way ANOVA with Bonferroni post hoc comparison;
n = 4-10/group; Firansgene (1, 12) = 60.55, p < 0.001; Fireatment (1, 12) = 17.85, p = 0.0012.
(E) Normalized 4-h EE in Drd1-hM3Dg, AgRP-hM3Dq, or control mice. Responses were
normalized by subtracting the EE after saline injections. Two-way ANOVA with Bonferroni
post hoc comparison; n = 4-10/group; Fgenotype (1, 24) = 13.11, p = 0.0014; Fyransgene (1, 24)
=21.19, p < 0.001.

(F) Normalized 4-h beam breaks in Drd1-hM3Dg, AgRP-hM3Dq, or control mice.
Responses were normalized by subtracting the beam breaks after saline injections. Two-way
ANOVA with Bonferroni post hoc comparison; n = 4-10/group; Fgenotype (1, 25) = 8.372,

p = 0.0078; Firansgene (1, 25) = 1.353, p = 0.2557. Data are represented as mean + standard
error of the mean. *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 5. Stimulation of ARCPrdl neyrons expressing AgRP/NPY induces feeding acutely
(A, F, and K) Schematic depicting Cre-dependent hM3Dg-mCherry and Flp-dependent

TeNT-GFP expression (A), Cre-on;Flp-off hM3Dg-HA expression (F), Cre-on;Flp-on
hM3Dg-HA expression (K) in the ARC of Drd1-Cre;NPY-Flp mice.

(B-E) Four-hour food consumption (B), RER (C), EE (D), or beam breaks (E) in mice
indicated in (A) after saline or CNO administration. Student two-tailed #test; n = 6-7/group.
(G-J) Four-hour food consumption (G), RER (H), EE (1), or beam breaks (J) in mice
indicated in (F) after saline or CNO administration. Student two-tailed #test; n = 6/group.
(L) Four-hour food consumption in Drd1/NPY-hM3Dq or AgRP/NPY-hM3Dg mice after
saline or CNO administration. Repeated-measures two-way ANOVA with Bonferroni post
hoc comparison; n = 7-8/group; Fgenotype (1, 26) = 2.140, p = 0.1555; Fyreatment (1, 26) =
82.60, p < 0.001.

(M) Normalized 4-h food consumption in Drd1/NPY-hM3Dq, AgRP/NPY-hM3Dq, or
negative control mice (Neg Ctrl). Negative control mice are Drd1-Cre or NPY-Flp mice
with Cre-on; Flp-on hM3Dg-HA delivered to the ARC. Responses were normalized by
subtracting the average food consumption on day 1, 5, 6 after saline injections. One-way
ANOVA with Bonferroni post hoc comparison; n = 6-8/group; Fgenotype (2, 18) = 18.92, p <
0.001.
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(N) 24-h RER in the Drd1/NPY-hM3Dg mice following CNO (yellow trace) or saline (gray
trace) administration, or the AGRP/NPY-hM3Dg mice following CNO (green trace) or saline
(black trace) administration. Dark portion of the light cycle is indicated by gray shading.
Arrows indicate the time of injections.

(O) Average 4-h RER in Drd1/NPY-hM3Dg or AgRP/NPY-hM3Dg mice following saline
or CNO administration. Repeated-measures two-way ANOVA with Bonferroni post hoc
comparison; n = 7-8/group; Fgenotype (1, 13) = 0.09766, p = 0.7596; Fireatment (1, 13) =
267.4,p < 0.001.

(P) Average 4-h EE n Drd1/NPY-hM3Dq or AgRP/NPY-hM3Dq mice following saline

or CNO administration. Repeated-measures two-way ANOVA with Bonferroni post hoc
comparison; n = 7/group; Fgenotype (1, 12) = 0.04569, p = 0.8343; Fireatment (1, 12) =
0.03815, p = 0.8484.

(Q) Average 4-h beam breaks in Drd1/NPY-hM3Dg or AgRP/NPY-hM3Dg mice following
saline or CNO administration. Repeated-measures two-way ANOVA with Bonferroni post
hoc comparison; n = 7-8/group; Fgenotype (1, 13) = 0.5810, p = 0.4595; Fireatment (1, 26) =
1.331, p = 0.2693.

(R) Schematic and representative image showing the Cre-on; Flp-on ChR2-EYFP expression
in the ARC of Drd1-Cre; NPY-FIp mice and optogenetic stimulation of the ChR2-EYFP
expressing-neuron projections in the PVN. Scale bar represents 100 pum.

(S) Food consumption before, during, and after the 1-h photostimulation in Drd1-Cre; NPY-
Flp mice or WT mice with Cre-on; Flp-on ChR2-EYFP delivered to the ARC. Repeated-
measures two-way ANOVA with Bonferroni post hoc comparison; n = 5/group; Fgenotype (1,
8) =44.51, p < 0.001; Fireatment (1, 16) = 26.85, p < 0.001. Data are represented as mean +
standard error of the mean. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.
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Figure 6. The ARC receives anatomic inputs from multiple dopaminergic neuronal populations
(A) ARC retrograde tracing paradigms depicting retrograde AAV-DIO-hM3Dg-mCherry

delivered to the ARC of TH-IRES-CreER mice.

