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Activation of Serotonin 2C Receptors in Dopamine Neurons  
Inhibits Binge-like Eating in Mice 

 
Supplemental Information 

 

Supplemental Methods 

Mice 

We crossed male C57Bl6 mice with female mice that were heterozygous for the loxTB-5-HT2CR 

allele (1). This cross generated male wild type (WT) mice and mutant mice that carry one 

loxTB-5-HT2CR allele. Since the gene encoding 5-HT2CRs is located on the X chromosome and 

male mice only carry one allele, these male mutant mice were actually 2C-null mice. These mice 

were used for experiments in Figure 1D and 1E.  

In addition, we crossed male DAT-CreER (Jackson Laboratory, #016583) transgenic 

mice and female mice that were heterozygous for 2C-null (loxTB-5-HT2CR) allele. This cross 

produced male WT, 2C-null, and DA-2C-RE (DAT-CreER/loxTB-5-HT2CR) mice. In parallel, 

male DAT-CreER mice were crossed to female mice that were heterozygous for the lox-5-

HT2CR allele (2). This cross generated WT and DA-2C-KO (DAT-CreER/lox-5-HT2CR) mice. 

At 8 weeks of age, all mice received intraperitoneal (i.p.) injections of tamoxifen (4 mg/mouse). 

In DA-2C-RE mice, tamoxifen induced Cre activity to re-express 5-HT2CRs only in DA neurons; 

while in DA-2C-KO mice, tamoxifen-induced Cre activity led to deletion of 5-HT2CRs only in 

DA neurons. Tamoxifen was also injected into the WT and 2C-null mice in order to exclude 

effects of tamoxifen itself. These mice were used for the measurements of feeding, anxiety, 

depression and physical activities (Figures 3, S3-S9). WT mice obtained from two different 

crosses were pooled in these studies.  
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For electrophysiological studies (Figures 5 and S10), we crossed Rosa26-tdTOMATO 

allele onto DAT-CreER, DA-2C-RE, and DA-2C-KO mice, respectively. These crosses 

generated WT, DAT-2C-RE and DA-2C-KO mice with TOMATO selectively expressed in DA 

neurons (after tamoxifen inductions). Note that since expression of TOMATO requires Cre 

activity in DA neurons, it is impossible to generate 2C-null mice with TOMATO expressed in 

DA neurons.  

In addition, some of DAT-CreER/Rosa26-tdTOMATO mice were used for validation of 

Cre activity (Figure S2). We also crossed DAT-CreER mice with C57Bl6 mice to generate 

DAT-CreER mice. These mice were used for DREADD studies (Figures 5 and S11). 

To visualize 5-HT neuron cell bodies and fibers (Figure 2A), TPH2-CreER (Jackson 

Laboratory, #016584) transgenic mice were crossed to Rosa26-tdTOMATO mice to generate 

TPH2-CreER/Rosa26-tdTOMATO mice. We have previously shown that these mice express 

TOMATO exclusively in 5-HT neurons upon tamoxifen induction (3). This cross also generated 

and TPH2-CreER mice without the Rosa26-tdTOMATO allele. These TPH2-CreER mice were 

used in ChR2 and Ad-IN/W tracing experiments (Figures 2 and S1).  

All the breeders have been backcrossed to C57Bl6 background for more than 12 

generations. In addition, some C57Bl6 mice were purchased from the mouse facility of Baylor 

College of Medicine. Mice were housed in a temperature-controlled environment in groups of 

two to five at 22˚C-24˚C using a 12 hr light/12 hr dark cycle. The mice were fed standard chow 

(6.5% fat, #2920, Harlan-Teklad, Madison, WI) until training and assessment of binge-like 

eating behavior. Water was provided ad libitum.  
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Visualization of 5-HT Cell Bodies and Fibers 

Twelve-week old TPH2-CreER/Rosa26-tdTOMATO mice (male or female) received i.p. 

injections of tamoxifen (4 mg/mouse). One week after tamoxifen induction, mice were perfused 

with 10% formalin, and brain sections were cut at 25 μm (5 series). The sections were directly 

mounted on glass slides and TOMATO red fluorescence images were analyzed using a Leica 

DM5500 fluorescence microscope with OptiGrid structured illumination configuration. 

 

ChR2 Anterograde Tracing 

To determine which sub-sets of 5-HT neurons project to the VTA/SN, twelve-week old TPH2-

CreER mice were anesthetized by isofluorane and received stereotaxic injections of Cre-

dependent AAV expressing ChR2-EYFP (AAV-EF1α-DIO hChR2(H134R)-EYFP) into the 

DRN (200 nl; 4.6 mm posterior, 0 mm lateral and 3.5 mm ventral to the Bregma, based on 

Franklin & Paxinos Mouse Brain Atlas) or the MRN (200nl; 4.6 mm posterior, 0 mm lateral and 

4.4 mm ventral to the Bregma, based on Franklin & Paxinos Mouse Brain Atlas). The mice also 

received i.p. injections of tamoxifen (4 mg/mouse, i.p.). One week after injections, mice were 

perfused with 10% formalin, and brain sections were cut at 25 μm (5 series). The sections were 

directly mounted on glass slides and EYFP fluorescence images were analyzed using a Leica 

DM5500 fluorescence microscope with OptiGrid structured illumination configuration.  

