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NEUROSCIENCE

A hindbrain dopaminergic neural circuit prevents
weight gain by reinforcing food satiation

Yong Han', Guobin Xia, Yanlin He'!, Yang He', Monica Farias', Yong Xu'?, Qi Wu'*

The neural circuitry mechanism that underlies dopaminergic (DA) control of innate feeding behavior is largely
uncharacterized. Here, we identified a subpopulation of DA neurons situated in the caudal ventral tegmental area
(cVTA) directly innervating DRD1-expressing neurons within the lateral parabrachial nucleus (LPBN). This neural
circuit potently suppresses food intake via enhanced satiation response. Notably, this cohort of DA™ neurons is
activated immediately before the cessation of each feeding bout. Acute inhibition of these DA neurons before bout
termination substantially suppresses satiety and prolongs the consummatory feeding. Activation of postsynaptic
DRD1PBN neurons inhibits feeding, whereas genetic deletion of Drd1 within the LPBN causes robust increase in
food intake and subsequent weight gain. Furthermore, the DRD1"®V signaling manifests the central mechanism
in methylphenidate-induced hypophagia. In conclusion, our study illuminates a hindbrain DAergic circuit that
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controls feeding through dynamic regulation in satiety response and meal structure.

INTRODUCTION

Feeding, an evolutionarily conserved process key to survival, is
orchestrated by multiplexed neural circuits in response to diverse
peripheral signals (1-3). Feeding behavior is composed of appeti-
tive feeding as characterized by seeking and approaching rewarding
stimuli such as food and consummatory feeding involving meal ini-
tiation, engagement, and satiation (4, 5). In particular, food satia-
tion is a critical process that governs the size and termination of a
meal (6, 7). Peripheral signals such as cholecystokinin and glucagon-
like peptide 1 elicit impact on satiation through the afferent vagus
nerve that, in turn, excites neurons within the nucleus of the solitary
tract (NTS) and parabrachial nucleus (PBN) of the hindbrain (8-10).
While emerging evidence suggests that the satiety-defeating over-
eating fundamentally contributes to weight gain and obesity (11),
the key neural circuits and neurotransmitter systems underlying food
satiation remain poorly understood.

The PBN, previously known for relaying taste, somatosensory,
and visceral signals to the forebrain, has an established critical role
in control of feeding, glucose metabolism, and body weight (12-17).
Some recent studies have shown that GABAergic projections from
the hypothalamic agouti-related peptide (AgRP) neurons to the PBN
are critical for transmitting hunger signals from the periphery (15).
Acute ablation of AgRP neurons or genetic disruption of their
GABA (y-aminobutyric acid) biosynthesis leads to anorexia and se-
vere weight loss (18, 19). This lethal phenotype can be rescued by
enhancing GABA4R signaling or by suppressing NMDAR (N-methyl-
D-aspartate receptor) signaling within the PBN during a critical
adaptation period (15, 16). The PBN is innervated densely by the
excitatory inputs from the NTS, which, in turns, receives serotoner-
gic afferents from the caudal raphe nuclei, forming a circuitry that
inhibits food intake (20). However, the circuitry mechanism as
to how the PBN neurons are involved in food satiation is not
yet known.
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Emerging evidence shows that dopaminergic (DA) neurons lo-
cated in the ventral tegmental area (VTA) are highly heterogeneous
in both their anatomical localization and functional significance (21-24).
Previous studies showed that the forebrain DA signaling system plays
a role in the control of food reward and food-conditioned stereo-
typic behavior (25-28). However, intra-nucleus accumbens (Acb)
infusion of either DRD1 agonist, DRD2 agonist, or DRD1/DRD2
antagonists fails to affect food intake (29), and DA depletion in the
forebrain or within the Acb does not affect appetitive taste reactivi-
ty for food (30). Genetic inactivation of DA transporter or injection
of amphetamine into the Acb, both resulting into DA release, fails
to enhance appetitive response to sucrose (31, 32). Chemogenetic
activation of the mesolimbic VT A— Acb circuit does not affect total
food intake (33). These studies implicate that the potential role of
the forebrain DA signaling on innate feeding behavior and body weight
control might be inadvertently masked or secondary to those ste-
reotypic responses (34). On the other hand, the DRD1 signaling is
distributed abundantly within the PBN, yet with no physiological
role established (35, 36). Systemic treatment of DRD1 agonist into
mice has been shown to suppress the feeding of palatable diets
(37, 38), whereas pretreatment with a DRD1 antagonist was suffi-
cient to block amphetamine-induced anorexia (39). Although these
studies implicated an inhibitory role of DA in control of feeding,
the mechanistic significance of the DAergic circuit in food satiation
remains poorly understood (4, 34, 40).

In this study, we revealed the functional role of a previously un-
identified DAergic neural circuit comprising of DAY"A neurons and
DRD1"*®N neurons on the control of consummatory feeding. We
examined the neural activities of DAV neurons during an integrated
eating bout. We observed notably enhanced neural activities of DAY
neurons immediately before the bout termination. Genetic inhibition
of these neurons prolonged the bout duration and led to an increase
in food intake. We further showed that enhanced neural activities of
DRD1""®N neurons are associated with meal termination. Last, we
tested and validated the hypothesis that methylphenidate (MPH)-
induced hypophagia and weight loss were mediated by the DRD1*2Y
signaling pathway. Our findings suggest that the neural circuit from
DA™ neurons to DRD1""®N neurons plays a critical role in the
suppression of consummatory feeding by governing food satiation.
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RESULTS

We found that the DAY™ axonal terminals were not only distributed
in several forebrain structures such as the Acb but were also shown
with high density within the lateral PBN (LPBN) (fig. S1). Using a
viral retrograde-tracing technique (Fig. 1A), our results showed
that ~50% of LPBN-projecting VT A neurons or Acb-projecting
VTA neurons are DA neurons (Fig. 1, B to E, and fig. S2). Most of
the VTA neurons projecting to the LPBN were located within the
caudal VTA (cVTA), which shows that the VTA neurons projecting
to the LPBN and Acb were two cohorts of nonoverlapping neurons
(Fig. 1, C to G, and fig. S2). These results reveal the existence of a
distinctive cVTA—LPBN neural circuit.

To examine the function of this neural circuit on controlling feed-
ing, we performed optogenetic stimulation of DAY"* axonal terminals
within the LPBN and Acb by expressing channelrhodopsin (ChR2)
in cVTA neurons and placing ﬁber—ogtic cannulae in the projection
areas. Photostimulation of the cVTA"*—LPBN circuit significantly
suppressed fasting-induced intake of chow diet while locomotive
activity remained intact (Fig. 1, H and J). In contrast, activation of
the VTAPA— Acb circuit significantly increased locomotive activity
without affecting feeding (Fig. 1, I and J). To perform more precise
manipulation of DAYTA=LPEN neyrons, we used a combinatorial
strategy (41) using retrograde CA V-Flp, which was injected into the
LPBN coupled with AAV9-C,,-F,,-ChR2-EYFP injected into the
cVTA of Slc6a3™ mice, permitting specific expression of ChR2
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within DAVT47PN heurons (Fig. 1K). In line with our retrograde-
tracing study, we found that DAVTA=LPBN neyrons expressing ChR2-
EYFP were mainly located within the cVTA (Fig. 1, L and M).
Optogenetic activation of these DAY ™A~ "BN neurons significantly
decreased food intake after a fast, without affecting locomotive ac-
tiVitX](Fig. 1, N and O), showing that a cohort of LPBN-projecting
DA“™ neurons inhibits feeding.