(B) Representative images showing hM3Dg-mCherry expression in the ARC. Scale bar, 100
pm.

(C) Representative stitched images showing expression of hM3Dg-mCherry and TH
marking the A12-14 groups of DA neurons. Arrows indicate cells co-expressing hM3Dg-
mCherry and TH. Scale bar, 100 pm.

(D) Representative images of hM3Dg-mCherry- and TH-expressing cells in the PeVN (left),
the ZI (middle) and the VTA (right). Scale bar, 50 um.

(E) Percentage of TH-expressing cells with hM3Dg-mCherry expression, n = 4. Data are
represented as mean + standard error of the mean.
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Figure 7. Food-induced DA signaling in ARCAIRPINPY noyrons promotes feeding
(A) Schematic depicting fiber photometry experiment schedule. WT mice with GRAB DA2h

expression in the ARC were ad /ibitum or overnight fasted before the test day. Black arrow
indicates the delivery of HFD, SD, or NFO; gray arrow indicates the withdrawal of HFD,
SD, or NFO. During test days, HFD, SD, or NFO were repeatedly delivered 3 times for 3
min with 3-min intervals.

(B) Fiber photometry monitoring of GRAB DAZ2h activity in the ARC in response to HFD
(red trace), SD (brown trace), or NFO (black trace) delivery in ad /ibitum mice. Responses
from three trials were averaged for each mouse, n = 5.

(C) Fiber photometry monitoring of GRAB DAZ2h activity in the ARC in response to HFD
(red trace), SD (brown trace), or NFO (black trace) delivery in overnight-fasted mice.
Responses from three trials were averaged for each mouse, n = 5.

(D) Maximum Zscore during the 1-min period following HFD (red), SD (brown), or NFO
(gray) delivery in overnight-fasted or ad /ibitum mice. Repeated-measures two-way ANOVA
with Bonferroni post hoc comparison; n = 5/group; Feondition (1, 4) = 4.796, p = 0.0937;
Fireatment (2, 8) = 11.44, p = 0.0045.

(E) Average Zscore during the 1-min period after HFD (red), SD (brown), or NFO (gray)
delivery in overnight-fasted or ad /ibitum mice. Repeated-measures two-way ANOVA with
Bonferroni post hoc comparison; n = 5/group; Feongition (1, 4) = 7.002, p = 0.0572; Fireatment
(2,8) =8.531, p=0.0104.

(F) Schematic indicating the genetic ablation of Drd1 from ARCAIRP/NPY cejls in AgRP-
Crec®*:Drd1V/fl mice (Drd1A9RP-KO).

(G) Average day and night kilocalories (kcal) consumed by control or Drd1A9RP-KO mice
during 2 days when provided with ad /ibitum access to SD and the first 2 days when
switched to ad /ibitum access HFD. Repeated-measures three-way ANOVA with Bonferroni
post hoc comparison; n = 8-10/group; Ftime (1, 16) = 198.7, p < 0.001; Fgenotype (1, 16) =
0.0007562, p = 0.9784; Fyiet (1, 16) = 34.43, p < 0.001.
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(H) Average of day-time HFD meal size of control or Drd1A9RP-KO mice during the first 2
days when switched to ad /ibitum access HFD. Student two-tailed ftest; n = 8-10/group.

(1) Open field foraging paradigm.

(J) Latency to food of control or Drd1A9RP-KO mice during the 10-min recording. Mice
that failed to find food are represented with latency of 10 min. Student two-tailed ftest; n =
9-11/group.

(K) Open field refeeding paradigm.

(L) HFD consumption of control or Drd1A9RP-KO mice during the 10-min recording.
Student two-tailed ¢ttest; n = 9-12/group.

(M) Daily HFD consumption of control or Drd1A9RP-KO mice through eight weeks of ad
libitum access to the HFD. Repeated-measures two-way ANOVA with Bonferroni post hoc
comparison; n = 8-9/group; Fgenotype (1,15) = 25.62, p < 0.001; Fjme (7,105) = 58.96, p <
0.001.

(N) Body weights of control or Drd1A9RP-KO mice through 8 weeks of ad /ibitum access to
the HFD. Repeated-measures two-way ANOVA with Bonferroni post hoc comparison; n =
8-9/group; Fgenotype (1, 15) = 16.64, p = 0.001; Fiime (8, 120) = 448.9, p < 0.001.