 

Ad-IN/W Anterograde Tracing 

In order to confirm that DRN 5-HT neurons synapse on DA neurons, twelve-week old TPH2-

CreER mice were anesthetized by isoflurane and received stereotaxic injections of Ad-IN/W (4) 

into the DRN (200 nl; 4.6 mm posterior, 0 mm lateral and 3.5 mm ventral to the Bregma, based 
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on Franklin & Paxinos Mouse Brain Atlas). The mice also received i.p. injections of tamoxifen 

(4 mg/mouse, i.p.). In these mice, Ad-IN/W induced expression of GFP-WGA only in DRN 5-

HT neurons; WGA anterogradely travelled along the 5-HT fibers, passed the synapse, and filled 

the downstream neurons that were innervated by 5-HT terminals. Three days after injections, 

mice were perfused with 10% formalin, and brain sections were cut at 25 μm (5 series). The 

sections were incubated at room temperature in primary goat anti-WGA antibody (1:1000, #AS-

2024, VectorLabs) overnight, followed by the secondary donkey anti-goat Alexa Fluor 488 

(1:500; #A-11055, Invitrogen) for 1.5 hours. Then, the sections were incubated in the primary 

rabbit anti-TH antibody (1:1000, #AB-152, Millipore) overnight, followed by secondary donkey 

anti-rabbit AlexaFluor594 (1:500; #A-21207, Invitrogen) for 1.5 hours. Fluorescence images 

were analyzed using a Leica DM5500 fluorescence microscope with OptiGrid structured 

illumination configuration. 

In parallel, another set of sections were incubated with same primary anti-WGA antibody 

and followed by biotinylated anti-goat secondary antibody (1:1,000; Vector) for 2 hours. 

Sections were then incubated in the avidin-biotin complex (1:500, ABC; Vector Elite Kit) and 

incubated in 0.04% 3, 3’-diaminobenzidine and 0.01% hydrogen peroxide. After dehydration 

through graded ethanol, the slides were then immersed in xylene and coverslipped. Brightfield 

images were analyzed using a Leica DM5500 microscope. 

 

Validation of DAT-CreER Mice 

DAT-CreER/TOMATO mice received i.p. injections of tamoxifen (4 mg/mouse) or vehicle. One 

week later, mice were perfused with 10% formalin, and brain sections were cut at 25 μm (5 

series). The sections were incubated at room temperature in primary rabbit anti-TH antibody 
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(1:1000, #AB-152, Millipore) overnight, followed by the secondary donkey anti-rabbit Alexa 

Fluor 488 (1:500; #A-21206, Invitrogen) for 1.5 hours. Co-localization of TOMATO (red) and 

TH (green) was analyzed using a Leica DM5500 fluorescence microscope with OptiGrid 

structured illumination configuration. 

 

Training and Assessment of Binge-like Eating Behavior 

We used the published protocol (3, 5) to train and assess binge-like eating behavior in mice. 

Briefly, mice were singly housed and randomly assigned into “intermittent HFD”, “continuous 

chow/HFD” or “continuous chow only” groups. “Intermittent” mice were initially exposed to 

both regular chow pellets (6.5% fat, #2920, Harlan) and a high-fat diet (HFD) pellets (40% fat; 

TD.95217, Harlan) for 48 hours (from Monday 11am to Wednesday 11am), and then exposed to 

only chow for the rest of the week. Then, weekly cycles were repeated, with both HFD and chow 

in the cage for 24 hours (from Monday 11am to Tuesday 11am), and only chow for the rest of 

the week. On the binge assessment day (Mondays of each cycle), HFD and chow intake was 

measured for 2.5 hours (from 11am to 1:30pm). The “continuous chow/HFD” group was 

exposed to both chow and HFD for the entire study, and both HFD and chow intake was 

measured for 2.5 hours at the same time as “intermittent” group. Another control group, 

“continuous chow only”, was exposed to chow only for the entire study, and chow intake was 

measured 2.5 hours at the same time as “intermittent” group. The 2.5-hr HFD intake in 

“intermittent” mice was used to assess binge-like eating behavior in response to various drugs, 

gene mutations, and their combinations (as detailed below). Mice were housed in their original 

home cages for the entire training and study period. These cages (W: 7.25 inch, L: 11.5 inch, H: 

5 inch; Alternative Design, Cat# RC71U-UD) were made of polysulfone, with a gridded metal 
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topping holding a water bottle and pellet diets. A metal board was vertically inserted into the 

food holder to separate chow and HFD pellets. 

