
Supplemental Information

EXTENDED EXPERIMENTAL PROCEDURES

Experimental Subjects
Eight-week old male, female, and castrated male mice of C57BL/6N and BALB/c backgrounds were purchased from Charles Rivers

Laboratory. vGAT-ires-Cre and vGLUT2-ires-Cre knockin animals (Vong et al., 2011) were initially purchased from Jackson Labora-

tories and then backcrossed to the C57BL/6N background in the Caltech animal facility. The Ai6 reporter line, Rosa-LSL-ZsGreen

(Madisen et al., 2010), was obtained from the Allen Institute of Brain Science. Animals were housed and maintained on a reversed

12-h light-dark cycle for at least one week prior to stereotaxic surgery or behavioral testing. All the control experiments were

done using animals with the same genetic background. Care and experimental manipulations of animals were in accordance with

the National Institute of Health Guide for Care and Use of Laboratory Animals and approved by the Caltech Institutional Animal

Care and Use Committee.

Viral Vectors
AAV2-CMV-Cre was purchased from Vector Laboratories. AAV2-EF1a-DIO-mCherry, AAV2-EF1a-DIO-EYFP, AAV2-EF1a-DIO-

ChR2-mCherry, AAV2-EF1a-DIO-eNpHR3-mCherry, AAV2-EF1a-DIO-eNpHR3-EYFP, and AAV2-EF1a-DIO-hM3D-mCherry were

purchased from the University of North Carolina vector core facility. AAV2-EF1a-FLEX-ChR2-nuclear hrGFP (Lee et al., 2014) was

produced by University of Pennsylvania vector core facility.

Behavioral Assay for Aggression
Aggression was examined using the resident-intruder assay (Blanchard et al., 2003). Resident males were transferred in their home

cage to a behavioral testing room containing a customized behavioral chamber equipped with video acquisition capabilities (see

below). An unfamiliar male (‘‘intruder’’) mouse was then introduced into the home cage of the tested resident. The resident and

intruder were allowed to interact with each other freely for 15�60 min before the intruder was removed. If excessive tissue damage

was observed consequent to fighting, the interaction was terminated prematurely. In c-fos induction experiments in Figures 1A–1D

and 2A–2E, the resident mice were sacrificed 1 hr after the intruder was removed, and their brains were collected for anatomical

studies to map the neurons that have been active during the aggression assay.

Housing conditions prior to surgery were selected depending on the level of baseline aggression appropriate for activation (low

baseline) versus inhibition (high baseline) experiments. Early social isolation increases aggression, while group housing suppresses

it (Koike et al., 2009; Tóth et al., 2008). Therefore, to decrease baseline aggression in experiments designed to analyze optogenetic

activation of attack, both control and opsin-expressing animals were group-housed prior to surgery. Conversely, to increase baseline

aggression in experiments designed to analyze optogenetic inhibition of attack, both control and opsin-expressing animals were

housed in social isolation for 4 weeks prior to surgery. Because there is animal-to-animal variability in baseline aggression levels,

even when group housing versus social isolation conditions are used, implanted control and opsin-expressing animals were pre-

screened for baseline levels of aggression prior to extensive testing. Animals showing high levels of baseline aggression despite

group housing (�5% of the total animals; ‘‘high levels’’ defined as exhibiting attacks during > 40% of the total experiment duration),

and animals showing low levels of baseline aggression despite social isolation (�20% of the total animals; ‘‘low levels’’ defined as

exhibiting attacks during < 3% of the experiment duration), were eliminated from further analysis.

The resident-intruder assay used in this study was designed to study offensive aggression. To avoid intruder-initiated aggression,

all intruder animals were group housed to reduce their aggression level. A more submissive mouse strain BALB/c or a prescreened,

nonaggressive C57BL/6N were used as the intruder male in all the experiments. All resident animals included in the study initiated all

the attacks during the aggression test. In Figure 2S, an inanimate, stuffed toy mouse was used in place of an intruder. A new toy

mouse was used for each test to avoid confounds due to residual odor from prior testing.

Behavior Assays for Mating, Self-Grooming, and Social Interactions
Mating was examined using the resident-intruder assay. Here, intact, nonhormone primed, group housed C57BL/6N female mice

were used as intruder animals. A female mouse was allowed to interact with a male resident freely for 15�60 min before she was

removed.

Self-grooming behavior was examined either with the presence of an intruder animal in the resident-intruder assay or in solitary

animals. Self-grooming behavior consists of a sequence of behaviors that proceed from paw licking to facial grooming and to

body grooming (Movie S1). The self-grooming behavior evoked by optogenetic stimulation is similar to naturally occurring self-

grooming behavior in wild-type animals.

Social interaction in Figures 6 and S6 was examined using a modified resident-intruder assay in which an unfamiliar target animal

(intruder animal) is placed under an inverted pencil cup (Figure 6M). The resident animals were allowed to interact with the target an-

imal freely for 15 min. Social interaction was defined as any sniffing and investigation behavior within 1 cm of the inverted pencil cup.

