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Raphe serotonin projections dynamically
regulate feeding hehavior through targeting
inhibitory circuits from rostral zona incerta
to paraventricular thalamus

Qiying Ye, Jeremiah Nunez, Xiaobing Zhang"

ABSTRACT

Objective: Rostral zona incerta (ZIR) evokes feeding by sending GABA transmission to paraventricular thalamus (PVT). Although central serotonin
(5-HT) signaling is known to play critical roles in the regulation of food intake and eating disorders, it remains unknown whether raphe 5-HT
neurons functionally innervate ZIR-PVT neural pathway for feeding control. Here, we sought to reveal how raphe 5-HT signaling regulates
both ZIR and PVT for feeding control.

Methods: We used retrograde neural tracers to map 5-HT projections in Sert-Cre mice and slice electrophysiology to examine the mechanism by
which 5-HT modulates ZIR GABA neurons. We also used optogenetics to test the effects of raphe-ZIR and raphe-PVT 5-HT projections on feeding
motivation and food intake in mice regularly fed, 24 h fasted, and with intermittent high-fat high-sugar (HFHS) diet. In addition, we applied
RNAscope in situ hybridization to identify 5-HT receptor subtype mRNA in ZIR.

Results: We show raphe 5-HT neurons sent projections to both ZIR and PVT with partial collateral axons. Photostimulation of 5-HT projections
inhibited ZIR but excited PVT neurons to decrease motivated food consumption. However, both acute food deprivation and intermittent HFHS diet
downregulated 5-HT inhibition on ZIR GABA neurons, abolishing the inhibitory regulation of raphe-ZIR 5-HT projections on feeding motivation and
food intake. Furthermore, we found high-level 5-HT1a and 5-HT2c as well as low-level 5-HT7 mRNA expression in ZIR. Intermittent HFHS diet
increased 5-HT7 but not 5-HT1a or 5-HT2¢c mRNA levels in the ZIR.

Conclusions: Our results reveal that raphe-ZIR 5-HT projections dynamically regulate ZIR GABA neurons for feeding control, supporting that a
dynamic fluctuation of ZIR 5-HT inhibition authorizes daily food intake but a sustained change of ZIR 5-HT signaling leads to overeating induced by
HFHS diet.

© 2022 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION Serotonin (5-HT) is a monoamine neurotransmitter that is produced by

neurons located in both dorsal raphe (DR) and median raphe (MnR)

Zona incerta (Zl) is a subthalamic brain area that has been recently
found to participate in the regulation of feeding, sleep, anxiety, and
curiosity [1—7]. To control eating behavior, inhibitory GABA neurons in
the ZI send their projections to paraventricular thalamus (PVT) for
initiating food intake and periaqueductal gray (PAG) for predatory
hunting [3,4,8]. These latest evidences further explain why patients
receiving deep brain stimulation of the subthalamus, including the ZI,
for the treatment of movement disorders developed binge eating [9—
11]. However, little is known how ZI neurons are regulated by neural
signaling from other brain areas for the regulation of daily food intake
as well as the involvement in the development of eating disorders.
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nuclei of the brain stem [12]. Despite a restricted location only in raphe
nuclei, 5-HT neurons send their projections widely to many brain areas
for the regulation of emotion, reward, and motivated behaviors [13—
18]. Especially, central 5-HT signaling plays an essential role in the
regulation of feeding including both homeostatic and hedonic food
intake [13]. Due to the diversity of 5-HT receptor subtypes expressed in
neurons innervated by 5-HT neurons, 5-HT released by the synaptic
terminals at different targets differentially regulate food intake. For
example, stimulation of 5-HT projections inhibited homeostatic food
intake by releasing 5-HT to activate both 5-HT2c and 5-HT1b receptors
in the arcuate nucleus [13,19], while activation of 5-HT projections to

Abbreviations: DR, dorsal raphe; GAD67, glutamate decarboxylase 67; GABA, y-Aminobutyric acid; HFHS, high-fat high-sugar; MnR, median raphe; PAG, periaqueductal
gray; PBN, parabrachial nucleus; PR, progressive-ratio; PVT, paraventricular thalamus; 5-HT, serotonin; Sert, serotonin transporter; SEPSCs, spontaneous excitatory
postsynaptic currents; vGAT, vesicular GABA transporter; VTA, ventral tegmental area; ZI, zona incerta; ZIR, rostral zona incerta
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the ventral tegmental area (VTA) reduced hedonic eating through the
action at 5-HT2c receptors [13,20]. However, activation of 5-HT2c in
neurons of the paraventricular nucleus of the hypothalamus promoted
feeding [21]. These findings suggest a complex role of central 5-HT
system in the control of food intake due to brain-wide 5-HT pro-
jections. In addition, serotonergic neuroplasticity and changed 5-HT
signaling have been reported for the development of brain dysfunc-
tions such as alcohol addiction and eating disorders [22—26]. Both
fasting and hyperphagia have also been found to alter the expression
and the function of 5-HT1a, 5-HT1b, and 5-HT2c receptors in the brain
[27—29]. For a better understanding about how central 5-HT signaling
regulates eating behavior and the involvement in the development of
eating disorders, it is critical to decipher specific 5-HT projections that
target key brain areas for feeding control.

We recently reported that 5-HT activated PVT neurons through a direct
depolarization via 5-HT7 receptors in these neurons and an indirect
disinhibition mediated by an action on presynaptic 5-HT1a receptors in
ZI-PVT inhibitory pathway [30]. Although we also found that PVT-
projecting neurons were sensitive to the metabolic states revealed
by retrograde neural tracing and food deprivation, direct evidence is
required to confirm whether and how raphe-PVT 5-HT projections
regulate food intake. In addition to PVT, ZI neurons were also reported
to express 5-HT receptors such as 5-HT1a and 5-HT7 [31—33].
However, little is known whether raphe 5-HT neurons send projections
to modulate rostral ZI (ZIR) GABA neurons for the regulation of feeding
behavior. In the present study, we studied functional 5-HT neural
circuits that connect to both ZIR and PVT for the regulation of feeding
behavior in transgenic Sert-Cre mice using a combination of tools
including neural circuit tracing, optogenetics, and electrophysiological
recordings. We also revealed a pharmacological mechanism by which
5-HT receptor subtypes mediate a bidirectional modulation of 5-HT on
ZIR neurons as well as a dynamic change of this modulation by acute
metabolic signals and intermittent high-fat diet.

2. MATERIAL AND METHODS

2.1. Animals

C57BL/6 J (Strain #: 000664), Sert-Cre (Strain #:014554) [34], and
VGAT-Cre (Strain #: 028862) [35] mice were purchased from the
Jackson Laboratory and GAD-GFP mice were generously provided by
Pradeep G Bhide lab at Florida State University [36]. All mice of both
sexes were housed in a climate-controlled vivarium on a 12:12 h light/
dark cycle and ad libitum access to food and water. All animals and
experimental procedures in this study were approved by the Florida
State University Institutional Animal Care and Use Committee. Keta-
mine (100 mg/kg) plus xylazine (10 mg/kg) were used for anesthesia
and meloxicam (5 mg/kg) was used for reducing pain or discomfort at
the time of survival surgery and at least 2—3 days following the
surgery. For brain slice preparation, mice were sacrificed with an
overdose of ketamine (300 mg/kg) and xylazine (30 mg/kg).

2.2. Drugs

AS19 (#1968), SB242084 (2901/10), SB269970 (#1612/10),
SB258585 (#1961/10), WAY100635 (#4380), 8-OH-DPAT (#0529/10),
WAY629 (#2173), 5-Carboxamidotryptamine meleate (5-CT, #0458),
D-2-amino-5-phosphonovalerate (AP5, #0106), bicuculline methiodide
(Bic, #2503), and 6-Cyano-7-nitroquinoxaline-2,3-dione (CNQX,
#0190) were purchased from Tocris Bioscience. Serotonin hydro-
chloride (5-HT, #H9523) was obtained from Sigma—Aldrich. All drugs
were dissolved in water or DMSO and aliquoted as stock solutions that
were stored at —80 °C. On the day of recording, the stock solutions

were diluted to final concentrations in ACSF (at least 1:1000 dilution)
for the experimental test. For experiments when DMSO was used for
preparing stock solutions of some drugs (AS19, SB242084, and
CNQX), we also added 0.1% of DMSO in ACSF of control condition.
During the recording, drugs were delivered locally via a multi-channel
drug application system (Warner Instruments, CT, USA) with a flow
pipette of 250-uM diameter so that the drug solutions were quickly
washed out after the drug channel was switched to normal ACSF.