In order to rule out the possibility that “intermittent” mice binge because of hunger, we 

exposed a separate cohort wild type mice to intermittent HFD feeding, as described above, to 

train them to develop binge-like eating. On a binge day, we provided only chow, instead of chow 

and HFD, and food intake during 11am to 1:30pm was measured. Wild type mice exposed to 

continuous chow feeding were used as controls. These data were summarized in Figure 1C.  

 

Effects of Fluoxetine and d-Fen on Binge-like Eating Behavior 

In experiments in Figure 1D and 1E, male WT and 2C-null littermates (12 weeks of age) were 

subjected to either “intermittent” HFD exposure or “continuous” chow/HFD exposure, as 

described above. On the binge assessment days, mice received i.p. injections of saline, fluoxetine 

(10 mg/kg; Sigma, #F132) or d-Fen (3 mg/kg; Sigma, #F112), at 10:30am (30 min prior to 

assessment). The same mice received all 3 different injections in different cycles. The order of 

injections was randomized to avoid potential sequence effects. Note that the doses for fluoxetine 

was chosen based on a previous report (5) that both 10 mg/kg and 30 mg/kg fluoxetine 

significantly suppressed binge-like eating in WT mice (5). However, we observed that effects of 

30 mg/kg fluoxetine could not be blocked in 2C-null mice (data not shown), suggesting that this 

high dose of fluoxetine may inhibit binge-like eating through other 5-HT receptors or may have 

caused toxic effects. Thus, 10 mg/kg was chosen for fluoxetine in the following experiments. 

Similarly, d-Fen at both 3 mg/kg and 6 mg/kg were tested, and we chose 3 mg/kg because this 

dose effectively inhibited binge-like eating in WT mice but not in 2C-null mice. 
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In experiments in Figure 3A, male WT, 2C-null, DA-2C-RE and DA-2C-KO mice 

littermates (12 weeks of age) received i.p. injections of tamoxifen (4 mg/mouse) and were 

subjected to “intermittent” HFD exposure. Effects of saline, fluoxetine (10 mg/kg) or d-Fen (3 

mg/kg) on binge-like eating behavior (2.5-hr HFD intake) were assessed similarly as described 

above.  

 

Effects of Lorcaserin on Binge-like Eating Behavior 

We first tested effects of lorcaserin on binge-like eating in WT mice. To this end, male C57Bl6 

mice (12 weeks of age) were subjected to either “intermittent” HFD exposure or “continuous” 

chow/HFD exposure, as described above. On the binge assessment days, mice received i.p. 

injections of saline, lorcaserin (3 mg/kg; MedChem Express, #HY-15368) or lorcaserin (6 

mg/kg), at 10:30am (30 min prior to assessment). The same mice received all 3 different 

injections in different cycles. The order of injections was randomized to avoid potential 

sequence effects.  

After confirm an inhibitory effect of 6 mg/kg lorcaserin, we tested this dose in four 

mouse groups: WT, 2C-null, DA-2C-RE and DA-2C-KO. Briefly, all mice (12 weeks of age) 

received i.p. injections of tamoxifen (4 mg/mouse) and were subjected to “intermittent” HFD 

exposure. Effects of saline, or lorcaserin (6 mg/kg) on binge-like eating behavior were assessed 

similarly as described above.  

In a separate study, WT and DA-2C-KO littermates (before tamoxifen induction) were 

first subjected to “intermittent” HFD exposure. Binge-like eating behavior were assessed in a 

cycle before tamoxifen, and assessed again in another cycle after tamoxifen induction (4 

mg/mouse). In the following cycles, Effects of saline, or lorcaserin (6 mg/kg) on binge-like 
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eating behavior were assessed similarly as described above. These data were summarized in 

Figure S3D and S3E. 

 

Effects of Lorcaserin on Hunger-driven Feeding 

Male WT, 2C-null, DA-2C-RE and DA-2C-KO mice littermates (12 weeks of age) received i.p. 

injections of tamoxifen (4 mg/mouse). These mice were then singly housed and fed with chow 

only. After an overnight fast, mice received i.p. injections of saline or lorcaserin (6 mg/kg) at 

10:30am. Chow diet was provided at 11am, and food intake was measured at 2, 4 and 6 hr time 

points. The same mice received saline or lorcaserin on separate trials with a one-week interval. 

The order of injections was randomized to avoid potential sequence effects.  