Behavior Equipment Setup, Video Acquisition, and Analysis
All behavioral assays were performed under infrared light conditions. To ensure the accurate scoring of various behaviors, and to

minimize occlusion between mice, the sessions were recorded using a customized chamber with two synchronized infrared video
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cameras placed at ninety-degree angles from each other (Figure S3). One camera (Basler 601f) was placed on top of the home cage,

and the other (Basler 601f or Basler ace2000-50 gmNIR) placed in front of the cage. All videos were recorded at 30-50 fps. Two syn-

chronized videos were annotated manually on a frame-by-frame basis using Piotr’s MATLAB toolbox (http://vision.ucsd.edu/

�pdollar/toolbox/doc/). Manual annotation was performed by an observer blind to experimental conditions. Annotations were

then processed and analyzed using customized programs in MATLAB to characterize and quantify behavioral episodes.

Optogenetic Stimulation
Wild-type, vGATCre/+, or vGLUT2Cre/+ mice at 8 weeks old were injected bilaterally into MeApd with a rAAV expressing ChR2 or

eNpHR3 and bilaterally implanted with optic fibers (ferrule fiber, Doric Lenses). After a 3–4-week recovery period, the virus-injected

animals were subject to behavioral testing in their home cage for 2 to 4 weeks. Before behavioral testing, a ferrule patch cord was

coupled to the ferrule fiber implanted in themouse using a zirconia split sleeve (Doric Lenses) (Aravanis et al., 2007). Optic fibers were

connected using an FC/PC adaptor (Doric Lenses) to a 473-nm blue laser or a 593-nm yellow laser (LaserGlow). Laser pulses were

controlled through an Arduino micro-controller board and a customized MATLAB program. The MATLAB program sent commands

through a serial connection to the Arduino micro-controller board, which in turn generated the TTL signals to the laser to produce

illumination pulses. Stimulations were delivered based on resident mouse behavior, with an average of 10-20 stimulations per

hour. Blue (473 nm) light was delivered in 20 ms pulses at 20 Hz, at final output powers ranging from 1–3 mW mm�2. In Figure 4,

a wider range of the laser output powers (0.5–5 mWmm�2) were tested. Yellow (593 nm) light was delivered in a continuous pattern

for 3 s, at final output powers ranging from 1–3mWmm�2. In Figures 1M, 2P, 3G, 3H, 5L, 5M, 6E, 7C and 7H, all trials were aligned to

each other at indicated time points with respect to the onset of photostimulation. At each video frame, each trial was scored as

showing the corresponding behavior or not. The percentage of all the trials showing the corresponding behavior during a given video

frame was then plotted on the y axis on a scale of 0–1. In this way the average time of onset and offset as well as the duration of the

corresponding behavior could be compared across trials.

To examine neuronal responses to the ChR2 activation in vivo, a train of blue light (473 nm, 30 s on and 30 s off, 20 ms, 20 Hz3 30)

was delivered to induce c-fos expression in solitary animals (in the absence of any intruder animals). The animals were sacrificed an

hour after the photostimulation. The animals had no contact with any other animals 48 hr prior to the c-fos induction experiment, to

avoid any nonspecific induction of c-fos due to behavioral testing.

Acute Slice Electrophysiology
vGATCre/+ or vGLUT2Cre/+ males were injected into MeApd with a Cre-dependent AAV2 encoding ChR2-EYFP or a Cre-dependent

AAV2 encoding eNpHR3.0-mCherry in a volume of 300 nl. After 3-4 weeks of viral incubation, coronal sections including the MeApd

were cut at 300 mm using a vibratome (VT-1000S, Leica Microsystems) in ice-cold cutting solution. Slices were then incubated in

artificial cerebrospinal fluid (ACSF) at 32�C for at least one hour, and recorded at room temperature (20-25�C). Cells expressing a

virally encoded fluorescent marker (ChR2-EYFP and eNpHR3.0-mCherry) were visualized by infrared differential interference

contrast (IR-DIC) and fluorescence video microscopy (Olympus BX51). Whole-cell current clamp recordings were performed with

a MultiClamp 700B amplifier and Digidata 1440A (Molecular Devices). The patch clamp electrode (5-8 MU) was backfilled with an

intracellular solution. Data were sampled at 10 kHz, filtered at 3 kHz, digitized and analyzed with pClamp10 software (Molecular

Devices). Photostimulation (ChR2, 473 nm, 20ms pulses; eNpHR3, 561 nm, continuous; CrystalLaser) was applied to the brain slices

from the tip of an optical fiber. The spike fidelity in ChR2-expressing vGAT+ or vGLUT2+ neurons wasmeasured by counting numbers

of light pulses that successfully evoked action potentials upon 473 nm photostimulation (20 ms pulses) at different frequencies (2, 5,

10, 20, and 40 Hz).

Composition of solutions used in electrophysiology:

Cutting solution: 234 mM sucrose, 28 mM NaHCO3, 7 mM dextrose, 2.5 mM KCl, 7 mM MgCl2, 9.5 mM CaCl2, 1 mM sodium

ascorbate, 3 mM sodium pyruvate, and 1.25 mM NaH2PO4, oxygenated with 95% O2/5% CO2.