To functionally delineate the cVTAP*—LPBN neural circuit, we
injected a combination of AAV2-DIO-ChR2-GFP and AAV-CBA-
DIO-WGA-ZsGreen (transsynaptic tracer) into the cVTA of Sle6a3°™
mice (42, 43) to tag the LPBN neurons innervated by DA®™ neu-
rons (Fig. 2, A and B). Patch-clamp recording revealed that ZsGreen"
neurons within the LPBN received monosynaptic input from DAV
axonal terminals (Fig. 2, C to E). Most ZsGreen" neurons (92.3%)
were activated upon treatment of SKF81297, a selective DRD1
agonist (Fig. 2, F to H). Moreover, photostimulation of ChR2-
expressing DA terminals depolarized ~67% of postsynaptic LPBN
neurons in a reversible manner, which could be further blocked by
the selective DRD1 antagonist SCH23390 (Fig. 2, I to K). There
were ~37.5% of postsynaptic LPBN neurons recorded that did not
respond to the DRD1 antagonist, suggesting the existence of other
transmitter signaling pathways (e.g., glutamatergic). These elec-
trophysiological results demonstrate a monosynaptic connection
between DAV neurons and DRD1-expressing LPBN (DRD1MBYN)
neurons.
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Fig. 1. A subset of DA neurons projecting from the cVTA to the LPBN neurons control food intake. (A) Diagram shows retrograde-targeting DAV"A~"®N neurons and
DA'™~A® heyrons by unilateral injection of HSV-hEF Ta-mCherry into the LPBN and HSV-hEF Ta-EYFP into the Acb of WT mice. (B) The fluorescence in the local injection sites of
LPBN and Acb. Scale bars, 200 um. scp, superior cerebellar peduncle; aca, anterior commissure, anterior part. (C and D) Immunostaining of TH (blue) in the VTA. Scale bars
(Cand D), 200 um (left) and 100 um (right). IPR, interpeduncular nucleus, rostral subnucleus; RLi, rostral linear nucleus (midbrain). (E) Percentage of DA neurons (n=7 per group).
(F) Distribution of the DA neurons within unilateral VTA (n =6 per group). (G) The total neuron number (n =6 per group). (H to J) Refeeding and locomotion during and after 1 hour
of photostimulation of DA terminals within the LPBN or Acb in Slc6a3 mice with AAV2-DIO-ChR2-GFPvitus into the VTA (=9 per group; *P < 0.05). (K) Diagram showing injection of the
mixture of CAV-Flp and carboxylate-modified fluorescent microspheres (to show the injection site) into the LPBN, followed by injection of AAV9-Cy-Fon-ChR2-EYFP within
the cVTA of Slc6a3“"® mice. (L) Injection site of CAV-Flp within the LPBN. Scale bar, 200 um. (M) Retrograde-labeled ChR2 neurons (green) and anti-TH (red) within the cVTA. The
arrowheads indicate the colocalization of ChR2 and TH. Scale bar, 200 um. (N and O) Refeeding and locomotion during and after 1 hour of photostimulation of the cVTA (n=8
per group; *P < 0.05). Error bars represent means + SEM. Two-way ANOVA followed by Bonferroni post hoc test in (H), (1), (N), and (O); Wilcoxon signed-rank test in (J).
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Fig. 2. A subpopulation of DA neurons in the VTA innervate DRD1 neurons in the LPBN. (A) Patch-clamp recording in GFP-labeled DRD1-"EN neurons that are inner-

vated by ChR2-expressing DAY™ neurons. Slc6a3" mice were injected within the cVTA with AAV2-DIO-ChR2-GFP and AAV-CBA-DIO-WGA-ZsGreen. (B) Expression of GFP
within the cVTA and LPBN. Scale bars, 150 um. (C) Representative trace of LPBN neurons before and after photostimulation. (D and E) The response of EPSCs recorded
from an LPBN neuron (D) and group data (E) upon photostimulation with or without pretreatment of TTX + 4AP. (F and G) Representative traces (F) and statistical analysis
of membrane potential (Vm) (G) from LPBN neuron treated with SKF81297 (n = 1in the unchanged group and n =12 in the activation group. (H) Total neurons recorded
in (G) (12 DRD1"BN neurons identified from 13 recorded neurons). (I and J) Representative traces () and statistical analysis of Vm (J) from LPBN neurons before and after
photostimulation into the LPBN, without or with a pretreatment of SCH23390, a selective DRD1 antagonist (n = 8 in the optogenetic activated group and n =5 in the DRD1
blocker group; *P < 0.05; paired t test). (K) Percentage of recorded neurons depolarized by photostimulation in the presence of SCH23390. The blue-colored bar stands
for the eight activated DRD1 neurons by photostimulation, and the red-colored bar stands for the five inhibited neurons by the DRD1 antagonist. Error bars represent

means + SEM.

We examined how DA™ neurons contribute to a complete

meal episode that was composed of eight or more feeding bouts
(B1 to B8), whereby each feeding bout is composed of foraging (S1),
prebout (S2), initiation (S3), engagement (S4), pretermination (S5),
and interbout (S6) stages (fig. S3). Through optrode recording
in vivo (Fig. 3A and fig. $4, A to C), putative DA neurons were iden-
tified by a basal firing rate of <10.0 Hz and spike width of >1.5 ms
(fig. S4D) (44, 45). We isolated ChR2-expressing DA™ neurons
that exhibited reliable light-evoked responses, indicating that these
neurons projected to the LPBN (putative DAY TA~LPEN) (fig. S5) (46).
The amount of food intake per each bout showed a gradual de-
crease from B1 to B8 in the first eight bouts of a meal (Fig. 3B).
Meanwhile, the DAVTA7EPEN heyrons that were optogenetically
activated, but not those that failed responding to photostimulation
(ie., DAVTA=Ohers hoyrons), exhibited a progressive and significant
increase in firing rate during S5 of each feeding bout that ultimately
reached the peak level in B8 before the termination of a complete
meal (Fig. 3, C to H). Thus, S5 was defined as a stage when the neu-
ral firing of DAVTA™IPEN heyrons rose to twofolds of the basic fir-
ing rate (Fig. 3G). Furthermore, statistical analyses of the spike rate
indicated that putative DA A~"®N neurons displayed enhanced
neuronal activity during S3 to S6 and a peak of activity (=12 Hz) in
S5 (Fig. 3I). The probability of termination of feeding was highly
correlated with the duration of high-firing activity in S5, indicating
that hyperactivity of putative DAVTA=LPBN peyrons during S5 was
critical for meal cessation (Fig. 3]).