 

DREADD-induced Activation of DA Neurons and Binge-like Eating Behavior 

DAT-CreER mice (male and female, 12 weeks of age) were anesthetized with isoflurane and 

received stereotaxic injections of the excitatory AAV-hM3Dq-mCherry DREADD virus (200 

nl/site; UNC Gene Therapy Center) into both sites of VTA (3 mm posterior, 0.5 mm lateral and 

4.5 mm ventral to the Bregma, based on Franklin & Paxinos Mouse Brain Atlas), or into both 

sites of SN (3.08 mm posterior, 1.25 mm lateral and 4.08 mm ventral to the Bregma, based on 

Franklin & Paxinos Mouse Brain Atlas). These mice also received i.p. injections of tamoxifen (4 

mg/mouse). After a 7-day recovery, mice were subjected to the “intermittent” HFD exposure to 

induce binge-like eating, as described above. On the binge assessment days, mice received i.p. 

injections of saline or clozapine N-oxide (CNO, 1 mg/kg; MedChem Express, #HY-17366), at 

10:30am (30 min prior to assessment). 2.5-hour HFD intake was measured to assess binge-like 
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eating. The same mice received both saline and CNO injections in different cycles. The order of 

injections was randomized to avoid potential sequence effects.  

To validate accurate and sufficient infection of AAV-hM3Dq-mCherry in DA neurons 

within the VTA or the SN, all mice were perfused with 10% formalin 90 min after i.p. injections 

of saline or CNO (1 mg/kg). Brain sections were cut at 25 μm (5 series). One series were 

subjected to mCherry immunohistochemistry, and another series were subjected to c-fos 

immunohistochemistry. Briefly, the sections were incubated at room temperature in primary 

rabbit DsRed antibody (1:1000, #632496, Clontech), or rabbit anti-c-fos antibody (1:20,000, 

#PC38, Labome), overnight, followed by biotinylated anti-rabbit secondary antibody (1:1,000; 

Vector) for 2 hours. Sections were then incubated in the avidin-biotin complex (1:500, ABC; 

Vector Elite Kit) and incubated in 0.04% 3, 3’-diaminobenzidine and 0.01% hydrogen peroxide. 

After dehydration through graded ethanol, the slides were then immersed in xylene and 

coverslipped. Brightfield images were analyzed using a Leica DM5500 microscope. Only those 

mice with mCherry signals exclusively in the VTA or in the SN were included in analyses for 

binge-like eating behavior. C-fos immunoreactivity was used to confirm that CNO injections, but 

not saline injections, activated DA neurons in these mice. 

 

DREADD-induced Inhibition of DAVTA Neurons and d-Fen’s Effects on Binge-like Eating 

Behavior 

DAT-CreER mice (male or female, 12 weeks of age) were anesthetized with isoflurane and 

received stereotaxic injections of the inhibitory AAV-hM4Di-mCherry DREADD virus (200 

nl/site; UNC Gene Therapy Center) into both sites of VTA (3 mm posterior, 0.5 mm lateral and 

4.5 mm ventral to the Bregma, based on Franklin & Paxinos Mouse Brain Atlas). These mice 
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also received i.p. injections of tamoxifen (4 mg/mouse). After a 7-day recovery, mice were 

subjected to the “intermittent” HFD exposure to induce binge-like eating, as described above. 

On the binge assessment days, mice received pre-injections of saline or CNO (3 mg/kg, i.p.) at 

10:00am (60 min prior to assessment), followed by injections of saline or d-Fen (3 mg/kg, i.p.) at 

10:30am (30 min prior to assessment). 2.5-hour HFD intake was measured to assess binge-like 

eating. The same mice received all 4 combinations (2 pre-injections X 2 injections) in different 

cycles. The order of injections was randomized to avoid potential sequence effects.  

  To validate accurate and sufficient infection of AAV-hM4Di-mCherry in VTA DA 

neurons, all mice were perfused with 10% formalin. Brain sections were cut at 25 μm (5 series) 

and subjected to mCherry immunohistochemistry (by anti-DsRed antibody) as described above. 

Only those mice with mCherry signals exclusively in the VTA were included in analyses for 

binge-like eating behavior.  

 

RT-PCR 

In order to validate that 5-HT2CRs are re-expressed selectively in DA neurons in DA-2C-RE 

mice, WT, 2C-null and DA-2C-KO mice (after tamoxifen induction) were deeply anesthetized 

with isoflurane and then sacrificed. Various brain regions, including the amygdala, cortex, 

hypothalamus and VTA, were quickly micro-dissected and stored at -80˚C. As described 

previously(6), total mRNA was isolated using TRIzol Reagent (Invitrogen) according to the 

manufacturer's protocol and reverse transcription reactions were performed from 2 µg of total 

mRNA using a High-Capacity cDNA Reverse Transcription Kits (Invitrogen). Expression of 5-

HT2CR was detected in all the tissues with primers that span exon 3 and 4 of 5-HT2CR gene 

(forward, CTCACTCCTTGTGCACCT; reverse, CCCACCAGCATATCAGCAATG). 
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Electrophysiology 

Mice were deeply anesthetized with isoflurane and transcardially perfused (7) with a modified 

ice-cold artificial cerebral spinal fluid (aCSF, in mM: 10 NaCl, 25 NaHCO3, 195 Sucrose, 5 

Glucose, 2.5 KCl, 1.25 NaH2PO4, 2 Na pyruvate, 0.5 CaCl2, 7 MgCl2) (8). The mice were then 

decapitated, and the entire brain was removed. Brains was quickly sectioned in ice-cold aCSF 

solution (in mM: 126 NaCl, 2.5 KCl, 1.2 MgCl2, 2.4 CaCl2, 1 NaH2PO4, 11.1 Glucose, and 21.4 

NaHCO3) (9) saturated with 95% O2 and 5% CO2. Coronal sections containing the VTA (250 

µm) was cut with a Microm HM 650V vibratome (Thermo Scientific). Then the slices were 

recovered in the aCSF (9) at 34 ℃ for 1 hr. 