2.3. Stereotactic injection of viral vectors and CTB-555

Naive male and female mice of 8—10 weeks old were anesthetized
with intraperitoneal injections of ketamine (100 mg/kg) and xylazine
(10 mg/kg) and placed on a stereotaxic apparatus (David Kopf In-
struments, CA, USA). Meloxicam (5 mg/kg) was also given for reducing
pain or discomfort before the surgery and the following 2—3 days.
After exposing the skull via a small incision and drilling a hole in the
skull, a pulled-glass pipette with beveled tip of 20—40 pum diameter
was inserted into the brain to target DR (coordinates relative to
bregma, AP: —4.36 mm, DV: —3.00 mm, ML: +0.05 mm) and MnR
(AP: —4.36 mm, DV: —4.25 mm, ML: £0.05 mm) for injection of
AAV1-EF1a-DI0-ChR2(H134R)-EYFP-WPRE-HGHpA (500 nl, from
Addgene, Cat#: 20298-AAV1), AAV-pCAG-FLEX-EGFP-WPRE (500 nl,
from Addgene, Cat#: 51505-AAV1) or AAV1-EF1a-DIO-EYFP (500 nl,
from Addgene, Cat#: 27056-AAV1) with a speed of 100 nl per min
using a pressure pump. The pipette was slowly withdrawn 10 min after
injection. Mice were returned to their home cages for recovery. At least
3 weeks after surgery to allow Cre-dependent protein expression, mice
received a second surgery to implant fiber optics that target PVT (AP:
—1.50 mm, DV: —2.80 mm, ML: £0.05 mm) or ZIR (AP: —1.30 mm,
DV: —4.20 mm, ML: 0.70 mm). Two weeks after implantation of
fiber optics, mice will be ready for behavioral experiments.

For retrograde labeling of PVT-projecting ZIR neurons for electro-
physiological recording, cholera toxin subunit B conjugated with Alexa
Fuor 555 (CTB-555, 200 nl, obtained from ThermoFisher Scientific,
Cat#: C34776) was injected into PVT (coordinates relative to bregma,
AP: —1.40 mm, DV: —3.00 mm, ML: £0.05 mm) of GAD-GFP mice.
3—5 days after injection, mice were ready for patch-clamp recording
and anatomical identification.

For retrograde tracing of 5-HT neurons that project to ZIR and PVT,
AAVrg-CAG-FLEX-EGFP-WPRE (250 nl, from Addgene, #: 51502-
AAVrg) was injected into the ZIR (AP: AP: —1.00 mm, DV:
—4.50 mm, ML: +0.70 mm) and AAVrg-CAG-FLEX-tdTomato-WPRE
(250 nl, from Addgene, #: 28306-AAVrg) was injected into the PVT
(AP: AP: —1.40 mm, DV: —3.00 mm, ML: +0.05 mm) of the same
Sert-Cre mice. 4 weeks after injections, mice were perfused for
anatomical imaging.

2.4. Immunocytochemistry

Mice were anesthetized with ketamine (300 mg/kg, IP) and xylazine
(30 mg/kg, IP), and then perfused transcardially with saline followed by
4% paraformaldehyde (PFA) in PBS solution. Brains were postfixed
overnight in 4% PFA and then in 30% sucrose for 2 days. The 30-uM-
thick coronal sections were cut using a cryostat and collected in PBS.
Free-floating slices were washed three times for 10 min in PBS and
incubated in a goat anti-serotonin antibody (1:2000, cat. #: 20079,
ImmunoStar, Hudson, WI, USA) or rabbit anti-GABA antibody (1:1000,
cat. #: PA5-32241, Invitrogen, Waltham, MA, USA) in PBS with 2%
normal donkey serum at 4 °C overnight. After being washed three
times for 10 min in PBS, sections were incubated in donkey anti-goat
Cy3 (1:500, cat. #: 705165147, Jackson ImmunoResearch Labora-
tories, West Grove, PA, USA) or donkey anti-rabbit Cy3 (1:500, cat. #:
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711165152, Jackson ImmunoResearch Laboratories, West Grove, PA,
USA) for 4 h at room temperature. Sections were then washed in PBS
for 3 times (10 min each time) and mounted on glass slides for imaging
under microscope.

2.5. Slice preparation and patch-clamp recording

Coronal brain slices (300 um thick) containing the ZI and PVT were
prepared for patch-clamp recordings. After recovery of over 1 h from
slicing, brain sections were transferred to a recording chamber
mounted on a Zeiss upright microscope (Zeiss, Berlin, Germany) and
perfused with a continuous flow of gassed artificial cerebrospinal fluid
(ACSF) solution containing (in mwm) 124 NaCl, 3 KCI, 2 MgCl,, 2 CaCls,
1.23 NaH,PQ4, 26 NaHCOs, and 10 glucose (gassed with 95% 0,/5%
C0»; 300—305 mOsm). Pipettes used for whole-cell recording had
resistances ranging from 4 to 7 MQ when filled with K-gluconate
pipette solution containing (in mm) 145 potassium gluconate, 1 MgCly,
10 HEPES, 1.1 EGTA, 2 Mg-ATP, 0.5 Na,-GTP, and 5 disodium
phosphocreatine (pH 7.3 with KOH; 290—295 mOsm). The recording
was performed at 33 4+ 1 °C using a dual-channel heat controller
(Warner Instruments, Holliston, MA, USA). EPC-10 patch-clamp
amplifier (HEKA Instruments, NY, USA) and PatchMaster 2 x 90.5
software (HEKA Elektronik, Lambrecht/Pfalz, Germany) were used to
acquire and analyze the data. For voltage-clamp recording, the
membrane potentials were held at —70 mV for recording membrane
currents. Traces were processed using Igor Pro 6.37 (Wavemetrics,
OR, USA). The postsynaptic currents were analyzed with MiniAnalysis
6.03 (Synaptosoft Inc., GA, USA).

2.6. Optogenetic stimulation

To photostimulate ChR2-positive axons, blue light (470 nm) was
delivered to target ZIR or PVT through an optical fiber from a laser for
both slice recordings and behavioral tests. The regular laser pulses
(10 ms) of 20 Hz were controlled with an optogenetics TTL pulse
generator (Doric lenses, Canada) to generate photostimulation-evoked
currents.

2.7. Progressive-ratio (PR) schedule of reinforcement

Before operant conditioning training in mouse operant chambers (Med
Associates, VT, USA), all mice were food-restricted (70% of their daily
food intake) to facilitate the acquisition of lever-press responding until
they learned to press the lever to obtain the food pellet in 3—5 days.
Mice were provided with their daily quota of food in the home cage
after termination of the training session. During the training, mice were
initially trained under fixed-ratio 1 (FR1) sessions for 45 min daily
during light cycles. Animals had a choice between two levers: an active
lever press associated with a 3 s light cue with concomitant delivery of
high-fat high-sugar (HFHS) pellets (Cat #S07687: 20 mg each pellet,
4.97 kcal/g, 48.9% kcal as fat and 34.6% as sucrose, Bio Serv, NJ,
USA), and an inactive lever press that remained inoperative and served
as a control for general activity. Each active lever press triggered the
delivery of one pellet during FR1 sessions. The active lever had a 5 s
refractory period after each food delivery so that mice could retrieve
the single pellet but not drive supplementary food delivery. After a
training period of about 7—10 days when three successive sessions of
obtaining equal to or more than 20 pellets during the FR1 session of
45 min, mice were then engaged in consecutive 45-min PR sessions
during light cycles (11:00 am—5:00 pm). For the PR session, the
number of lever presses required for one food pellet delivery followed
the order (calculated by formula [5e%*%2]—5 where Ris equal to the
number of food rewards already earned plus 1): 1, 2, 4, 6, 9, 12, 15,
20, and so on [37]. The maximal number of active lever presses
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performed to reach the final ratio was defined as the breakpoint, a
value reflecting animals’ motivation to obtain the food reward. When a
relatively stable breakpoint was reached, mice were ready for PR tasks
with or without photostimulation.

2.8. Intermittent HFHS diet manipulation

To target ZIR GABA neurons, we injected AAV1-EF1a-DIO-EYFP into
ZIR of vGAT-Cre mice to selectively label ZIR GABA neurons for slice
recordings. One month after virus injection, mice were assigned to
two groups for diet manipulation. Mice in control group were regu-
larly fed with normal diet (Cat #: 5001, 3.36 kcal/g, 13.50% kcal as
fat and 5.80% as sucrose, LabDiet). However, mice in intermittent
HFHS diet group maintained with normal diet for most of time but
were treated with HFHS diet (Cat #: D12492, 5.21 kcal/g containing
60.0% kcal as fat and 20.0% kcal as sucrose, Research Diets Inc.)
2 h daily for 2—3 weeks before slice recordings and behavioral PR
tests. For slice recordings, mice were sacrificed immediately before
the scheduled HFHS food access of the day. For PR experiments,
mice were put into operant chambers for the tests right before HFHS
diet treatment each day.

2.9. HFHS food intake

HFHS food intake was measured over 30 min when mice were tethered
to a laser for photostimulation. After mice were habituated to patch
cord tethering for 3—5 days, they were ready for the food intake tests
with or without photostimulation (20 Hz) delivered by a laser via an
optogenetics TTL pulse generator (Doric lenses, Canada).