Han etal., Sci. Adv. 2021; 7 : eabf8719 26 May 2021

To further characterize the physiological role of DAY TA~1PEN

neurons in the context of meal cessation, we simultaneously treated
Slc6a3"™ mice with retrograde CA V-Flp injected into the LPBN and
AAV9-Cyy-Fyy-ChR2-EYFP and AAV9-C,,,-F,,-NpHR3.3-EYFP into
the cVTA, thereby allowing expression of ChR2 and NPHR3.3
within DASVTA=IPEN peurons (Fig. 3K). As before, DACVIA-LIPEN
neurons were identified with the capacity to be photostimulated by
ChR2 or photoinhibited by NpHR3.3 (fig. S6). To manipulate the
activity of DAY~ MBN heurons during the S5 stage, we programmed
the pulse generator to exert photoinhibition based on the real-time
monitor of firing rates from DAY A~ BN heyurons. To suppress the
activity of DA TA7IPBN heurons during S5, the inhibitory opsin
was activated in the cVTA 3 s after entering S5 (Fig. 3L). Optogenetic
inhibition of DA™~ N neurons during S5 significantly decreased
the probability of meal termination and significantly prolonged bout
duration (Fig. 3, M and N). The increase in food intake was strongly
associated with the duration of optogenetic inhibition in S5 (Fig. 30).
These results demonstrate that the DA TA~"5N neurons play a
pivotal role in the control of the satiation response to food.
Infusion of the DRD1-selective agonists SKF38393 or SKF81297
into the LPBN suppressed food intake in mice after a fast (Fig. 4A
and fig. S7). In contrast, administration of SKF81297 into the two
brain regions close to the PBN, the laterodorsal tegmental nucleus
(LDTg) or the supratrigeminal nucleus (Su5), had no effect on
food intake (fig. S8). Chemogenetic activation of the DRD1"*2N
neurons by intraperitoneal injection of clozapine N-oxide (CNO)
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Fig. 3. The LPBN-projecting DA®™ neurons encode meal termination. (A) Optrode recording of VTA neurons projecting to the LPBN by injection of CAV-Cre into the
LPBN, followed by AAV2-DIO-ChR2-GFP into the cVTA with the drive implantation above the cVTA. (B) Per bout food intake in meals composed of eight or more feeding
bouts (n =9 per group). (C) The normalized firing rate of putative DA neurons during S5 in each bout (n=9 per group). (D) Representative firing raster from DA neurons
during B8in the isolated meals. (E to G) The firing rate and normalized firing rate of DA neurons during B8in the isolated meals (n =7 per group; *P < 0.05). (H) The per-
centage of DA neurons in all recorded neurons (7 DAVTA=LPBN hatirons identified from 53 recorded neurons). (I) The distribution of spike numbers of DA neurons during
B8. (J) The relationship between the probability of meal termination and duration of high-frequency firing of DA%™~"8N neurons in S5. (K) Optrode recording of
DAVTALPEN haurons by injection of CAV-Fip into the LPBN, followed by injection of AAV9-Con-Fon-ChR2-EYFP and AAV9-Con-For-NpHR3.3-EYFP within the cVTA with the
drive implantation above the cVTA of Slc6a3" mice. (L) Representative firing raster (top) and normalized firing rate from seven DA“™~PEN heyrons and seven non-opto-
tagged DA neurons. (M) The relationship between the probability of meal termination and duration of inhibition of DA®™8N neyrons in S5 of B8 (n=7 per group;
*P < 0.05). (N) The bout duration under inhibition of DAYTA~"8N heurons in S5 (n=9 per group; *P < 0.05; unpaired t test). (O) The correlation analysis between induced
food intake and duration of inhibition (n =6 per group, nonlinear regression). Error bars represent means + SEM. Two-way ANOVA followed by Bonferroni post hoc test

was used in (E) to (G) and (M).

30 min before a feeding assay also reduced food intake after a fast
(Fig. 4, B and C, and figs. S9 and S10), while chemogenetic silencing
of DRD1M®YN neurons enhanced food intake (Fig. 4D). These
chemogenetic manipulations of DRD1"*®N neuronal activity had
no effect on locomotion activity (Fig. 4E).

To examine whether DrdI signaling contributes to feeding and
body weight control, we inactivated the receptors by bilateral injection
of AAV2-CreGFP into the LPBN of Drd 1/ mice (Fig. 4F and fig. S11).
This treatment led to a significant and progressive increase in food
intake and body weight, without affecting locomotion (Fig. 4, G to]).
Deletion of Drd1 within the LPBN affected multiple aspects of con-
summatory feeding, including a significant increase in cumulative food
intake, bout numbers, time in bouts and meals, and average meal size,
without affecting meal numbers (Fig. 4, K to Q). These data reveal

Han etal., Sci. Adv. 2021; 7 : eabf8719 26 May 2021

that DRD1™*®N signaling regulates food intake through meal size
and duration.

We investigated the real-time firing characteristics of DRD1
neurons in vivo throughout a complete feeding bout by expressing
ChR2 in genetically identified DRD1 neurons and inserting an optrode.
We isolated ChR2-expressing DRD1*®N neurons that exhibited reliable
light-evoked responses, indicating that these neurons were DRD1"*EN
neurons (fig. $12). DRD1"*®N neurons were activated by applying
20-Hz laser pulses, while non-DRD1 neurons were unaffected (Fig. 4R).
Compared to other recorded LPBN neurons, the DRD1*®N neurons
fired at significantly higher rates during S5, which is consistent with the
peak activity of afferent DAY ™4~ N neurons during S5 (Fig. 4,S to V).

MPH is a clinically approved medication for the mitigation of
attention deficit hyperactivity disorder (ADHD) and narcolepsy by

LPBN
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Fig. 4. The DRD1'"®N signaling regulates consummatory feeding by increasing firing rate before meal cessation. (A) Refeeding test after bilateral infusion of the
selective DRD1 agonist SKF38393 (1 ug per side) or SKF81297 (0.5 ug per side) into the LPBN (n =7 per group; *P < 0.05, saline versus SKF38393; #P < 0.05, saline versus
SKF81297; two-way ANOVA followed by Bonferroni post hoc test). (B) Chemogenetic manipulation of DRD1 PN heurons by injection of AAV2-DIO-hM3Dgq-mCherry or
AAV2-DIO-hM4Di-mCherry within the LPBN of Drd1"® mice. (C to E) Food intake and locomotion with CNO (0.1 mg/kg, ip) (n=8 per group; *P < 0.05; two-way ANOVA
followed by Bonferroni post hoc test). (F) Injection of AAV2-CreGFP within the LPBN of Drd 1/ mice. (G to J) Food intake (G), body weight (H), refeeding (1), and locomo-
tor activity (J) (n =8 per group; *P < 0.05; two-way ANOVA followed by Bonferroni post hoc test). (K to Q) Cumulative food intake (K) and meal structure analysis (L to Q)
[n = 8 per group; *P < 0.05; two-way ANOVA followed by Bonferroni post hoc test (K) and unpaired t test (L to Q)]. (R) Firing rate of representative DRD1 neurons in Drd 1"
mice with an injection of AAV2-DIO-ChR2-GFP into the LPBN and implantation of optrode above the LPBN (n = 12 trials from 12 DRD1"®" neurons and n = 15 trials from
15 non-DRD1-"EN neurons). (S to U) The firing rate and normalized firing rate of DRD1 neurons during B8 in the isolated meals [n =12 per group in (U); *P < 0.05; two-way
ANOVA followed by Bonferroni post hoc test]. (V) The percentage of DRD1-"8N neurons and non-DRD1-"BN neurons of all recorded neurons (12 DRD1-"BN neurons identi-
fied from 57 recorded neurons). Error bars represent means + SEM.