Whole-cell patch clamp recordings were performed in the TOMATO-labelled DA 

neurons in the VTA visually identified by an upright microscope (Eclipse FN-1, Nikon) 

equipped with IR-DIC optics (Nikon 40x NIR). Signals were processed using Multiclamp 700B 

amplifier (Axon Instruments), sampled using Digidata 1440A and analyzed offline on a PC with 

pCLAMP 10.3 (Axon Instruments). The slices were bathed in oxygenated aCSF(9) (32°C–34°C) 

at a flow rate of approximately 2 ml/min. Patch pipettes with resistances of 3-5 MΩ were filled 

with solution containing 126 mM K gluconate, 10 mM NaCl, 10 mM EGTA, 1 mM MgCl2, 2 

mM Na-ATP and 0.1 mM Mg-GTP (adjusted to pH7.3 with KOH) (10). Current clamp was 

engaged to test neural firing, resting membrane potential and input resistance. Based on our 

preliminary data, lorcaserin (30 µM, perfusion upon to 6 minutes at 2 ml/min) were used to 

examine effects of lorcaserin on DA neurons. In some experiments, the aCSF solution also 

contained 1 μM tetrodotoxin (TTX) (11) and a cocktail of fast synaptic inhibitors, namely 

bicuculline (50 μM; a GABA receptor antagonist) (12), AP-5 (30 μM; an NMDA receptor 

antagonist) (13) and CNQX (30 μM; an AMPA receptor antagonist) (13) to block the majority of 
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presynaptic inputs. Lucifer yellow dye was included in the pipette solution to trace the recorded 

neurons. After recordings, slices were fixed with 4% formalin overnight and mounted onto slides. 

Cells were then visualized with the Leica DM5500 fluorescence microscope to identify post hoc 

the anatomical location of the recorded neurons in the VTA. 

To prove the principle that hM4Dq-infected DA neurons can be inhibited by CNO, a 

separate cohort of DAT-CreER mice received stereotaxic injections of the inhibitory AAV-

hM4Di-mCherry DREADD virus into the VTA as described above. One week after virus 

infection, mice were sacrificed and VTA-containing brain slices were prepared for 

electrophysiological recordings in mCherry-labelled DA neurons. Effects of CNO (5 µM, bath 

superfusion) on resting membrane potential and firing rate were recorded. 

 

Anxiety Tests (Open Field Test, Light-Dark Test and Elevated Plus Maze) 

To determine if DA-2C-KO mice have anxiety-related phenotypes, an independent cohort of 

DA-2C-KO and control littermates were subjected to the open field tests, the light-dark tests, and 

the elevated plus maze tests, using published protocol (3, 14). Note that all the behavioral tests 

were performed at around 9-10 am during the light cycles. Briefly, the open-field test was 

performed in a clear Plexiglas open-field arena (40 cm X 40 cm X30 cm). Mice were first placed 

into the center of the arena and allowed to explore for 30 min. Overhead lighting and white noise 

were present to provide ~800 lux illumination and ~55 dB sound inside the arena. Data were 

collected in 2 min intervals by a computer-operated Digiscan optical animal activity system 

(RXYZCM, Accuscan Electronics). For the current study, the data over the total 30-min test 

session were analyzed. Total distance travelled and center time (the time traveled in the center of 
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the arena) were recorded. Center time can be used to as an index of anxiety-related responses. 

The number of boli was also measured at the end of testing.     

On a different day, these mice were subjected to the light-dark tests. The light-dark test 

consisted of a polypropylene chamber (44 × 21 × 21 cm) unequally divided into a larger, brightly 

illuminated open compartment (clear polypropylene) and a smaller, dark compartment (in dark 

polypropylene), connected by a small opening. Mice were placed in the illuminated chamber and 

allowed to move freely between the two chambers for 10 min. The latency to enter the light and 

dark chambers, the time spent in the chambers, the total number of transitions, and the ratio of 

time in light/dark chamber were measured using the VersaMax Animal Activity Monitoring 

System (AccuScan Instruments, Inc., OH) and analyzed. Transfer of all four paws of an 

experimental animal from one chamber to the other was considered as one transition event. 