2.10. RNAscope in situ hybridization for identification of 5-HT
receptor subtypes

We followed a RNAscope protocol validated by previous studies [38].
Briefly, free-floating brain sections (30 um) containing the ZI were
rinsed for 1 h in several changes in PB, treated with H,0, (RNAscope
reagent 322355, Advanced Cell Diagnostics) for 30 min at room
temperature (RT) with light shaking, then rinsed for 30 min in changes
of PB at RT. Sections were then mounted onto Globe Scientific Dia-
mond White slides (cat. #: 89500-496, VWR) in 0.01 M Tris buffer
solution, pH 7.3, air dried for 1 h, dipped into 100% ethanol (10 s), and
air dried for 30 min. A hydrophobic barrier was created around sec-
tions and air dried overnight. Sections were treated with Protease IV
(RNAscope reagent 322336, Advanced Cell Diagnostics) for 30 min at
RT followed by 3 x 3 min rinses in distilled water. Sections were
immediately processed using Advanced Cell Diagnostics probes for 5-
HT1a (Mm-Htr1a; cat. #: 312301), 5-HT2c (Htr2c-C2; cat. #: 401001-
C2), or 5-HT7 (Mm-Htr7-C3; cat. #: 401321-C3) as described below.
Single labeling of 5-HT1a, 5-HT2¢c, or 5-HT7 receptor mRNA was
detected using RNAscope Multiplex Fluorescent Reagent Kit v2 (cat. #:
323100, Advanced Cell Diagnostics) according to manufacturer in-
structions and using kit components. Sections were incubated with the
corresponding probe for 2 h at 40 °C in a HybEZ Il oven, followed by
amplification steps 1—3, HRP incubation, and final labeling using Opal
570 (cat. #: FP1488001KT; Akoya Biosciences) and DAPI (cat. #:
323108, Advanced Cell Diagnostics) before coverslipping. Sections
were washed 3 x 3 min in wash buffer (cat. #: 310091) at RT between
each step. After the labeling reaction, sections were air dried and
coverslipped using ProLong Gold Antifade (cat. #: P36930; Invitrogen).
Images were acquired using Olympus BX53 LED fluorescent micro-
scope at 10x and 20 x magnification with the same criteria including
exposure time and gain value for all samples. The ZIR areas were
defined for qualitative imaging analysis based on the Allen Mouse Brain
Atlas and our previous experience in studying this area for feeding
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Figure 1: 5-HT neurons project to ZIR and PVT with collateral axons. A, A diagram shows AAV1-FLEX-EGFP-WPRE was injected into both DR and MnR of Sert-Cre mice for
tracing 5-HT projections. B, A representative image showing EGFP-positive neurons in both DR and MnR. C, Dense EGFP-positive axons were detected in PVT. D, A representative
image showing EGFP-positive axons in ZIR. E, A diagram shows that AAVrg-CAG-FLEX-tdTomato was injected into PVT and AAVrg-CAG-FLEX-EGFP-WPRE was injected into ZIR of
Sert-Cre mice for retrogradely mapping raphe 5-HT neurons that project to both PVT and ZI. F, A representative image showing tdTomato-positive terminals in PVT. G, A
representative image showing GFP-positive terminals in ZIR. H1—H2, Representative images showing both GFP- and tdTomato-positive neurons in DR. 11—I3, Representative
images showing both GFP- and tdTomato-positive neurons in MnR. J, A bar graph showing ZI-projecting only, PVT-projecting only, and collateral-projecting 5-HT neurons in raphe
nuclei from 5 mice. F1.1s54.621) = 119.4, p = 0.0002; ns, no significance, ***p < 0.001, One-way ANOVA followed by Bonferroni’s comparisons test.

regulation [3]. To determine the density of the image signals and the
average intensity of all signal dots, we used Fiji [39], an open-sourced
program developed by the NIH, for quantitative analysis with a
threshold value set to select real signals from background noise

followed the guideline from Advanced Cell Diagnostics. The threshold
setting stayed unchanged across all images for the measurement and
analysis. mRNA signal density was calculated as the signal area
divided by the area of interest (ZIR in this study) [40].
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Figure 2: Photostimulation of raphe-PVT 5-HT projections excites PVT neurons and reduces food motivation. A, A diagram showing AAV1-DIO-ChR2-EYFP was injected
into both DR and MnR of Sert-Cre mice. Fiber optics were implanted to target PVT for photostimulation. B, ChR2-EYFP-positive (left) and 5-HT immunoreactive (middle) neurons
were found to be colocalized (right) in both DR (above) and MnR (bottom). C, A representative trace showing photostimulation (20 Hz) of raphe-PVT 5-HT axonal terminals excited a
PVT neuron from a Sert-Cre mouse with AAV1-DIO-ChR2-EYFP injection into raphe nuclei. D, Bar graph with data plots showing photostimulation (20 Hz) of raphe-PVT 5-HT

projections increased firing rate of PVT neurons. ***p < 0.001, n = 22 neurons,

paired t test. E, Photostimulation of raphe-PVT 5-HT projections reduced active lever

presses for HFHS pellets of regularly fed mice during a 45-min PR session. **p < 0.01, n = 10 mice, paired ¢ test. F, Photostimulation of raphe-PVT 5-HT projections decreased
HFHS reward retrieval in regular fed mice during a 45-min PR session. **p < 0.01, n = 10 mice, paired ¢ test. G, Photostimulation of raphe-PVT 5-HT projections reduced active
lever presses for HFHS pellets of 24-h fasting mice during a 45-min PR session. *p < 0.05, n = 8 mice, paired ttest. H, Photostimulation of raphe-PVT 5-HT projections decreased
HFHS reward retrieval in 24-h fasting mice earned during a 45-min PR session. *p < 0.05, n = 8 mice, paired £ test. |, Photostimulation (20 Hz) of raphe-PVT 5-HT projections
decreased HFHS food consumption over 30 min *p < 0.05, n = 6 mice, paired ¢ test.

2.11. Statistical analysis

Data are expressed as mean + SEM. Statistical significance was
assessed using a two-sided Student’s f-test and Chi-squared test for
comparison of two groups, and one-way, or two-way ANOVA followed
by a Bonferroni post hoc test for three or more groups. Prism 9
(GraphPad, CA, USA) was used for statistical analysis and figure
making.

3. RESULTS

3.1, 5-HT neurons send projections to both ZIR and PVT with
collateral axons

To examine whether raphe 5-HT neurons project to both ZIR and PVT,
we first injected AAV1-FLEX-EGFP-WPRE into both DR and MnR of
Sert-Cre mice for labelling raphe 5-HT neurons and their axonal

terminals with EGFP expression (Figure 1A). We found EGFP was only
expressed in raphe 5-HT neurons (Figure 1B) and dense EGFP-positive
terminals were detected in both PVT and ZIR (Figure 1C,D). These data
thus show raphe 5-HT neurons send their projections to innervate both
ZIR and PVT neurons. To reveal the exact location of 5-HT neurons that
project to both ZIR and PVT, we injected AAVrg-CAG-FLEX-tdTomato
into PVT and AAVrg-CAG-FLEX-EGFP-WPRE into ZIR of Sert-Cre mice
for retrograde tracing of raphe 5-HT neurons (Figure 1E). Dense
tdTomato-positive axons were found in PVT and GFP-positive axons
were detected in ZIR from presynaptic raphe 5-HT neurons
(Figure 1F,G). Furthermore, we found both tdTomato-positive and
EGFP-positive neurons in raphe nuclei including DR (Figure 1TH1—H2)
and MnR (Figure 111-13). Interestingly, 5-HT neurons with tdTomato
and EGFP colocalization were detected in both DR and MnR
(Figure 1H1-13). In all retrogradely labelled neurons in both DR and
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MnR, we found 74.0 + 3.5% of neurons expressed GFP only,
12.6 £ 1.6% of neurons expressed tdTomato only, and 13.4 + 2.4%
neurons were co-expressed with both tdTomato and EGFP from 5 mice
(Figure 1J). Together, these data suggest that a small population of
ZIR-projecting raphe 5-HT neurons collaterally innervate PVT. How-
ever, a half of PVT-projecting raphe 5-HT neurons send collateral
axons to ZIR.

3.2. Optogenetic activation of raphe-PVT 5-HT pathway excites PVT
neurons to depress food motivation and consumption

In a latest study of ours, we reported that 5-HT directly depolarizes PVT
neurons through activating 5-HT7 receptors and decreased GABA
transmissions from ZI to PVT by binding to 5-HT1a receptors in
GABAergic synaptic terminals [30]. Based on our findings about the
pharmacological modulation of 5-HT and 5-HT projections to PVT, we
asked whether raphe 5-HT projections functionally regulate PVT
neurons. To answer this question, we injected AAV1-DIO-ChR2-EYFP
into raphe nuclei of Sert-Cre mice to induce ChR2 expression selec-
tively in raphe 5-HT neurons for photostimulation of 5-HT terminals in
PVT (Figure 2A). Neurons in DR and MnR with virus-induced ChR2-
EYFP expression were stained with 5-HT immunoreactivity
(Figure 2B), confirming that ChR2 was only expressed in raphe 5-HT
neurons. We then recorded the activity of PVT neurons innervated by
ChR2-positive terminals in PVT of slices and found photostimulation
(20 Hz) increased firing rates to excite PVT neurons (Figure 2C,D). We
also found that photostimulation of ChR2-positive 5-HT axons
depressed the frequency of GABAergic inhibitory postsynaptic currents
(IPSCs) on PVT neurons (Supplementary Figure 1), further corrobo-
rating that PVT 5-HT signaling also disinhibits PVT neurons by targeting
inhibitory synaptic transmissions possibly from ZIR GABA neurons [30].
Our last studies reported that PVT-projecting DR neurons were
inhibited by overnight fasting [30], suggesting raphe-PVT 5-HT pro-
jections are involved in the control of food intake. To examine whether
raphe-PVT 5-HT projections regulate motivation for food, we tested the
effect of photostimulation of PVT 5-HT terminals on operant behaviors
for food reward using a progressive-ratio (PR) schedule of reinforce-
ment. We found photostimulation of raphe-PVT 5-HT projections
decreased active lever presses to obtain high-fat high-sugar (HFHS)
food reward in both regularly fed (Figure 2E,F) and 24-h fasted mice
(Figure 2G,H). Furthermore, we found photostimulation of raphe-PVT
5-HT projections decreased HFHS food intake over 30 min in home
cages (Figure 2l). Together, these data indicate that activation of
raphe-PVT 5-HT pathway inhibits food motivation to decrease palatable
food consumption.