blocking dopamine and norepinephrine reuptake in the forebrain  and weight loss in a progressive manner with an eventual reversion
(47). The anorexigenic effect of MPH was notable in clinical studies,  to hyperphagia and normalized body weight (Fig. 5, H to J). These
although there has yet to be any knowledge of its cellular targets or  results indicate that MPH suppresses feedlng and causes weight loss
its underlying neural mechanism (48). To determine whether MPH by acting through this cVTAP*—LPBNP*P! pathway.

regulates feeding through this cVTA—LPBN neural circuit, the Electrophysiological recordings in vivo showed that MPH sig-
LPBN-projecting VTA neurons were ablated by targeted expression  nificantly increased the firing rate of DRD1***N neurons through-
of caspase-3 (fig. S13A). Immunostaining showed the DAVTA=IPBN oyt 3 feeding bout with the strongest elevation of firing rate in S5 as
neurons were effectively ablated (fig. $13, B to D). Ablation of these ~ compared to non-DRD1"**N neurons (Fig. 5, K to M) These results
neurons enhanced food intake and led to a 20% increase in body indicate that the DA transmission onto the DRDlLP neurons un-
weight 4 weeks after viral transduction (Fig. 5, A to C). Administra-  derlies the feeding and body weight control by MPH. Furthermore,
tion of MPH caused a significant reduction in food intake and body =~ microinjection of MPH into the PBN potently inhibited feeding on
weight, which was prevented by the ablation of VTA neurons pro-  high-fat diet (HFD) and abolished HFD-induced obesity (Fig. 5, N to P).
jecting to the LPBN (Fig. 5, A to C). Consistently, chronic inactiva-  Together, these results suggest that MPH promotes a satiety re-
tion of the cVTADA—>LPBN neural circuit abolished MPH-induced  sponse to HFD, thereby eliminating hyperphagia and obesit z
hypophagia and loss of body weight (Fig. 5, D to G). Genetic inacti- augmenting DAergic transmission within the cVTAP*—LPBNPRP!
vation of DrdI within the LPBN abrogated MPH-induced hypophagia  circuit.
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Fig. 5. MPH mediates hypophagia and body weight loss through the cVTAPA LPBNPRP! circuit. (A to C) Food intake (A), body weight (B), and refeeding (C) with an
injection of CAV-Cre into the LPBN and AAV2-DIO-Casp3 into the cVTA with or without MPH (1.25 mg/kg, ip) (n =12 per group; *P < 0.05, vehicle versus MPH; #P < 0.05,
vehicle versus Casp3; $P > 0.05, Casp3 versus Casp3 + MPH). (D) Diagram showing chronic infusion of CNO into the LPBN by the osmotic minipump in Slc6a3“ mice after
an injection of AAV2-DIO-hM4Di-mCherry into the cVTA with or without MPH (intraperitoneally). (E to G) Food intake (E), body weight (F), and feeding test in ad lib fed mice
(G) (n =8 per group; *P < 0.05, vehicle versus CNO; #P > 0.05, CNO versus CNO + MPH). (H to J) Food intake (H), body weight (1), and refeeding test (J) with or without MPH
(intraperitoneally) in Drd 1"/ mice with AAV2-CreGFP into the LPBN (n=8 per group; *P < 0.05, vehicle + vehicle versus vehicle + MPH; #P < 0.05, vehicle + vehicle versus
AAV-Cre + vehicle; P > 0.05, AAV-Cre + vehicle versus AAV-Cre + MPH). (K to M) Representative firing raster (K) and firing rate (L and M) from DRD1 during B8 in the isolat-
ed meals by in vivo optrode-based recording with or without MPH (intraperitoneally) (n = 12 per group; *P < 0.05). (N to P) Food intake (N), body weight (O), and refeeding
test (P) with or without MPH into the LPBN in mice fed with HFD (n = 12 per group; *P < 0.05). (Q) A subset of DA™ neurons send DA projections to DRD1 LPBN heurons in
the brainstem to reinforce meal satiety and reduce consummatory feeding, through which MPH exerts anti-obesity effects. Error bars represent means + SEM. Two-way
ANOVA followed by Bonferroni post hoc test was used in (A) to (C), (E) to (J), and (L) to (P).

DISCUSSION meal termination, prolong bout duration, and increase food intake.
Here, we showed that a subpopulation of DA neurons within the ~ Consistently, postsynaptic DRD1**®N neurons suppress feeding by
CVTA elicits precise control of bout duration and meal termination ~ governing the meal termination response. In contrast to the CGRP*®N
by acting through hindbrain DRD1"*®N si%naling (Fig. 5Q). Our  neurons playing a role in control of adverse feeding (12), we demonstrated
present studies established that these DA' "™ neurons and their ~a previously unknown physiological role of DRD1"**N neurons in
postsynaptic DRD1"®N neurons organize a functional neural cir-  the regulation of the satiety response during consummatory feed-
cuit where DAY™~IPEN neurons suppress consummatory feeding  ing. Our results further suggested that the DRD1*®N signaling
by showing robustly enhanced neural activities immediately before  pathway centrally mediates the hypoghagic effect of MPH. Overall,
the termination of a feeding bout. Optogenetic inhibition of our study indicated that the cVTAP*—LPBNP*P! neural circuit,
DAVTAIPEN peurons is sufficient to decrease the probability of — functionally segregated from other DA circuits, plays a pivotal
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role in control of consummatory feeding by reinforcing the satia-
tion response, thereby effectively reducing total food intake and
body weight.