On a different day, these mice were subjected to the elevated plus maze (EPM). The EPM 

was constructed of plexiglas with two open arms (30 × 5 cm) and two enclosed black arms (30 × 

5 × 15 cm) at an elevation of 50 cm above the floor. The arms of the maze form a cross with the 

two open arms facing each other. The maze was cleaned with 70% ethanol solution after each 

session and allowed to dry between the sessions. Anxiety-like behavior was measured by placing 

the mice in the center of the junction of the arms of the maze facing an open arm and the 

behavior analyzed for 10 min. The numbers of entries into the open and closed arms, the time 

spent exploring the open and closed arms, and distance traveled were recorded and analyzed 

using the ANY-maze software (Stoelting Co., Wood Dale, IL). The changes in anxiety-like 

behavior were calculated by dividing the number of entries into the open arms by dividing the 

amount of time spent in the open arms by the amount of time spent in all four arms (open time 



Xu et al. Supplement 

14 

ratio) and by the total number of entries into all four arms (open entry ratio). The time spent in 

the center platform not exploring any of the arms was not included in these calculations. 

 

Forced Swim Tests 

To determine if DA-2C-KO mice have depression-related phenotypes, DA-2C-KO and control 

littermates were subjected to the forced swim tests using published protocol (15-17). Briefly, the 

mice were individually placed into a glass cylinder (25 cm tall X 10 cm diameter) containing 8 

cm of water, maintained at 23–25°C for 6 minutes. The mouse movement was digitally recorded 

from the side using a camcorder. Water in the cylinder was replaced after each recording. The 

starting and total time of immobility for each mouse was recorded. Immobility is defined as the 

absence of active, floating with only minimal movements needed to keep head above water. The 

immobility was scored every 30 seconds for the last 4 minutes. During each 30 seconds, 1 

immobility score was recorded if the immobility time was more than 10 seconds. Data from mice 

that had difficulty keeping heads above water were excluded from analyses. All the videos were 

blindly rated by a different experimenter.  

 

Physical Activity 

Male DA-2C-KO and control littermates were anesthetized by isoflurane and a telemetric Mini 

Mitter probe ER-4000 (E-mitter; Respironics Inc., Murrysville, PA) was implanted into the 

abdominal cavity. After a 7-day recovery, mouse cages were put on top of the ER-4000 

Receivers (Respironics Inc., Murrysville, PA) (18) to measure physical activity for 5 consecutive 

days and data were averaged for each mouse.  
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Statistics 

The minimal sample size was pre-determined by the nature of experiments. For most of 

physiological readouts (food intake, etc.), at least 6 mice per group were included. For histology 

studies, 2-3 mice were included in each group. For electrophysiological studies, at least 17 

neurons in each genotype or condition were included. The data are presented as mean ± SEM. 

Statistical analyses were performed using GraphPad Prism to evaluate normal distribution and 

variations within and among groups. Methods of statistical analyses were chosen based on the 

design of each experiment and are indicated in figure legends. P<0.05 was considered to be 

statistically significant.  

 

Study Approval 

Care of all animals and procedures were approved by the Baylor College of Medicine 

Institutional Animal Care and Use Committee.  

  

http://en.wikipedia.org/wiki/Institutional_Animal_Care_and_Use_Committee
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Supplemental Results 

5-HT2CRs in DA Neurons Are Required for Full Acquisition of Binge-like Eating in Mice  

We noted that the saline-injected 2C-null mice consumed slightly less HFD compared to saline-

injected WT mice (Figure S3A). Similar reduction in HFD intake was also observed in saline-

injected DA-2C-KO mice, but not in DA-2C-RE mice (Figure S3A). These data suggest that the 

presence of 5-HT2CRs in DA neurons is required to train mice to fully acquire binge-like eating 

behavior, and therefore that 5-HT2CR signals in DA neurons are also involved in the complete 

development of binge-like eating in mice. To avoid the potential confounding effects of these 

small differences in saline-treated groups, we analyzed effects of fluoxetine, d-Fen and lorcaserin 

as relative to saline-treated groups. Consistently, these three drugs significantly suppressed 

binge-like eating behavior in both WT and DA-2C-RE mice with similar efficacy, but these 

inhibitory effects were attenuated in 2C-null and DA-2C-KO mice (Figure S3B-S3C).  

In order to fully circumvent the confounding effects from differing HFD intake in saline-

treated groups, we exposed another cohort of WT and DA-2C-KO mice to intermittent HFD 

feeding before these mice received tamoxifen induction. Thus, WT and DA-2C-KO mice 

essentially had the same 5-HT2CRs expression during the training period, and as expected, these 

mice showed similar binge-like eating (Figure S3D). Importantly, after tamoxifen induction to 

delete 5-HT2CRs from DA neurons in DA-2C-KO mice, the baseline binge-like eating was still 

comparable between these two groups (Figure S3D). Thus, these results further support the 

possibility that the endogenous 5-HT2CR signals in DA neurons are required for complete 

development of binge-like eating. Further, we showed that lorcaserin significantly suppressed 

binge-like eating in WT mice, but these effects were blunted in DA-2C-KO mice (Figure S3E). 
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Together, these results indicate that lorcaserin primarily acts through 5-HT2CRs expressed by DA 

neurons to suppress binge-like eating behavior in mice.  