3.3. Optogenetic activation of raphe-ZIR 5-HT projections inhibits
ZIR neurons to decrease food motivation and consumption

To examine whether and how raphe 5-HT projections regulate ZIR
neurons and feeding behavior, we similarly injected AAV1-DIO-ChR2-
EYFP or AAV1-DIO-EYFP into raphe nuclei of Sert-Cre mice to induce
ChR2-EYFP or EYFP expression selectively in raphe 5-HT neurons for
recording of ZIR neurons innervated by ChR2-positive 5-HT terminals
(Figure 3A). In freshly prepared slices, we recorded the activity of ZIR
neurons innervated by ChR2-positive 5-HT terminals. In control mice
with EYFP expression in 5-HT neurons, photostimulation (20 Hz) pro-
duced little effect on firing rates and membrane potentials of ZIR
neurons (Figure 3B—D). However, photostimulation decreased firing
rates and hyperpolarized membrane potentials of ZIR neurons from
mice with ChR2-EYFP expression in 5-HT neurons (Figure 3B—D).
Thus, these data indicate that optogenetic activation of raphe-ZIR 5-HT
projections inhibits a majority of ZIR neurons.

To further test the effect of raphe-ZIR photostimulation on motivation
for HFHS food, we injected AAV1-DIO-ChR2-EYFP or AAV1-DIO-EYFP
into raphe nuclei to induce ChR2-EYFP or EYFP expression in 5-HT
neurons (Figure 3E) and implanted fiber optics to target ZIR for pho-
tostimulation in Sert-Cre mice (Figure 3E,F). Photostimulation (20 Hz)
of raphe-ZIR 5-HT terminals decreased active lever presses to reduce
breakpoints for HFHS food reward without an effect on inactive lever
presses in mice with ChR2-EYFP in raphe 5-HT neurons during PR
trials (Figure 3G—J). Photostimulation of raphe-ZIR 5-HT terminals in
mice with ChR2-EYFP expression in 5-HT neurons also decreased
home-cage HFHS food consumption over 30 min (Figure 3K). However,
we did not observe an obvious effect of photostimulation on food
reward earned during PR trials in control mice with EYFP expression in
raphe 5-HT neurons (Figure 3L). Together, these data suggest that
optogenetic activation of raphe-ZIR 5-HT projections inhibits motivation
for food consumption.

3.4. 5-HT exerts bidirectional modulation on ZIR neurons but
predominantly inhibits PVT-projecting GABA neurons

Our latest findings indicated that 5-HT decreases GABA release from ZI
GABAergic terminals in PVT. To examine whether 5-HT also modulates
the activity of ZI GABA neurons that project to PVT, we first tested the
effect of 5-HT on ZIR neurons in C57BL/6 J mice (Supplementary
Figure 2). We found 5-HT (50 pM) treatment for 1 min produced
multiple effects on ZIR neurons in the absence of synaptic blockers:
inhibitory only (48.6% of recorded neurons), inhibitory followed by
excitatory during washout (17.1% of 35 recorded neurons), excitatory
only (34.3% of recorded neurons) (Figure 4A—C). The inhibitory effects
of 5-HT normally lasted for 1—2 min after washout (Figure 4A).
However, the excitatory effects were normally delayed and could last
more than 5 min after washout (Figure 4A). These data suggest that
the complex effect of 5-HT is mediated by differential combinations of
5-HT receptor subtypes in ZIR neurons. We then tested 5-HT effect in
the presence of synaptic blockers (AP5: 50 uM; CNQX: 10 pM; and Bic:
30 pM). Similarly, we found 5-HT (50 pM) inhibited 55.5%, inhibited
followed by excited 16.7%, and excited 27.8% of 18 recorded neurons
(Figure 4D,E). Pooling all data together, we found 5-HT (50 pM)
inhibited 50.9%, inhibited followed by excited 17.0%, and excited
32.1% of 53 recorded neurons (Figure 4F).

Next, we tested whether 5-HT modulates the activity of PVT-projecting
ZIR GABA neurons. CTB-555 was injected into PVT of GAD-GFP mice to
label presynaptic neurons in ZIR (Figure 4G—I). As we reported pre-
viously, we found high-density of CTB-positive GAD-GFP neurons in ZIR
(Figure 411—I3). Furthermore, we recorded the activity of ZIR CTB-
positive GAD-GFP neurons in slices (Figure 4J). 5-HT (50 pM) treat-
ment for 1 min significantly hyperpolarized 14 neurons recorded
(Figure 4K). However, we also observed 2 of 14 neurons had increased
firing rate during treatment and 3 of 14 neurons were initially inhibited
by 5-HT during treatment but then excited during washout (Figure 4L).
Although these data showed a bidirectional modulation, 5-HT pre-
dominantly produced an inhibitory effect on PVT-projecting ZIR GABA
neurons.