(O) Percentage body weight change of control or Drd1A9RP-KO mice through eight weeks
of ad libitum access to the HFD. Repeated-measures two-way ANOVA with Bonferroni post
hoc comparison; n = 8-9/group; Fgenotype (1, 15) = 8.5758, p = 0.0104; Fijme (8, 120) =
460.7, p < 0.001. Data are represented as mean + standard error of the mean. *p < 0.05; **p
< 0.01; ***p < 0.001; ns, not significant.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit polyclonal anti-cFos

Rabbit polyclonal anti-dsRed
Rabbit monoclonal anti-HA

Chicken polyclonal anti-Tyrosine Hydroxylase

(TH

Chicken polyclonal anti-mCherry

Goat polyclonal anti-GFP

Donkey polyclonal anti-rabbit Cy2

Donkey polyclonal anti-rabbit Cy3

Donkey polyclonal anti-chicken Cy2

Donkey polyclonal anti-chicken Cy3

Donkey polyclonal anti-goat Alexa Fluor 488

Santa Cruz Biotechnology

Clontech Laboratories
Cell Signaling Technology
EMD Millipore Corporation

Novus Biologicals
Rockland Immunochemicals
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch

Jackson ImmunoResearch

Cat# sc-52; AB_2106783 (production is
discontinued)

Cat#632496; RRID: AB_10013483
Cat#3724S; RRID: AB_1549585
Cat# AB9702; RRID: AB_570923

Cat# NBP2-25158, RRID:AB_2636881
Cat# 600-101-215, RRID:AB_218182

Cat# 711-225-152; RRID: AB_2340612
Cat# 711-165-152; RRID: AB_2307443
Cat# 703-225-155; RRID:AB_2340370
Cat# 703-165-155; RRID:AB_2340363
Cat# 705-545-003; RRID:AB_2340428

Bacterial and virus strains

AAV8-hSyn-DIO-hM3Dg-mCherry
AAV8-hSyn-DIO-mCherry

AAV2-Efla-DIO-hChR2(H134R)-EYFP-WPRE-
pA

AAV1-hSyn-FRT-TeNT-GFP
AAV1-Efla-ConFon-hM3-HA
AAV1-Efla-ConFoff-hM3-HA

Addgene
Addgene

UNC vector core

Lab of L.S. Zweifel
https://vvf.ethz.ch
Lab of A.D. Guler

Cat# 44361-AAVS; RRID:Addgene_44361
Cat# 50459-AAVS; RRID:Addgene_50459
Cat# VB4652; RRID:Addgene_55639

N/A
N/A
N/A

AAV8-hSyn-Con/Fon-ChR2-EYFP Addgene Cat# 55645-AAV8; RRID:Addgene_55645
retrograde AAV-hSyn-DIO-hM3Dg-mCherry Addgene Cat# 44361-AAVrg; RRID:Addgene_44361)
AAV9-hSyn-GRAB-DA2h Addgene Cat# 140554-AAV9; RRID:Addgene_140554
Chemicals, peptides, and recombinant proteins

Clozapine-N-oxide (CNO) Sigma Aldrich Cat# C0832

Critical commercial assays

RNAscope® Multiplex Fluorescent Reagent Kit v2  Advanced cell diagnostics Cat# 323100

Assay

RNAscope® Probe- Mm-Drd1-C2
RNAscope® Probe- Mm-AgRP
RNAscope® Probe- Mm-Pome-C3

Advanced cell diagnostics
Advanced cell diagnostics

Advanced cell diagnostics

Cat# 461901-C2
Cat# 400711
Cat# 314081-C3

Deposited data

Custom MATLAB script for fiber photometry
analysis

This paper

https://doi.org/10.5281/zenodo.7222038

Experimental models: Organisms/strains

Mouse; C57BL6/J
Drd1-Cre

Drd1tm2.1stl

Jackson Laboratory

Palmiter Lab, University of
Washington

Jackson Laboratory

Cat# JAX#000664, RRID: IMSR_JAX:000,664
N/A

Cat# JAX#025700; RRID: IMSR_JAX:025,700
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REAGENT or RESOURCE SOURCE IDENTIFIER
Agrplml(cre)Lowl Jackson Laboratory Cat# JAX#012899; RRID: IMSR_JAX:012,899

prtml.l(flpo)Hze

Thtml(crelEsrl)Nat

Jackson Laboratory

Jackson Laboratory

Cat# JAX#030211; RRID: IMSR_JAX:030,211
Cat# JAX#008532; RRID: IMSR_JAX:008,532

Software and algorithms

MATLAB R2019b

Prism 8

MathWorks
GraphPad Software

https://www.mathworks.com/products/matlab.html

https://www.graphpad.com/scientific-software/
prism/

Axiovision 4.6 software Zeiss https://www.zeiss.com/microscopy/us/
downloads.html?vaURL=www.zeiss.com/
microscopy/us/downloads/axiovision-
downloads.html

ImageJ NIH https://ImageJ.nih.gov/ij/RRID:SCR_003070

CLAMS-HC Columbus instruments https://www.colinst.com/product-detail?pid=35

Other

Dapi-Fluoromount-G

Red Retrobeads IX

Stereotaxic apparatus

Standard chow diet (Teklad F6 Rodent Diet)

Standard chow diet (PicoLab Rodent Diet 20
5053)

High-fat high-sugar diet (Rodent Diet with 45%
kcal% fat)

4 valve solineoid perfusion exchange system, with
hardware controller and 4 channel manifold

Southern Biotechnology
Lumafluor Inc

David Kopf Instruments
Envigo

LabDiet

OpenSource Diets

Automate Scientific

Cat# OB010020

Cat# R180

Model:1900

8664 (production is terminated)
Cat# 0007688

D12451

Economy Vlave Pinch System
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