 

5-HT2CRs in DA Neurons Do Not Regulate Physical Activity, Anxiety, and Depression 

Since lorcaserin decreases physical activity in rodents (19), we further measured physical 

activity of WT and DA-2C-KO mice (18), and found no significant difference (Figure S5). 

Anxiety can also impact feeding behavior and mice lacking 5-HT2CRs globally are known to 

have decreased anxiety, although this phenotype has been associated with blunted neural 

activities in the bed nucleus of the stria terminalis and the central amygdala (20). To rule out the 

possibility that 5-HT2CRs in DA neurons may be involved in the regulation of anxiety, we 

characterized the anxiety levels in both WT and DA-2C-KO mice in various anxiety tests during 

the light cycle. No significant difference was detected between these two groups in multiple 

parameters measured in the open field test (Figure S6), in the light and dark field test (Figure S7) 

or in the elevated plus maze test (Figure S8). We also evaluated the depression levels using the 

forced swim test, and found no difference between WT and DA-2C-KO mice (Figure S9). 

Together, these results indicate that 5-HT2CRs in DA neurons are not required to regulate 

physical activity, anxiety or depression-like behavior in mice; findings that provide support for 

the specificity of the function of 5-HT2CRs in DA neurons in the regulation of binge-like eating 

behavior.  
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Figure S1. Other anterograde sites of Ad-IN/W injected into the DRN of TPH2-CreER 
mice. (A, C, E) WGA immunoreactivity in the RN (A), ARH (C) and PVH (E). (B, D, F) are 
bigger magnification of the black boxes in (A, C, E), respectively. Scales bars are indicated in 
each image. Arrows in (A-C) point to double-labelled neurons. 3V, 3rd ventricle; ARH, arcuate 
nucleus of the hypothalamus; RN, red nucleus; PVH, paraventricular nucleus of the 
hypothalamus. 
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Figure S2. Validation of DAT-CreER mice. (A-F) TOMATO signals in the brain of DAT-
CreER/Rosa26-tdTOMATO mice (after tamoxifen induction). TOMATO-labelled neurons were 
detected in the SN and VTA (A), and co-express TH (B); (C) is the merge of (A) and (B). No 
TOMATO signals were observed in other brain regions (D-F). (G) The lack of TOMATO signals 
in the SN and VTA of DAT-CreER/Rosa26-tdTOMATO mice without tamoxifen induction. 
Scales bars are indicated in each image. 3V, 3rd ventricle; 4V, 4th ventricle; Aq, aqueduct; ARH, 
arcuate nucleus of the hypothalamus; DTg, dorsal tegmental nucleus; LC, locus coeruleus; LPB, 
lateral parabrachial nucleus; Me, median eminence; MM, medial mammillary nucleus; PH, 
posterior hypothalamus; SN, substantia nigra; VTA, ventral tegmental area. (H) RT-PCR 
detecting 5-HT2CR mRNAs in the amygdala, cortex, hypothalamus (Hypo) and VTA of WT, 2C-
null and DA-2C-RE mice. The arrow points to the target band in the VTA of DA-2C-RE mice. 
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Figure S3. 5-HT2CRs in DA neurons mediate effects of 5-HT drugs to inhibit binge-like 
eating. (A) Binge-like eating (2.5-hr HFD intake) in saline-injected mice that all received 
tamoxifen and were exposed to intermittent HFD feeding. Data were retrieved from the saline 
groups in Figure 3B. N= 6-9/group. Results are shown as mean ± SEM. *, P<0.05 between 
mutant mice vs. WT mice in one way ANOVA analyses followed by post hoc Sidak tests. (B) 
Effects of i.p. injections of saline, fluoxetine (10 mg/kg) or d-Fen (3 mg/kg) on binge-like eating 
(as relative to saline-injected groups) in 4 groups of mice that all received tamoxifen and were 
exposed to intermittent HFD feeding. Data were retrieved from the saline groups in Figure 3B. 
N= 6-9/group. Results are shown as mean ± SEM. *, P<0.05 between drug treatment and saline 
treatment in the same genotype in two way ANOVA analyses followed by post hoc Sidak tests. 
(C) Effects of i.p. injections of saline or lorcaserin (6 mg/kg) on binge-like eating (as relative to 
saline-injected groups) in 4 groups of mice that all received tamoxifen and were exposed to 
intermittent HFD feeding. Data were retrieved from the saline groups in Figure 3D. N= 7-
10/group. Results are shown as mean ± SEM. *, P<0.05 and **, P<0.01 between lorcaserin 
treatment and saline treatment in the same genotype in two way ANOVA analyses followed by 
post hoc Sidak tests. (D) WT and DA-2C-KO littermates were trained to develop binge-like 
eating, and then received tamoxifen injections. Binge-like eating (2.5-hr HFD intake) measured 
on the binge day of 2 repeated cycles, one before tamoxifen injections and one afterwards. N= 