3.5. Multiple 5-HT receptor subtypes competitively mediate a
bidirectional 5-HT modulation on ZIR neurons

To determine what 5-HT receptor subtypes contribute to bidirectional
5-HT modulation, we pharmacologically tested the effects of various 5-
HT subtype agonists on ZIR neurons of slices. 5-CT was used as a
selective agonist for 5-HT1a receptor though it was found to activate
other 5-HT receptor subtypes such as 5-HT2c¢ and 5-HT7. Here, we
first tested the effect of 5-CT on the activity of ZIR neurons. Unlike 5-
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Figure 3: Photostimulation of raphe-ZIR 5-HT projections inhibits ZIR neurons and food motivation. A, A diagram showing AAV1-DIO-ChR2-EYFP or AAV1-DIO-EYFP was
injected into both DR and MnR of Sert-Cre mice. Patch-clamp recordings were performed on ZIR neurons innervated by ChR2-positive axonal terminals. B, Representative traces
showing photostimulation (20 Hz) had no effect on the activity of a ZIR neuron (top) in a control mouse with EYFP expression in raphe 5-HT neurons, but inhibited a ZIR neuron
(bottom) in @ mouse with ChR2-EYFP expression in raphe 5-HT neurons. C, Bar graph with data plots indicates that photostimulation decreased the firing rate of ZIR neurons
innervated by ChR2-positive 5-HT terminals but not by EYFP-positive terminals. ns, no significance, *p < 0.05, n = 6 neurons from control mice with EYFP expression in raphe 5-
HT neurons, 21 neurons from mice with ChR2-EYFP expression in raphe 5-HT neurons, two-way ANOVA followed by Bonferroni’s comparisons test. D, Bar graph shows that
photostimulation induced hyperpolarization in ZIR neurons. ***p < 0.001, n = 6 neurons from control mice with EYFP expression in raphe 5-HT neurons and 21 neurons from
mice with ChR2-EYFP expression in raphe 5-HT neurons, Unpaired t test. E, A diagram showing the strategy for AAV1-DIO-ChR2-EYFP or AAV1-DIO-EYFP injection into raphe nuclei
and implantation of fiber optics to target ZIR of Sert-Cre mice. F, A representative image shows the fiber optic track that targets ZIR for photostimulation. G, Photostimulation of
raphe-ZIR 5-HT projections decreased active lever presses for HFHS pellets during a 45-min PR session in mice with ChR2-EYFP expression in raphe 5-HT neurons. ***p < 0.001,
n = 10 mice, paired t test. H, Photostimulation of raphe-ZIR 5-HT projections decreased breakpoints for HFHS pellets during a 45-min PR session in mice with ChR2-EYFP
expression in raphe 5-HT neurons. ***p < 0.001, n = 10 mice, paired f test. I, Photostimulation of raphe-ZIR 5-HT projections reduced HFHS pellet retrieval during a 45-
min PR session in mice with ChR2-EYFP expression in raphe 5-HT neurons. ****p < 0.0001, n = 10 mice, paired ¢ test. J, Photostimulation of raphe-ZIR 5-HT projections
produced no effect on inactive lever presses during a 45-min PR session in mice with ChR2-EYFP expression in raphe 5-HT neurons. ns, no significance, paired t test. K,
Photostimulation (20 Hz) of raphe-ZIR 5-HT projections decreased HFHS food consumption over 30 min in mice with ChR2-EYFP expression in raphe 5-HT neurons. *p < 0.05,
n = 9 mice, paired t test. L, Photostimulation of raphe-ZI 5-HT projections produced no effect on HFHS pellet retrieval during a 45-min PR session in control mice with EYFP
expression in raphe 5-HT neurons. ns, no significance, n = 6 mice, paired f test.
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inhibitory only, 6 neurons for inhibitory followed by excitatory, and 12 neurons for excitatory only, two-way ANOVA followed by Bonferroni’s comparisons test. C, 5-HT induced firing
rate changes during the treatment and washout of 1 min in three different types of ZIR neurons in the absence of synaptic blockers. *p < 0.05, **p < 0.01, ***p < 0.001,
*#4%p < 0.0001, n = 17 neurons for inhibitory only, 6 neurons for inhibitory followed by excitatory, and 12 neurons for excitatory only, two-way ANOVA followed by Bonferroni’s
comparisons test. D, 5-HT induced membrane potential changes during 5-HT treatment and washout of 1 min in three different types of ZIR neurons in the presence of synaptic
blockers (AP5: 50 tM; CNQX: 10 puM; Bic: 30 pM). *p < 0.05, **p < 0.01, ****p < 0.0001, n = 10 neurons for inhibitory only, 3 neurons for inhibitory followed by excitatory,
and 5 neurons for excitatory only, two-way ANOVA followed by Bonferroni’s comparisons test. E, 5-HT induced firing rate changes during 5-HT treatment and washout of 1 min in
three different types of ZIR neurons in the presence of synaptic blockers (AP5: 50 uM; CNQX: 10 pM; Bic: 30 uM). *p < 0.05, **p < 0.01, n = 10 neurons for inhibitory only, 3
neurons for inhibitory followed by excitatory, and 5 neurons for excitatory only, two-way ANOVA followed by Bonferroni’s comparisons test. F, Percentages of ZIR neurons (n = 53)
tested with inhibitory, inhibitory followed by excitatory, and excitatory effects by 5-HT application. G, A diagram showing that CTB-555 was injected into PVT to label presynaptic
neurons in ZIR of GAD-GFP mice. H, A representative image shows CTB-positive fluorescence (purple) in the PVT targeted by stereotactic CTB injection. I, Retrogradely labelled
CTB-positive neurons (1) co-expressed with GAD-GFP (I2) in the ZIR with high colocalization (13). J, Representative traces showing 5-HT (50 M) inhibited one (above) but excited
another (below) PVT-projecting CTB/GFP-positive ZIR neuron. K, Resting membrane potentials of PVT-projecting CTB/GFP-positive ZIR neurons before, during, and after 5-HT
treatment. ns, no significance, **p < 0.01, n = 14 neurons, RM one-way ANOVA followed by Bonferroni’s multiple comparisons test. L, Separate data showing firing rates
of PVT-projecting CTB/GFP-positive ZIR neurons with inhibitory only (n = 9 neurons) and delayed excitatory effects (n = 5 neurons) by 5-HT. ns, no significance, *p < 0.05,
**p < 0.01, RM one-way ANOVA followed by Bonferroni’s multiple comparisons test.
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Figure 5: A combination of 5-HT receptor subtypes contributes to a bidirectional modulation of 5-HT on ZIR neurons. A1—A3, A representative trace (A1) and two symbol
graphs show 5-CT (10 M) decreased the firing rates (A2) and hyperpolarized the membrane potentials (A3) of ZIR neurons. ***p < 0.001, ****p < 0.0001, n = 23 neurons
each group, RM one-way ANOVA. B1—B3, A representative trace (B1) and two symbol graphs show 8-OH-DPAT (10 uM) decreased the firing rates (B2) and hyperpolarized the
membrane potentials (B3) of ZIR neurons. *p < 0.05, **p < 0.01, ****p < 0.0001, n = 18 neurons each group, RM one-way ANOVA. C1—C3, A representative trace (C1) and
two symbol graphs show WAY-629 (10 M) decreased the firing rates (C2) and hyperpolarized the membrane potentials (C3) of ZIR neurons. *p < 0.05, ***p < 0.001,
*#4%p < 0.0001, n = 20 neurons each group, RM one-way ANOVA. D1-D3, A representative trace (D1) and two symbol graphs show AS19 (10 M) increased the firing rates (D2)
and depolorized the membrane potentials (D3) of ZIR neurons. *p < 0.05, ***p < 0.001, ****p < 0.0001, n = 21 neurons each group, RM one-way ANOVA. E, Representative
traces indicate 5-HT evoked an outward current (top trace) without an effect on sEPSCs (bottom traces) in a ZIR neuron. F, A bar graph with data plots showing outward 5-HT
currents were impaired by the application of Way100135 (10 uM) plus SB242084 (10 pM). ****p < 0.0001, n = 17 neurons each group, paired ¢test. G, 5-HT produced no effect
on sEPSC frequency of 5-HT-inhibited ZIR neurons. ns, no significance, n = 19 neurons each group, paired ttest. H, 5-HT had no effect on sEPSC amplitude of 5-HT-inhibited ZIR
neurons in the presence of Bic (30 tM). ns, no significance, n = 19 neurons each group, paired ¢ test. |, Representative traces show that 5-HT evoked an inward current (top trace)
with increased sEPSC frequency (bottom traces) in a ZIR neuron. J, A bar graph with data plots showing inward 5-HT currents were reduced by the application of SB269970
(10 puM). ***p < 0.001, n = 12 neurons each group, paired £ test. K, 5-HT increased SEPSC frequency of 5-HT-excited ZIR neurons in the presence of Bic (30 LM). *p < 0.05,
n = 13 neurons each group, paired ttest. L, 5-HT had no effect on SEPSC amplitude of 5-HT-excited ZIR neurons. ns, no significance, n = 13 neurons each group, paired f test.
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HT, 5-CT produced long-lasting hyperpolarization to decrease firing
rates of tested neurons (Figure 5A1—A3). These data suggest 5-CT
may dominantly activate 5-HT1a or 5-HT2c to have inhibitory effect
but not 5-HT7 for excitatory modulation. We then tested the effects of
the selective 5-HT1a agonist 8-OH-DPAT and the selective 5-HT2c
agonist WAY629 on the activity of ZIR neurons. Both 8-OH-DPAT
(Figure 5B1—B3) and WAY629 (Figure 5C1—C3) inhibited the activity
of ZIR neurons recorded. These data further support that both 5-HT1a
and 5-HT2c contribute to 5-HT inhibition of ZIR neurons. In addition to
5-HT1a, 5-HT7 has been found in ZI [31]. Therefore, we also tested the
effect of AS19, a selective 5-HT7 agonist, on the activity of ZIR neu-
rons. We found AS19 depolarized ZIR neurons to produce a delayed
and long-lasting excitatory effect (Figure 5D1—D3). Together, these
data indicate a competitive effect of excitatory 5-HT7 and inhibitory 5-
HT1a as well as 5-HT2c¢ in ZIR neurons, supporting a receptor
mechanism for a bidirectional 5-HT modulation.

Using voltage-clamp recording, we recorded both outward (Figure 5E)
and inward (Figure 5I) currents evoked by 5-HT and tested the effect of
selective 5-HT receptor antagonists. The outward currents were
inhibited by the 5-HT1a antagonist WAY100635 together with the 5-
HT2c antagonist SB242084 (Figure 5F). 5-HT had no effect on the
frequency or the amplitude of spontaneous excitatory postsynaptic
currents (SEPSCs) on ZIR neurons with outward 5-HT currents
(Figure 5G,H). However, the inward 5-HT currents were abolished by
SB269970, a selective 5-HT7 antagonist (Figure 5J). 5-HT also
increased sEPSC frequency but not the amplitude on some ZIR neurons
with inward 5-HT currents (Figure 5K and L). These data together
further confirm that both 5-HT1a and 5-HT2c contribute to the inhib-
itory effect of 5-HT on ZIR neurons but 5-HT7 mediates the depolari-
zation of 5-HT. In addition, 5-HT exerts the excitatory effect through
both direct depolarization and an indirect mechanism to increase
excitatory glutamate transmission onto ZIR neurons.