To reveal the anatomical structure of this DA circuit, we used a
herpes simplex virus (HSV)-based retroggade-tracing method. Our
results showed a total of ~500 DAY™*~A® neurons in the unilateral
side, which is consistent with a previous DA circuit mapping study
(49). Comparably, we observed ~300 DAY™ neurons in the uni-
lateral side that sent projections to the LPBN, suggesting that
DA“VTAIPEN b eurons account for a sizable population of the DAY ™
neurons. Furthermore, our results showed that most of the DA neu-
rons that project to the PBN are located within the caudal region of
the VTA. While the DAY™ neurons do innervate D2R neurons in
the Acb, our electrophysiological recording and behavioral data
indicated that the D1R signaling within the VTA—PBN pathway
contributes to the regulation of meal satiation and consummatory
feeding (50, 51). Although we observed that the LPBN neurons
received direct, monosynaptic, DAergic innervations from the VTA,
whether glutamate co-releases from DA"™ neurons onto the PBN
target neurons and whether the glutamate" " signaling plays a role
in control of meal satiation need further investigation. In our study,
optogenetic activation of DAV™PBN neyrons was sufficient to
suppress feeding but not affect locomotion, whereas activation of
DA T4 peurons enhanced locomotion without obvious effects
on feeding (33, 52, 53). These results suggest that the DAY'* neurons
projecting to the LPBN and ACD are anatomically and functionally
segregated.

We detected notably enhanced activities of the DAY TA7PEN pey
rons in response to consummatory feeding. In our electrophysio-
logical recording, we observed that more than 65% of meals contain
eight or more feeding bouts. Hence, to reveal the significance of
DA“VTALPEN heurons in contribution to the satiation response in a
typical meal, the electrophysiological data from those meals that
comprised of eight or more bouts were isolated. Our results showed
that the firing rate in S5 was progressively increased from B1 and
reached the peak level in the B8 (Fig. 3C). We further characterized
the firing activities of DAV neurons (LPBN-projecting versus
others) during B8 where each behaviorally defined feeding stage
lasted no less than 10 s (Fig. 3, D to J). Nevertheless, the neuronal
firing activities of this DAergic circuit in response to meals that
contain either fewer than eight bouts or with any stage shorter than
10 s need further investigation. Our results strongly suggested that,
for a typical meal, the DA ™~PBN neurons exhibited obviously
elevated activity before the meal termination. Moreover, optogenetic
inhibition of DA<VTA~IPEN heurons resulted in a robustly reduced
probability of meal termination. On the basis of these studies, we
conclude that the LPBN-projecting DA neurons, but not other DA
neurons, play a vital role in encoding meal satiation.

We functionally characterized a unique group of DRD1 neurons
within the PBN. Chemogenetic activation of the DRD1**®N neurons
reduced food intake, while silencing of DRD1"*®N neurons played
an exact opposite role. However, manipulation of DRD1***N neuronal
activity had no effect on locomotion activity. Genetic deletion of
Drdl signaling within the LPBN promoted food intake through
robustly increasing meal size and duration. Electrophysiological
recording results implicated that the DRD1*®N neurons fired at
significantly higher rates during the pretermination stage of the
feeding bout. Therefore, we conclude that postsynaptic DRD1""*N
neurons play a role in DAY™-mediated control of food satiation.

Han etal., Sci. Adv. 2021; 7 : eabf8719 26 May 2021

Clinical application of MPH in the treatment of ADHD reliably
exhibits a reduced appetite and weight loss. We revealed that MPH
suppresses feeding and body weight by stren%thening the DAergic
neural activity within the cVTAP*SLPBN"*P! circuit, a new per-
spective that endorses a potential off-label application of a class of
MPH and derivatives in tackling obesity and the future development
of circuitry-based precision medicine that can deliver higher safety
and effectiveness.

MATERIALS AND METHODS

Animals

All animal care and experimental procedures were approved by the
Institutional Animal Care and Use Committees at Baylor College of
Medicine (protocol #AN-6598). Mice used for data collection were
at least 8 weeks old males and kept in temperature- and humidity-
controlled rooms, in a 12-hour light/12-hour dark cycle, with lights
on from 7:00 a.m. to 7:00 p.m. Health status was normal for all
animals. Slc6a3“"™ mice (stock no: 006660 in The Jackson Laboratory)
(54), Drd1°™ mice (stock no: 37156-JAX in MMRRC) (55), and
Drd1"* mice (stock no: 025700 in The Jackson Laboratory) (56)
were produced as previously described. All mice are on a C57Bl/6
background with at least eight generations backcrossed.

General surgical procedures

All the mice with brain surgery performed were provided the same
preoperative and postoperative care. In all cases, for preoperative
analgesia, buprenorphine (1.0 mg/kg, sc; 1 hour before the start of
anesthesia) was administered. Animals were anesthetized with ~2%
isoflurane anesthesia and placed on a stereotaxic frame (David Kopf,
Tujunga, CA). A line block of local anesthetics (50/50 mix of lidocaine
and bupivicaine in 1:20 dilution) (0.1 ml/25 g of mouse) was made
before making an incision. For postoperative analgesia, buprenorphine
(1.0 mg/kg, sc) was administered once 72 hours after surgery. All
surgeries were performed having the animals placed on a heating
pad and allowed to recover in a heating cage until they chose to reside
in the unheated side of the cage.

Stereotaxic viral injections

After anesthetization, a circular craniotomy was drilled at the loca-
tion per different experiments. In all experiments, virus was loaded
into a needle (Hamilton Small Hub RN 33-gauge, Reno, NV) con-
nected with a 10-pl syringe (Hamilton 700 Microliter, Reno, NV).
Injections were performed with an Ultra MicroPump (World Precision
Instruments, Sarasota, FL) and Micro4 controller (Heidenhain
Corporation, Schaumburg, IL), at a rate of 0.1 ul/min. For adeno-
associated virus (AAV), a total of 0.5-ul volume was delivered into
brain regions. For CAV and HSV, a total of 0.2 ul was delivered into
the LPBN or Acb. The relevant stereotaxic coordinates for the injec-
tions are described in the following according to a standardized atlas
of the mouse brain (57). To target the cVTA, the coordinates
used were as follows: anteroposterior (AP), —3.52 mm; mediolater-
al (ML), £0.4 mm; dorsoventral (DV), —4.3 mm; the viral aliquots
[AAV2-hSyn-DIO-hM3D(Gq)-mCherry, AAV2-hSyn-DIO-hM4D(Gi)-
mCherry, and AAV2-EF1a-DIO-hChR2(E123T/T159C)-GFP from
UNC were used and diluted to a final working titer of 7 x 10*
viral genomes/ml; AAV9-Con-Fon-ChR2-EYFP and AAV9-Con-
Fon-NpHR3.3-EYFP were synthesized by GenScript, Piscataway, NJ,
USA, and packaged by the Optogenetics and Viral Design/Expression
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Core at Baylor College of Medicine and diluted to a final working
titer of 3.6 x 10 viral genomes/ml; AAV9-DIO-WGA-zsGreen
was packaged by the Optogenetics and Viral Design/Expression
Core at Baylor College of Medicine and diluted to a final working
titer of 3.8 x 10'* viral genomes/ml; AAV2-Flex-taCasp3-TEVP
from UNC was used and diluted to a final working titer of 1.8 x
10'2 viral genomes/ml] were used for injection. To target the LPBN,
the coordinates used were as follows: AP, —=5.20 mm; ML, +1.3 mm;
DV, -3.4 mm; the viral aliquots [CAV-Cre and CAV-Flp from
CNRS were used and diluted to a final working titer of 4.4 x 10
and 9.3 x 10'? viral genomes/ml; AAV2-hSyn-DIO-hM3D(Ggq)-
mCherry, AAV2-hSyn-DIO-hM4D(Gi)-mCherry; AAV2-GFP, and
AAV2-CreGFP were packaged by the Optogenetics and Viral Design/
Expression Core at Baylor College of Medicine and diluted to a final
working titer of 5 x 10'* viral genomes/ml; HSV hEF1a-mCherry
from Harvard] were respectively injected. To target the Acb, the co-
ordinates used were as follows: AP, +1.10 mm; ML, +£0.85 mm;
DV, —4.6 mm; the viral aliquots (HSV hEF10-EYFP from Harvard)
were injected.