5/group. Results are shown as mean ± SEM. (E) Effects of i.p. injections of saline or lorcaserin 
(6 mg/kg) on binge-like eating (2.5-hr HFD intake) in mice described in (D) in the following 
cycles. N= 5/group. Results are shown as mean ± SEM. **, P<0.01 between lorcaserin treatment 
and saline treatment in the same genotype in two way ANOVA analyses followed by post hoc 
Sidak tests. 
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Figure S4. 5-HT2CRs in DA neurons do not mediate effects of lorcaserin on hunger-driven 
feeding. Effects of i.p. injections of saline or lorcaserin (6 mg/kg) on 4-hr (A) and 6-hr (B) 
refeeding after an overnight fast in 4 groups of mice that all received tamoxifen and were 
maintained on chow diet. N= 7-15/group. Results are shown as mean ± SEM. *, P<0.05 between 
lorcaserin treatment and saline treatment in the same genotype in two way ANOVA analyses 
followed by post hoc Sidak tests. 
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Figure S5. Physical activity. (A) 24-hour physical activity. (B) Sum physical activity during the 
light or dark cycles. N=4 in each group. Data are presented as mean ± SEM. No significant 
difference was detected between two groups in t test.  
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Figure S6. Open field tests. Anxiety-related responses in open field tests in WT and DA-2C-KO 
mice (8 weeks of age). (A) Distance travelled. (B) Total distance travelled within 30 min.          
(C) Horizontal activity. (D) Vertical activity. (E) Time spent in the center region of the open 
field. (F) Numbers of fecal boli. N=8 or 11/group. Results are shown as mean ± SEM. No 
significant difference was detected between two groups in t-test. 
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Figure S7. Light-dark tests. Anxiety-related responses in light-dark tests in WT and DA-2C-
KO mice (8 weeks of age). (A) Time spent in the light chamber. (B) Latency to enter the dark 
chamber. (C) The total number of transitions between the light and dark chambers. (D) Distance 
travelled in the light chamber. (E) Total distance travelled. (F) Ratio of time spent in the light 
chamber vs the dark chamber. N=8 or 11/group. Results are shown as mean ± SEM. No 
significant difference was detected between two groups in t-test.  
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Figure S8. Elevated plus maze tests. Anxiety-like behavior measured in elevated plus maze 
tests in WT and DA-2C-KO mice (8 weeks of age). (A)  Open time ratio. (B) Open entry ratio. 
(C) Total distance travelled. (D) Numbers of headdip. N=8 or 11/group. Results are shown as 
mean ± SEM. No significant difference was detected between two groups in t test.  
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Figure S9. Forced swim tests and physical activity. (A-B) Depression-like behavior measured 
in forced swim tests in WT and DA-2C-KO mice (8 weeks of age). (A) Immobility start time. (B) 
Immobility time. (C) Immobility score. N=7 or 8/group. Results are shown as mean ± SEM. No 
significant difference was detected between two groups in t test.  
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Figure S10. Passive membrane properties of VTA DA neurons from WT, DA-2C-KO or 
DA-2C-RE mice. (A-C) Representative traces show membrane voltage responses to series 
depolarizing steps (from -160 pA to 0 pA in steps of 20 pA) for 1 s in VTA DA neurons from 
WT (A), DA-2C-KO (B) and DA-2C-RE (C) mice. (D) Summary data show current-voltage 
curves. (E) Input resistance was determined by the slope of a linear regression fitted line of 
current-voltage curves in (D). N= 9-21/group. Results are shown as mean ± SEM. *, P<0.05 in 
one way ANOVA analyses followed by post hoc Sidak tests. (F) The resting membrane potential 
in DA neurons. N= 9-21/group. Results are shown as mean ± SEM. (G) Numbers of DA neurons 
with or without spontaneous firing. (H) The basal firing frequency in the spontaneous firing DA 
neurons. N= 6-18/group. Results are shown as mean ± SEM. 
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Figure S11. Validation of AAV-hM3Dq-mCherry-mediated activation of DA neurons in the 
SN. (A-B) mCherry immunoreactivity after injections of excitatory AAV-hM3Dq-mCherry into 
the SN of DAT-CreER mice. (C-D) c-fos immunoreactivity in the SN 90 min after injections of 
1 mg/kg CNO. (B) and (D) are the bigger magnification of the black boxes in (A) and (C), 
respectively. Scales bars are indicated in each image. MM, medial mammillary nucleus; SN, 
substantia nigra; VTA, ventral tegmental area. 
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