3.6. Acute fasting dynamically reduces 5-HT inhibition on ZIR
GABA neurons

Previous studies have reported that fasting changed 5-HT turnover
and decreased 5-HT2c expression in hypothalamus [27]. Here, we
asked whether fasting over 24 h changes 5-HT modulation on ZIR
GABA neurons. To examine the effect of 5-HT at various concen-
trations (0.5, 1, 5 and 50 uM), we recorded the activity of ZIR GAD-
EGFP neurons in both regularly fed and 24-h fasted GAD-GFP mice
(Figure 6A). Immunocytochemistry with GABA antibody confirmed
that ZIR GAD67-GFP neurons expressed GABA (Figure 6B1—B3). 5-
HT (50 pM) inhibited 53.1%, inhibited 25% with delayed excita-
tion, and excited 21.9% of recorded ZIR GABA neurons from regularly
fed mice (Figure 6C,E). In 24-h fasted mice, 5-HT (50 pM) inhibited
only 22.6%, inhibited 35.5% with delayed excitation, and excited
over 41.9% of ZIR GABA neurons recorded (Figure 6D,E). When all
recorded neurons were included for statistical analysis, 5-HT (50 M)
produced strong hyperpolarization on ZIR GABA neurons in regularly
fed mice but slight depolarization on neurons from 24-h fasted mice
(Figure 6F). However, 5-HT (50 puM) had no effect on the mean firing
rate of all recorded neurons from regularly fed mice but increased
firing rate of neurons from 24-h fasted mice (Figure 6G). We also
tested the effect of lower 5-HT doses and found 5-HT doses (0.5, 1
and 5 puM) all decreased firing rate of ZIR GABA neurons from
regularly fed mice but produced no significant effect on neurons from
fasted mice (Figure 6H,l). Together, these data indicate that low
concentrations of 5-HT preferentially activate inhibitory 5-HT re-
ceptors to reduce the activity of ZIR GABA neurons in fed states,
while increased 5-HT levels also induce an excitatory effect through

activating excitatory 5-HT receptor subtypes. In the states of energy
deficit following 24-h fasting, the inhibitory effect of 5-HT is down-
regulated that leads to an amplified increase in firing rate by higher
5-HT concentrations.

To examine whether the fasting-induced shift of 5-HT modulation on
ZIR GABA neurons changes the regulation of raphe-ZIR 5-HT pro-
jections on food motivation in mice with energy deficit, we used PR
trials to test the effect of photostimulation of raphe-ZIR 5-HT pro-
jections on operant behaviors for food reward in mice after 24 h
fasting. We didn’t detect an effect of photostimulation on active lever
presses, breakpoints, or food reward retrieval (Figure 6J—L). These
data together suggest activation of raphe-ZIR 5-HT projections has no
conclusive effect on food motivation, which may be due to a complex
and diverse effect of 5-HT modulation of ZIR neurons in different mice
under fasted conditions.

3.7. Intermittent HFHS diet shifts the balance of 5-HT modulation
from predominant inhibition to excitation

Our results above suggest that acute energy deficit shifts 5-HT effect
on ZIR GABA neurons from inhibitory to excitatory. Here, we further
tested whether intermittent HFHS diet, a model used to induce binge
eating, changes 5-HT modulation on ZIR GABA neurons. Similarly, 5-
HT (50 pM) produced bidirectional modulation with both inhibitory
and excitatory effect on GABA neurons in both control and HFHS-diet
mice (Figure 7A,B). When all neurons recorded were included for
statistical analysis, 5-HT (50 pM) induced hyperpolarization to
decrease firing rate of ZIR GABA neurons from mice with regular diet
(Figure 7C,D) but evoked a small depolarization to excite neurons from
mice with intermittent HFHS diet for 2—3 weeks (Figure 7C,E). We then
separately analyzed the response of ZIR GABA neurons to 5-HT
treatment. In control mice with regular chow, 5-HT (50 pM) inhibited
50.9% and excited 25.5% of ZIR GABA neurons recorded (Figure 7F—
J). However, intermittent HFHS diet decreased the percentage of 5-HT-
inhibited neurons to 31.5% but increased 5-HT-excited neurons to
44.8% (Figure 7F—J). These data thus indicate that intermittent HFHS
diet shifts 5-HT effects from inhibition to excitation.

Similarly, we used PR trials to test the effect of raphe-ZIR 5-HT pro-
jection activation on motivation for food reward in mice treated with
regular diet and intermittent HFHS food for 2—3 weeks. We found
intermittent HFHS promoted reward earned during PR trials of 45 min
(Figure 7M). Photostimulation of raphe-ZIR 5-HT projections signifi-
cantly decreased active lever presses and reward consumption in
control mice fed with regular diet but had little effect in mice with
intermittent HFHS diet (Figure 7K—M). Together, these results suggest
that intermittent HFHS diet downregulates 5-HT inhibition on ZIR GABA
neurons and impairs the inhibitory regulation of raphe-ZIR 5-HT pro-
jections on food motivation.