Double retrograde labeling

For the HSV tracing, HSV hEF1a-EYFP and HSV hEFlo-mCherry
were unilaterally injected into the Acb and LPBN, respectively, in
wild-type (WT) mice. The whole VTA, PBN, and Acb were sectioned
with 20 pm thickness by a microtome (Thermo Fisher Scientific,
Waltham, MA). The fluorescent images of green fluorescent protein
(GFP) and mCherry neurons along the rostral to caudal axis of
the VTA were obtained by an Axio Observer microscope (Zeiss,
Thornwood, NY) and further analyzed using Image]J software
[National Institutes of Health (NIH)].

Ablation of DA“™ neurons projecting to the LPBN

To ablate DAV neurons, WT mice were bilaterally injected with
CAV-Cre into the LPBN, and Cre-inducible AAV expressing
caspase-3 (AAV2-Flex-taCasp3-TEVP) was injected within the cVTA.
Twenty-eight days after injection, the mice were euthanized, and
the brain was harvested. The whole VT A was sectioned with 20 um
thickness by a microtome (Thermo Fisher Scientific, Waltham, MA).
Immunostaining for TH (tyrosine hydroxylase) was performed in
all VTA sections. Fluorescent images of Cy3-labeled TH neurons
along the rostral to caudal axis of the VTA were obtained by an
Axio Observer microscope (Zeiss, Thornwood, NY) and further
analyzed using Image]J software (NIH) in which Abercrombie’s cor-
rection of overcounting of profiles in sections was applied (58).

Optogenetics

For in vivo optogenetic stimulation, the optic fiber was assembled
as described following the protocol (59). Briefly, the optical fiber
(outer diameter, 250 um; core diameter, 105 um; numerical aperture,
0.22; FG105LCA, Thorlabs, Newton, NJ) was cut into small pieces
(25 mm length) using a high-precision fiber cleaver (XL411, Thorlabs,
Newton, NJ). The optical fiber was glued with a ceramic ferrule (inner
diameter, 230 pm; Kientec System, Stuart, FL) and polished. To target
the LPBN, the optical fiber was installed on the holder and guided
into the coordinate (AP, —5.20 mm; ML, 1.3 mm; DV, —3.2 mm).
To target the Acb, the optical fiber was inserted with the follow-
ing coordinates: AP, +1.1 mm; ML, +0.85 mm; DV, —4.4 mm. To
perform the photostimulation, the optical fiber was connected to
Spectralynx (Neuralynx Inc., USA) through a patch cable. For the

Han etal., Sci. Adv. 2021; 7 : eabf8719 26 May 2021

food intake measurement, the blue light was shed into the LPBN or
Acb at 20 Hz with a 10-ms pulse for 1 hour. The power of laser
(0.5 to 1.2 mW) was calculated by an optical power meter (PM100D,
Thorlabs, Newton, NJ) before each experiment.

For in vitro optogenetics, an optical fiber (200 um diameter) was
coupled to a 473-nm solid-state laser diode. The fiber was passed
through a stainless-steel tube (inner diameter, 250 pm; outer diameter,
480 um) and bonded to the tube with glue. The tip of the fiber was
trimmed and polished, submerged in artificial cerebrospinal fluid
(aCSF), and placed above the LPBN. The blue light was controlled
by a pulse stimulator. The blue light pulses (20 Hz, 10 ms per pulse)
were shed onto the ChR2-expressing DA axonal fibers within the
LPBN or ChR2-GFP-labeled LPBN neurons. The power of the laser
(0.5 to 1.2 mW) was measured by a power meter (PM100D, Thorlabs,
Newton, NJ) before experiments. To perform the photoinhibition,
the optical fiber was connected to Spectralynx (Neuralynx Inc., USA)
through a patch cable. The continuous yellow illumination (589 nm)
was shed into the cVTA. The power of yellow light that we applied
was 0.8 mW at the tip of the fiber, which was calculated by an optical
power meter (PM100D, Thorlabs, Newton, NJ) before each experiment.

Drug administration

The mice received a general administration of CNO intraperitoneally
ata dose of 0.1 mg/kg 30 min before feeding assay. The guide cannula
(23-gauge steel, Plastics One) was used for infusing MPH, SFK38393,
or SKF81297 into the LPBN or infusing SKF81297 into the LDTg or
Su5. A circular craniotomy (diameter, 0.5 mm) was drilled at the
locations of the LPBN, LDTg, or Su5. The guide cannula was installed
on the holder and guided into the target brain region. To deliver the
drug, the internal cannula was inserted onto the top of the guide
cannula and extended below the guide cannula at 0.5 mm. To target
the LPBN, the cannula was implanted within the LPBN with the
following coordinates: AP, 5.2 mm; ML, £1.3 mm; DV, —2.9 mm. To
target the LDTg, the cannula was implanted within the LDTg with the
following coordinates: AP, —5.02 mm; ML, £0.7 mm; DV, 2.9 mm.
To target the Su5, the cannula was implanted within the Su5 with
the following coordinates: AP, —5.02 mm; ML, £1.4 mm; DV,
4.0 mm. For some experiments, MPH (2 pg per side; Spectrum
Chemical, New Brunswick, NJ), SKF38393 (1 ug per side; Tocris
Bioscience, Minneapolis, MN), or SKF81297 (0.5 ug per side; Tocris
Bioscience, Minneapolis, MN) was infused intracranially. For the
experiments of systemic administration of MPH, the MPH was
intraperitoneally injected with a dose of 1.25 mg/kg.

To chronically deliver CNO into the LPBN, a cannula was
implanted within the LPBN, and an Alzet 14-day minipump (model
1002, Durect, Cupertino, CA) was used in this study. The minipump
that dispensed at a speed of 0.25 pl/hour was loaded with 100 pl of
CNO (0.12 pg/ml in saline; Enzo Life Sciences, Farmingdale, NY)
and was implanted subcutaneously on the back of anesthetized mice
for 14 days.

Food intake

For the acute feeding studies, food intake was measured (from the
start of the “lights off” cycle, 6:00 p.m. to 7:00 p.m.) 1 hour during
and after 1 hour of photostimulation with chow diet (5V5R, LabDiet,
St. Louis, MO). For the refeeding test, food intake (1, 2, and 4 hours)
was monitored from 12:00 p.m. to 4:00 p.m. with chow diet after
18 hours of fasting from 6:00 p.m. to 12:00 p.m. The food intake
(1, 2, and 4 hours) in well-fed mice was monitored from 6:00 p.m.
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to 10:00 p.m. with chow diet. The acute feeding and refeeding test
were performed 3 weeks after virus injection. For the chronic feeding
studies, food intake and body weight were measured daily between
9:00 a.m. and 10:00 a.m. for up to 4 weeks.

To study meal structure, the BioDAQ (Research Diets, NJ) was
used 4 weeks after viral injection. Mice were habituated to BiloDAQ
cages for at least 10 days before feeding recordings. Feeding records
were analyzed using BioDAQ Viewer (software v.2.3.07). A meal
was defined if the food ingested in a bout feeding was >0.02 g and if
it was separated from another meal by >5 min.

Feeding bouts were isolated by an interbout interval of 5 s, and
meals consisted of one or more bouts separated by an intermeal
interval of 5 min (60, 61). A typical meal consists of ~8 bouts, and a
single feeding bout is divided into six stages: foraging stage (S1);
prebout stage (52), 10 s before ingestion begins; initiation stage (S3),
10 s after ingestion begins; engagement stage (S4); pretermination
stage (S5), 10 s before bout cessation; interbout stage (S6). The S1 to
S6 stages were determined by the location of mice in the cage and
the time spent in a specific arena (fig. S2B). The S1 to S6 stages
(10 s per stage) were extracted from an integrated meal. The record-
ing data from the bouts with all the stages lasting 10 s or more were
extracted and binned to 10 s for presentation and statistical analysis,
while those bouts with any of the stages lasting less than 10 s were
discarded. An automated video-tracking system (EthoVision by
Noldus) was used to track animals. Specifically, the home cage was
divided into three arenas. The food was located on the middle of
one side that was defined as a food zone. The size of the premeal zone
(half circle, ~5 cm diameter) was adopted as half of the body length
so as to match the center-point detection method. The reminder
region in the home cage was defined as the foraging zone.

Measurement of locomotor activities

To assess locomotor activity, animals were gently removed from the
home cage and placed singly into an open-field arena [Plexiglas cage,
50 cm (length) by 50 cm (width) by 40 cm (height)] 3 weeks after
virus injection. An automated video-tracking system (EthoVision
by Noldus) was used to track multiple subjects simultaneously. After
the experiment, we gently returned each mouse to the respective
home cage. To avoid olfactory cues, the arena (usually 50% ethanol)
was carefully wiped after every running. The distance traveled within
the chamber during a session of 5 min was calculated.

In vitro electrophysiology

The brains of adult mice were sectioned in coronal plane (250 to
300 um). The brains and slices were handled and kept in aCSF as
described recently (62). Animals were subjected to anesthesia, and
the handling protocol of the local committee was followed. In most
cases, we have used the same mouse first for the in vivo experiments
and immediately after for combined electrophysiology and opto-
genetics in vitro to minimize the number of mice. Mice were deeply
anesthetized with isoflurane and transcardially perfused with a
modified ice-cold sucrose-based cutting solution (pH 7.3) containing
10 mM NaCl, 25 mM NaHCOs3, 195 mM sucrose, 5 mM glucose,
2.5 mM K(l, 1.25 mM sodium phosphate buffer, 2 mM Na-pyruvate,
0.5 mM CacCl,, and 7 mM MgCl,, bubbled continuously with
95% O3 and 5% CO,, The mice were then decapitated, and the entire
brain was removed and immediately submerged in the cutting solu-
tion. Slices were cut with a Microm HM 650V vibratome (Thermo
Fisher Scientific). Slices containing the PBN were recovered for
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1 hour at 34°C and then maintained at room temperature (RT) in
aCSF (pH 7.3) containing 126 mM NaCl, 2.5 mM KCl, 2.4 mM CaCl,,
1.2 mM sodium phosphate buffer, 1.2 mM MgCl,, 11.1 mM glucose,
and 21.4 mM NaHCQO3, saturated with 95% O, and 5% CO, before
recording. Slices were transferred to a recording chamber and allowed
to equilibrate for at least 10 min before recording. The slices were
superfused at 34°C in oxygenated aCSF at a flow rate of 1.8 to 2 ml/min.
GFP- or mCherry-labeled neurons in the LPBN were visualized
using epifluorescence and infrared differential interference contrast
imaging on an upright microscope (Eclipse FN-1, Nikon) equipped
with a moveable stage (MP-285, Sutter Instrument). Patch pipettes
with resistances of 3 to 5 megohms were filled with intracellular
solution (pH 7.3) containing 128 mM K-gluconate, 10 mM KCl,
10 mM Hepes, 0.1 mM EGTA, 2 mM MgCl,, 0.05 mM Na-GTP,
and 0.05 mM Mg-ATP. Recordings were made using a MultiClamp
700B amplifier (Axon Instruments), sampled using Digidata 1440A,
and analyzed offline with pClamp 10.3 software (Axon Instruments).
Series resistance was monitored during the recording, and the values
were generally <10 megohms and were not compensated. The liquid
junction potential was +12.5 mV and was corrected after the exper-
iment. Data were excluded if the series resistance increased markedly
during the experiment or without overshoot for action potential.
Currents were amplified, filtered at 1 kHz, and digitized at 20 kHz.
Current clamp was engaged to test neural firing frequency and rest-
ing membrane potential (Vm) at the baseline. The aCSF solution
contained 1 pM tetrodotoxin (TTX) and a cocktail of fast synaptic
inhibitors, AP-5 (30 uM; an NMDAR antagonist) and CNQX (30 uM;
an AMPA receptor antagonist), to block most of the presynaptic
inputs. For the light-evoked excitatory postsynaptic current (EPSC)
recordings, the internal recording solution contained 125 mM
CsCH3S03, 10 mM CsCl, 5 mM NaCl, 2 mM MgCl,, 1 mM EGTA,
10 mM Hepes, 5 mM (Mg)ATP, and 0.3 mM (Na)GTP (pH 7.3 with
NaOH). mEPSC within the LPBN neurons was measured in the
voltage clamp mode with a holding potential of —-60 mV in the pres-
ence of 1 uM TTX and 50 pM bicuculline. 4AP (4-aminopyridine)
and TTX were used to confirm the evoked EPSC currents are
monosynaptic currents. Depolarization was defined as a >2-mV
increase of the resting membrane potential, whereas hyperpolarization
was defined as a >2-mV decrease of the resting membrane potential;
values between a 2-mV decrease and a 2-mV increase were defined
as “unchanged” (63).