3.8. Intermittent high-fat diet increases ZIR 5-HT7 expression

To further confirm 5-HT1a, 5-HT2c, and 5-HT7 expression in the ZIR,
we used RNAscope in situ hybridization to detect mRNA levels of these
receptor subtypes in regularly fed, 24-h fasted, and intermittent HFHS
diet mice. We found high-level 5-HT1a and 5-HT2¢c mRNA expression in
ZIR of mice without a significant difference among three group
(Figure 8A1—B3, D1—E2, supplementary Figure 3). We also observed a
low-level expression of 5-HT7 mRNA in ZIR and the density of the
expression was increased by intermittent HFHS diet but not fasting
(Figure 8C1—C6, F1—F2, supplementary Figure 3). These results thus
suggest that increased 5-HT7 expression in ZIR may contribute to
upregulated 5-HT excitation that contributes to less inhibitory control on
feeding motivation and overeating of high-fat diet. In addition, we also
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Figure 6: Fasting abolishes the inhibitory regulation of raphe-ZIR 5-HT signaling on ZIR GABA neurons and food motivation. A, Representative images showing ZIR GAD-
GFP neurons from a GAD-GFP mouse used for recordings and testing 5-HT modulation on ZIR GABA neurons. B, Representative images shows GAD-GFP (B7), anti-GABA im-
munostaining (B2), and neurons co-expressed with both GFP and anti-GABA immunoreactivity (B3). C, Representative traces showing the effects of 5-HT (50 tM) on ZIR GAD-GFP
neurons from slices of regularly fed mice. D, Representative traces showing the effects of 5-HT (50 M) on ZIR GAD-GFP neurons from slices of 24-h fasted mice. E, Pie graphs
showing percentages of recorded neurons that responded to 5-HT (50 wM) with inhibitory, inhibitory followed by excitatory, and excitatory effects in both regularly fed and 24-h
fasted mice. F, 5-HT-induced changes of resting membrane potentials in neurons from both fed (n = 32 neurons) and fasted (n = 31 neurons) mice. ****p < 0.0001, paired t
test. Unpaired t test. G, 5-HT (50 M) had no effect statistically on firing rate of ZIR GABA neurons (n = 32) from regular fed mice but increased firing rate of neurons (n = 31) from
24-h fasted mice. The firing rate of 5-HT treatment was measured for a period of 2 min including 1-min application followed by 1-min washout. 5-HT effect: F1 g1y = 11.72,
p=0.0011; fasting x 5-HT interaction: F; g1y = 0.8424, p = 0.3623; ns, no significance, **p < 0.01, RM two-way ANOVA followed by Bonferroni’s multiple comparisons test. H,
5-HT at 0.5 uM (n = 18 neurons), 1 uM (n = 17 neurons), and 5 uM (n = 14 neurons) decreased firing rate of ZIR GABA neurons from regular fed mice. The firing rate of 5-HT
treatment was measured for a period of 2 min including 1-min application followed by 1-min washout. 5-HT effect: F; 46 = 49.29, p < 0.0001; dose x 5-HT interaction:
Fo,46) = 0.0133, p = 0.9868; **p < 0.01, ***p < 0.001, RM two-way ANOVA followed by Bonferroni’s multiple comparisons test. I, 5-HT at 0.5 uM (n = 23 neurons), 1 uM
(n = 24 neurons), and 5 pM (n = 20 neurons) had no effect on firing rate of ZIR GABA neurons from 24-h fasted mice. 5-HT effect: F; g4y = 3.70, p = 0.06; dose x 5-HT
interaction: Fp 64y = 0.2388, p = 0.7883; ns, no significance, RM two-way ANOVA followed by Bonferroni’s multiple comparisons test. The firing rate of 5-HT treatment was
measured for a period of 2 min including 1-min application followed by 1-min washout. J, Bar graph with data plots showing active lever presses in 24-h fasted mice with and
without photostimulation (20 Hz) of raphe-ZIR 5-HT projections. ns, no significance, n = 12 mice, paired f test. K, Breakpoints in 24-h fasted mice with and without photo-
stimulation (20 Hz) of raphe-ZI 5-HT projections. ns, no significance, n = 12 mice, paired ¢ test. L, Food reward earned by 24-h fasted mice with and without photostimulation
(20 Hz) of raphe-ZI 5-HT projections. ns, no significance, n = 12 mice, paired ¢ test.
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Figure 7: Intermittent HFHS diet attenuates the inhibitory regulation of raphe-ZIR 5-HT projections on food motivation. A, Representative traces show that 5-HT (50 M)
inhibited one ZIR GABA neuron but excited another ZIR GABA from a mouse treated with regular diet. B, Representative traces show that 5-HT (50 pM) inhibited one ZIR GABA
neuron but excited another ZIR GABA from a mouse treated with intermittent HFHS diet. C, 5-HT-induced changes of resting membrane potentials in neurons from both regular
(n = 55 neurons) and intermittent HFHS (n = 29 neurons) diets. ***p < 0.001, paired t test. Unpaired t test. D, A bar graph shows that 5-HT (50 |LM) decreased firing rate of ZIR
GABA neurons from mice with regular diet when all 55 neurons recorded were included for statistics. *p < 0.05, paired t test. E, A bar graph shows that 5-HT (50 wM) increased
firing rate of ZIR GABA neurons from mice with Intermittent HFHS diet when all 29 neurons recorded were included for statistics. *p < 0.05, paired t test. F, Pie graphs showing
percentages of recorded neurons that responded to 5-HT (50 M) with inhibitory, inhibitory followed by excitatory, and excitatory effects in regular and HFHS-diet mice. G, 5-HT
(50 uM) hyperpolarized majority of ZIR GABA neurons in mice with regular diet but a small percentage of ZIR GABA neurons from intermittent HFHS diet mice. 5-HT effect:
F1,35) = 41.38, p < 0.0001; Diet x 5-HT interaction: Fip 35 = 5.24, p = 0.028; *p < 0.05, ****p < 0.0001, n = 28 neurons for mice with regular diet and 9 neurons for HFHS
diet mice, RM two-way ANOVA. H, 5-HT (50 uM) decreased firing rate of the majority of ZIR GABA neurons in mice with regular diet and a small population of neurons from
intermittent HFHS diet mice. 5-HT effect: F; 30 = 68.27, p < 0.0001; Diet x 5-HT interaction: Fip30) = 1.25, p = 0.273; ***p < 0.001, ****p < 0.0001, n = 24 neurons for
mice with regular diet and 8 neurons for HFHS diet mice, RM two-way ANOVA. |, 5-HT (50 uM) depolarized a small population of ZIR GABA neurons from mice with regular diet but
a majority of ZIR GABA neurons from intermittent HFHS diet mice. 5-HT effect: Fi;57) = 70.80, p < 0.0001; Diet x 5-HT interaction: Fip27) = 0.2153, p = 0.6463;
*¥4%p < 0.0001, n = 14 neurons for mice with regular diet and 15 neurons for HFHS diet mice, RM two-way ANOVA. J, 5-HT (50 M) increased firing rate of some ZIR GABA
neurons from mice with regular diet but a large percentage of neurons from intermittent HFHS diet mice. 5-HT effect: F; o7y = 58.40, p < 0.0001; Diet x 5-HT interaction:
Fo,27) = 1.821, p=0.1884; ***p < 0.001, ****p < 0.0001, n = 14 neurons for mice with regular diet and 15 neurons for HFHS diet mice, RM two-way ANOVA. K, Active lever
presses by mice treated with regular chow during PR trials of 45 min **p < 0.01, n = 9 mice, paired test. L, Active lever presses by mice treated with intermittent HFHS diet
during PR trials of 45 min ns, no significance, n = 9 mice, paired test. M, HFHS pellet rewards earned by mice treated with regular chow and intermittent HFHS diet during PR trials
of 45 min ns, no significance, *p < 0.05, n = 9 mice each group, RM two-way ANOVA.
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Figure 8: Patterns of 5-HT receptor subtype mRNA expression in ZIR of mice. A, Representative images showing 5-HT1a mRNA expression in the ZIR of mice with regular fed
(A1), 24-h fasted (A2), and intermittent HFHS diet for 3 weeks (A3). Zoomed-in images were shown in the bottom left of each image. B, Representative images showing 5-HT2c
mRNA expression in the ZIR of mice with regular fed (B7), 24-h fasted (B2), and intermittent HFHS diet for 3 weeks (B3). Zoomed-in images were shown in the bottom left of each
image. C, Representative images showing 5-HT7 mRNA expression in the ZIR of mice with regular fed (C7 and zoomed-in image C4), 24-h fasted (C2 and zoomed-in image C5),
and intermittent HFHS diet for 3 weeks (C3 and zoomed-in image C6). D, Bar graphs with data plots showing both 5-HT1a density (D7) and intensity (D2) in ZIR of mice with regular
fed (n = 16 ZIR areas from slices of 3 mice), 24-h fasted (n = 16 ZIR areas from slices of 3 mice, and intermittent HFHS diet for 3 weeks (n = 16 ZIR areas from slices of 3 mice).
Treatment effect for mRNA density: F» 45 = 0.076, p = 0.9267. Treatment effect for mRNA intensity: F( 45y = 0.218, p = 0.8052, ns, no significance. E, Bar graphs with data
plots showing both 5-HT2¢ density (E7) and intensity (E2) in ZIR of mice with regular fed (n = 24 ZIR areas from slices of 4 mice), 24-h fasted (n = 14 ZIR areas from slices of 3
mice, and intermittent HFHS diet for 3 weeks (n = 24 ZIR areas from slices of 4 mice). Treatment effect for mRNA density: F(, s = 0.274, p = 0.7610. Treatment effect for mRNA
intensity: Fip 59) = 0.990, p = 0.3773, ns, no significance. F, Bar graphs with data plots showing both 5-HT7 density (F7) and intensity (F2) in ZIR of mice with regular fed (n = 15
ZIR areas from slices of 3 mice), 24-h fasted (n = 10 ZIR areas from slices of 2 mice, and intermittent HFHS diet for 3 weeks (n = 14 ZIR areas from slices of 3 mice). Treatment
effect for mRNA density: Fp 37y = 6.807, p = 0.003. Treatment effect for mRNA intensity: F» 37 = 6.612, p = 0.004, *p < 0.05, **p < 0.01, ns, no significance.

detected high-level of 5-HT7 and 5-HT2c but not 5-HT1a expressionin 4. DISCUSSION

the PVT (supplementary Figure 4), further supporting our previous

finding about a dominant role of 5-HT7 in mediating 5-HT excitation of  Here we report that raphe 5-HT neurons regulated feeding behavior
PVT neurons with slight inhibition mediated by 5-HT2c activation [30].  through their projections to both ZI and PVT, the two regions connected
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by inhibitory GABA neural circuits for the control of food intake [3].
Using retrograde AAV tracing, we found that 5-HT neurons in both DR
and MnR nuclei projected to ZI and PVT. Interestingly, almost half of
PVT-projecting raphe 5-HT neurons also collaterally innervated ZI.
Although slice electrophysiological recordings showed a bidirectional
modulation of 5-HT on ZIR GABA neurons, 5-HT concentrations lower
than 50 1M and photostimulation of raphe-ZIR 5-HT projections pre-
dominantly inhibited ZIR neurons especially PVT-projecting ZIR GABA
neurons in normal mice fed with regular diet. However, both 24-h
fasting and intermittent HFHS diet shifted the bidirectional modula-
tion of 5-HT on ZIR GABA neurons from a predominant inhibition to
being excitation prone, which abolished the inhibitory effect of raphe-
ZIR 5-HT signaling on feeding motivation.

The PVT was reported to regulate emotional expression and motivated
behaviors including feeding by conveying neural signals from pre-
frontal cortex, ZI, and brain stem to limbic systems such as nucleus
accumbens and amygdala [3,37,41—43]. Although PVT neurons are
mainly glutamatergic, previous studies have revealed the diversity of
PVT-based neural circuits in feeding control. Activation of PVT neurons
produced either promoting or inhibitory effect on food motivation and
consumption depending on PVT-originated circuitry connections
[3,37,41,44,45]. In the present study, we found raphe 5-HT neurons
send dense projections to PVT and activation of their axonal terminals
excited PVT neurons to reduce food motivation and consumption. This
is consistent with our latest report that the activity of raphe 5-HT
neurons was inhibited by food deprivation [30]. Our previous study
also revealed that 5-HT excited PVT neurons through activating 5-HT7
receptors and disinhibited these neurons by targeting 5-HT1a re-
ceptors in presynaptic GABAergic terminals [30]. Together, our find-
ings support that both 5-HT1a and 5-HT7 receptors cooperatively work
together to mediate feeding control by the raphe-PVT 5-HT signaling
pathway.

The Zl is a critical brain area that sends GABA projections to inhibit PVT
neurons for feeding control and acute activation of ZI-PVT GABA
pathway evoked binge-like feeding behavior in seconds [3]. Despite an
important role of ZI in the control of food intake, little is known about
how ZI GABA neurons are innervated by other neural signals for feeding
regulation. In the present study, we found raphe 5-HT neurons also
innervate ZIR to modulate the activity of ZIR GABA neurons. Photo-
stimulation of raphe-ZIR 5-HT projections predominantly inhibited ZIR
neurons and reduced motivation for food reward. Previous studies
have reported that DR 5-HT neurons project to both lateral geniculate
body and superior colliculus with collateral axons for processing visual
information [46]. The collateral 5-HT branching was also found to
innervate both paraventricular nucleus of the hypothalamus (PVN) and
lateral parabrachial nucleus (PBN) for autonomic control [47]. Using
retrograde AAV for neural tracing, we found both DR and MnR 5-HT
neurons sent projections to ZIR. On average, we labelled 47 neurons
that projected to PVT but 287 neurons that projected to ZIR from five
Sert-Cre mice. Despite a lower number of PVT-projecting 5-HT neu-
rons were labelled which may be caused by low efficacy of either
retrograde AAV or surgical targeting, half of these PVT-projecting
neurons were found to send collateral axons to ZIR. Together, these
findings suggest that a group of 5-HT neurons not only send pro-
jections to directly excite PVT neurons but also disinhibit PVT neurons
through silencing presynaptic GABA neurons in the ZIR. The syn-
chronous modulation of collateral 5-HT projections onto both presyn-
aptic and postsynaptic neurons of ZI-PVT pathway is important for an
efficient feeding control by a limited number of 5-HT neurons in the
brain. Based on the property of the retrograde AAVs, they infect the
axonal terminals of the injection sites and then are transported to the

cell body for Cre-dependent expression of fluorescent proteins. How-
ever, the viruses are not able to differentiate the axons that terminate
on PVT cell bodies or GABAergic terminals within PVT. Although half of
PVT-projecting neurons were found to also send collateral axons to ZIR,
it is not clear whether these collateral projections target PVT somas or
GABAergic terminals from ZIR GABA neurons.

5-HT receptor signaling in multiple brain areas was reported to
regulate food intake. Both 5-HT1b in agouti-related peptide (AgPR)
neurons and 5-HT2c in proopiomelanocortin (POMC) neurons of the
arcuate nucleus (ARC) contribute to 5-HT inhibition of homeostatic
feeding [13,48,49]. In addition to ARC, both VTA and nucleus of the
solitary tract (NTS) also express 5-HT2c receptors to mediate the
inhibitory regulation of 5-HT on food intake [20,50,51]. Although
activation of 5-HT2c in brain areas above tend to reduce food intake, it
also promotes feeding when PVN 5-HT2c receptors are activated by 5-
HT signaling [21]. These findings thus suggest a complex role of 5-HT
neural projections in the regulation of food intake. Together with our
previous report, activation of raphe-PVT 5-HT signaling inhibited food
motivation through acting on both 5-HT1a and 5-HT7 receptors in the
PVT. However, in the ZI, 5-HT exerted a bidirectional modulation on ZI
GABA neurons though it predominantly inhibited these neurons in well
fed conditions. The present findings indicate that 5-HT inhibited ZIR
GABA neurons by activating both 5-HT1a and 5-HT2c receptors but
excited them through the action on 5-HT7 subtypes. 5-HT2¢ was
traditionally considered as an excitatory receptor but it was recently
reported to also mediate an inhibitory effect of 5-HT on PVN neurons
[21]. Consistent with this report, 5-HT2c participated in the inhibitory
effect of 5-HT on ZIR GABA neurons. Together with our previous
findings about 5-HT modulation on PVT neurons [30], the present study
indicates that 5-HT1a is expressed not only in the soma but also the
PVT terminals of ZI GABA neurons to disinhibit PVT neurons for feeding
inhibition when collateral 5-HT projections are activated. However,
activation of ZI 5-HT7 receptors may antagonize the excitatory effect of
PVT 5-HT7 signaling on PVT neurons for feeding control. Thus, our
findings further confirm the complexity and diversity of 5-HT receptor
subtypes in the regulation of food intake.

Changes in central 5-HT modulation are considered to be involved in
the development of obesity and reduced postprandial 5-HT signaling
results in insufficient inhibition of additional food intake. Previous
studies were predominantly focused on presynaptic mechanism
related to changes in 5-HT release and reuptake induced by fasting
and high-fat diet. In humans, high-fat diet decreases 5-HT transporter
(SERT) binding in the hypothalamus and 24-h fasting increases hy-
pothalamic SERT availability in lean brains [52,53]. In rodents, high-fat
diet also decreased 5-HT levels in the hypothalamus [54]. The fasting-
induced increase in hypothalamic SERT availability in the lean healthy
subjects likely reflects increased SERT affinity induced by decreased
synaptic 5-HT levels [55,56], contributing to a promoting effect in food
seeking and consumption [57]. However, fasting-induced increase in
SERT binding was absent in men with obesity [52], suggesting a
blunted 5-HT signaling in the development of obesity. Our previous
study has reported that intermittent HFHS diet impaired both 5-HT
inhibition of ZIR-PVT GABA transmission and 5-HT activation of PVT
neurons [30]. These findings thus suggest that HFHS-diet-induced
downregulation in 5-HT inhibition of ZIR-PVT GABA transmission
leads to a disinhibition of PVT neurons for diet-induced overeating. In
the present study, we found both 5-HT treatment and photostimulation
of raphe-ZIR 5-HT terminals modulated the activity of ZIR neurons.
Although 5-HT exerted a bidirectional modulation with both inhibitory
and excitatory effects on ZIR GABA neurons in mice well fed with
regular food, it predominantly inhibited ZIR GABA neurons especially
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PVT-projecting ZIR GABA neurons. However, in 24-h fasted mice and
mice with intermittent HFHS diet, more ZIR GABA neurons were excited
by 5-HT that led to a slightly excitatory effect on a general population of
ZIR GABA neurons. These findings together indicate that postsynaptic
5-HT modulation of ZIR GABA neurons was changed by both fasting
and intermittent HFHS diet, which shifted the balance of 5-HT mod-
ulation from predominant inhibition to less inhibition or even slight
excitation. Based on the promoting effect on food intake mediated by
activation of ZIR GABA neurons and their projections to PVT, fasting-
induced decrease in 5-HT inhibition of these neurons contributes to
an increased activation of ZIR-PVT GABA transmission that promotes
feeding motivation in the condition of energy deficit. However, HFHS-
diet-induced downregulation of 5-HT signaling in ZIR GABA neurons
leads to an overactivation of ZIR-PVT pathway that develops diet-
induced overeating and obesity. These possibilities were supported
by our results that optogenetic activation of raphe-ZIR 5-HT projections
had little effect on food motivation in both 24-h fasted mice and mice
with intermittent HFHS diet for 2—3 weeks. Together with our previous
report about HFHS-diet-induced downregulation in 5-HT inhibition of
ZIR-PVT GABA release, the present study further confirms that dynamic
5-HT signaling tunes ZIR-PVT GABA transmission for both controlling
daily food intake and causing diet-induced overeating.

Our RNAscope assay confirmed that ZIR expressed high levels of both
5-HT1a and 5-HT2¢ mRNA as well as low level of 5-HT7 mRNA. These
data are consistent with our electrophysiological data about a pre-
dominant inhibitory effect of 5-HT on the activity of ZIR neurons
through activation of both 5-HT1a and 5-HT2c receptors. Especially, 5-
HT1a mRNA were selectively expressed in lateral ZIR, the major origin
of PVT-projecting GABA neurons for feeding control [3]. Furthermore,
we found intermittent HFHS diet but not 24-h fasting increased the
density and intensity of 5-HT7 mRNA expression in ZIR. However, we
didn’t observe any effect on 5-HT1a and 5-HT2¢c mRNA expression by
fasting and intermittent HFHS diet. These findings thus suggested that
increased 5-HT7 receptor levels may contribute to an increased 5-HT
excitation of ZIR GABA neurons for less inhibition on food motivation.
However, the exact mechanism for decreased 5-HT inhibition on these
neurons remains unclear. Both endocytosis and intracellular trafficking
were found to regulate the level of functional 5-HT1a receptors in the
neuronal membrane [58—61]. Previous studies have also reported that
both stress and alcohol exposure change the expression and the
membrane localization of postsynaptic 5-HT receptors through the
regulation in trafficking and internalization [62—67]. Whether fasting
and HFHS diet regulate the process for 5-HT receptor trafficking and
internalization for changing postsynaptic 5-HT modulation should be
studied in future studies.

As discussed above, photostimulation of ZIR 5-HT axons had little effect
on feeding in mice after 24 h fasting. However, despite a fasting-
induced reduction in 5-HT inhibition of ZIR-PVT GABA transmission,
photostimulation of PVT 5-HT projections still depressed feeding moti-
vation in fasted mice. These findings thus suggest that 5-HT axons not
only target presynaptic ZIR GABA terminals in PVT but also directly
innervate PVT neurons, which is also supported by our electrophysio-
logical data with photostimulation of PVT 5-HT terminals. Although 5-
HT-induced disinhibition by targeting ZIR GABA terminals is reduced
by fasting, photostimulation of PVT 5-HT projections can still depress
feeding behavior by releasing 5-HT to directly excite PVT neurons.
Therefore, these results further confirm that raphe-PVT 5-HT projections
regulate feeding behavior through both direct excitation of PVT neurons
and indirect disinhibition that targeting ZIR-PVT GABA terminals.

In conclusion, our results show that raphe 5-HT neurons send pro-
jections to both ZIR and PVT for the regulation of food intake. A

I

MOLECULAR
METABOLISM

dynamic modulation of 5-HT signaling on PVT-projecting ZIR GABA
neurons reveals that transient reduction in ZIR 5-HT inhibition autho-
rizes daily food intake but sustained change of ZIR 5-HT signaling leads
to overeating induced by HFHS diet. In addition, half of PVT-projecting
5-HT neurons also send collateral axons to ZIR, suggesting PVT 5-HT
projections regulate feeding behavior not only through a direct exci-
tation of PVT neurons but also by targeting ZIR-PVT GABAergic ter-
minals for an indirect disinhibition.
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