In vivo tetrode recording

We used the microdrive model that enabled delivery of the laser or
drug into the brain and recorded neural activities simultaneously
(64, 65). The microdrives were modified on the basis of tetrode
microdrives from Neuralynx, which were loaded with one optic fiber
in the center and seven nichrome tetrodes consisting of four thin
wires twined together (Stablohm 675, California Fine Wire Co., Grover
Beach, CA). The optic fiber was positioned 0.1 mm from the tetrode
and was glued to the middle of the bundle of tetrodes. Tetrode tips
were gold-plated to reduce impedance to 0.3 to 0.4 M (tested at
1 kHz). The microdrive was implanted into the cVTA in Slc6a3"™
mice with an injection of CAV-Flp within the LPBN and an injection
of AAV-Con-Fon-ChR2-EYFP and AAV-Con-Fon-NpHR3.3-EYFP
within the cVTA. After recovery from microdrive implantation, the
mouse was connected to a 32-channel preamplifier headstage. All
signals recorded from each tetrode were amplified, filtered between
0.3 and 6 kHz, and digitized at 32 kHz. The local field potentials
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were amplified and filtered between 0.1 Hz and 1 kHz. The tetrodes
were slowly lowered in quarter turns of a screw on the microdrive
(~60-um steps). Spikes were sorted using Offline Sorter software
(Plexon). Units were separated by the T-distribution E-M method,
and cross-correlation and autocorrelation analyses were used to con-
firm unit separation. Clustered waveforms were subsequently
analyzed by using NeuroExplorer (Nex Technologies, Colorado
Springs, CO) or MATLAB (MathWorks, Natick, MA). The firing
rates were presented with spikes per bin with 1-s intervals or spikes
per second. Single units that had a basal firing rate of <10.0 Hz and
spike width of >1.5 ms were assigned to the putative dopamine
neurons (44, 45). The ChR2" neurons were identified by the short
latencies of evoked spikes accurately following high-frequency
photostimulation, as well as the identical waveforms of evoked and
spontaneous spikes (66).

According to our experimental data, the majority of the meals
(>65%) recorded thus far by us contain eight or more feeding bouts,
whereas a small number of meals contain few bouts. Thus, we isolated
those meals comprised of eight or more feeding bouts for data analysis.
The electrophysiological data derived from the first eight feeding
bouts were analyzed to show the progressive increase of firing rate
in S5 of bouts in the isolated meals. The firing activities during B8 in
which each of the feeding stages lasts no less than 10 s were analyzed
and presented, whereas data from the meals that contain either fewer
than eight bouts or with any stage shorter than 10 s were excluded.

To inhibit the DA A~ BN heyrons during the S5 stage, the neural
firing of DA®VTA~PEN peurons during feeding was continuously
monitored, and the yellow light was given only when the firing
increased to twofold of the basic firing rate and stayed for 3 s by
real-time online firing rate analysis. To achieve an automatic, firing
event-triggered photostimulation, we built a platform by integrating
three major equipment, including the Digital Lynx SX recording
system (Neuralynx), the RZ5P programmable real-time signal
processor (Tucker-Davis Technologies), and the Spectralynx opto-
genetic box (Neuralynx). The analog outputs of the Digital Lynx SX
were connected with onboard analog inputs of the RZ5P processor,
while the BNC channel of the RZ5P was connected with the TTL
I/0O ports of the Spectralynx box. During a recording session, the
sorted spike signals from DAVTABN heyrons recorded by the
Digital Lynx SX were fed to and processed by the RZ5P in a real-time
manner under the control of Synapse Suite software (Tucker-Davis
Technologies). In our experimental design, following upward crossing
of the threshold for photoinhibition to twofold of the basic firing
rate and staying for 3 s (during the S5) as preprogrammed in the
Synapse Suite, the RZ5P generated and output a TTL signal to the
Spectralynx optogenetic box and triggered laser stimulation (589 nm)
for 10 s. The probability of meal termination, feeding bout duration,
and food intake was calculated.

Histology

Immunostaining was performed as described with modification (19).
Mice were euthanized and perfused transcardially with ice-cold
phosphate-buffered saline buffer (pH 7.4) containing 3% (w/v) para-
formaldehyde (Alfa Aesar) and 1% glutaraldehyde (Sigma-Aldrich,
St. Louis, MO). Brains were collected and postfixed overnight under
4°C in a fixation buffer containing 3% paraformaldehyde. Free-floating
sections (25 um) were cut by a microtome (Thermo Fisher Scientific,
Waltham, MA) and then blocked with 5% (w/v) normal donkey
serum in 0.1% Triton X-100 [TBST buffer (pH 7.2)] for overnight.
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Rabbit anti-TH (1:1500 dilution; ABN60, EMD Millipore,
Burlington, MA) was applied to the sections for overnight incubation
under 4°C, followed by 4x 15-min rinses in the TBST buffer. Last,
sections were incubated with Alexa Fluor Cy5-conjugated second-
ary antibody (1:1000 dilution; 711-175-152, Jackson ImmunoLab,
West Grove, PA) or Alexa Fluor Cy3-conjugated secondary anti-
body (1:1000 dilution; 711-585-152, Jackson ImmunoLab, West
Grove, PA) for 2 hours at RT, followed by 4x 15-min rinses in TBST
buffer. For mounted sections, fluorescent images were captured by
a digital camera mounted on an Axio Observer microscope (Zeiss,
Thornwood, NY).

Fluorescence in situ hybridization (FISH) was performed to
examine the expression of Drdl in the LPBN. All reagents and
the Drdrl probe are commercially available from Advanced Cell
Diagnostics (catalog no. 320293, Newark, CA). The RNAscope
Fluorescent Assay is one of the FISH techniques to visualize cellular
RNA targets in fresh-frozen tissues. All FISH procedures were per-
formed following the protocol provided by the manufacturer. Briefly,
fresh-frozen brain tissues were sectioned with a cryostat at 20 pm
thickness and mounted onto SuperFrost Plus slides. Chilled slides
were fixed with 4% paraformaldehyde for 15 min at 4°C. Then, the
sections were dehydrated with grade ethanol. Slides were air-dried
for 5 min at RT, and ~5 drops of RN Ascope Protease IV were added
to each section for 30 min at RT and then washed three times with
PBN. The sections were hybridized with the Drd1 probe (catalog
no. 461908, Advanced Cell Diagnostics) for 2 hours at 40°C. After
two washes, the slides were hybridized with Amp1FL for 30 min,
Amp-2FL for 15 min, Amp-3FL for 30 min, and Amp-4FL for 15 min
at 40°C followed by washing three more times with PBN. Lastly, the
glass covers were mounted onto glass slides. The fluorescent images
were captured by an Axio Observer microscope.

Statistical analyses

Data were analyzed by unpaired ¢ test, paired ¢ test, and one-way or
two-way analysis of variance (ANOVA) with appropriate post hoc
testing. A Wilcoxon signed-rank test was used when the data were
not normally distributed. Statistical analyses were performed using
Prism software (GraphPad Software, San Diego, CA). Results were
considered significantly different at P < 0.05. All data are presented
as means + SEM.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/22/eabf8719/DC1

View/request a protocol for this paper from Bio-protocol.
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