Artificial cerebrospinal fluid (ACSF): 119mMNaCl, 25mMNaHCO3, 11mMD-glucose, 2.5mMKCl, 1.25mMMgCl2, 2 mMCaCl2,

1.25 mM NaH2PO4, oxygenated with 95% O2/5% CO2.

Intracellular solution: 125 mM potassium gluconate, 10 mM KCl, 10 mM HEPES, 1 mM EGTA, 4 mM Mg-ATP, 0.3 mM Na2GTP,

and 10 mM sodium phosphocreatine, pH 7.25, 280-300 mOsm.

Immunohistochemistry
For immunofluorescence staining, mice were perfused transcardially with 4% paraformaldehyde in phosphate buffer. The brain was

extracted and postfixed for 1 hr at room temperature, cryoprotected in 15% sucrose in PBS at 4�C, and frozen at�80�C. Sections 35
microns thick were cut on a cryostat (Leica Biosystems). Sections were either mounted onto superfrost slides for histological veri-

fication of injections or were cut free-floating and processed for c-fos staining. Tissue sections were blocked for 30 min at room tem-

perature in PBS-T (0.1% Triton X-100) with 5% normal donkey serum, and stained with primary antibodies (overnight at 4�C) and
secondary antibodies (2 hr at room temperature). Primary antibodies used were goat anti-c-fos (Santa Cruz Biotechnology, 1:200)

and goat anti-V5 (Abcam ab9137, 1:400). Secondary antibody used was donkey anti-goat IgG Alexa 568 (Invitrogen, 1:500). Cell
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bodies were identified using NeuroTrace 435/455 Blue Fluorescent Nissl stain (Invitrogen, 1:200), whichwas added during secondary

antibody staining. Images are taken using multi-area stitching on a confocal microscope (Olympus FluoView FV1000); the boundary

between two adjacent areas can sometimes be seen due to uneven illumination between tiles. Cell counting was carried outmanually

using ImageJ.

Statistical Analysis
Statistical analysis was performed using Prism 6 (GraphPad Software) and MATLAB (MathWorks). The data were analyzed using

unpaired t test, Mann-Whitney U test, or Wilcoxon matched-pairs signed rank test. The cutoff for significance was held at a =

0.05, two-tailed.
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Figure S1. Summary of Two Alternative Hypotheses, Related to Figure 1

Two alternative hypotheses of how MeApd neurons control social behaviors.
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Figure S2. Viral Expression of ChR2 and eNpHR3 in MeApd, Related to Figures 1, 2, 3, and 5

(A–C) Representative images showing the expression of ChR2 by the viral vector AAV2-EF1a-FLEX-ChR2-nuclear hrGFP injected into MeApd. ChR2 is V5

epitope-tagged. Green, hrGFP native fluorescence; Red, V5 staining; blue, fluorescent Nissl stain. Scale bar: 50 mm.

(D) Representative images showing the expression of eNpHR3 by the viral vectors AAV2-EF1a-DIO-eNpHR3-mCherry injected into MeApd. eNpHR3 is tagged

with mCherry. Images are taken using multi-area stitching on a confocal microscope; boundary between two adjacent areas can be seen due to uneven illu-

mination. Red, mCherry native fluorescence; blue, fluorescent Nissl stain. Scale bar: 50 mm.

(E) Percentage of total ZsGreen+ cells that are c-fos+ in vGATCre/+ or vGLUT2Cre/+ resident males following attack toward intruder males.

Data are mean ± SEM. ***p < 0.001 (Unpaired t test).
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Figure S3. Behavior Equipment Setup Used in This Study, Related to Figure 1

(A and B) Schematic illustrating the customized behavior chamber for the resident-intruder assay. Two synchronized infrared video cameras are placed at a

ninety-degree angle. One camera (Basler 601f) is fixed on top of the home cage, and the other (Basler 601f or Basler ace2000-50 gmNIR) is fixed in front of the

cage.

(C and D) Representative synchronized video frames taken from front view and top view cameras.
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Figure S4. Cre-Independent Optogenetic Silencing of MeApd, Related to Figure 3

(A) Representative images showing the expression of eNpHR3 by the viral vectors AAV2-CMV-Cre and AAV2-EF1a-DIO-eNpHR3-EYFP injected into the MeApd

in wild-type C57BL/6N animals. eNpHR3 is tagged with EYFP. Images are taken using multi-area stitching on a confocal microscope; boundary between two

adjacent areas can be seen due to uneven illumination. Green, EYFP native fluorescence; blue, fluorescent Nissl stain. Scale bar: 50 mm.

(B) Schematic illustrating optic fiber placement in eNpHR3 virus injected animals.

(C) Distribution of attack episodes (percentage of trials showing attack at different time points) with respect to the initiation of laser illumination in eNpHR3-

expressing males tested with male intruders. n = 81 trials.

(D) Representative raster plots illustrating attack episodes in eNpHR3-expressing males tested with intact male intruders in the resident-intruder assay.
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Figure S5. Virus Expression and Optogenetic Activation of MeA and Adjacent LHA in vGAT-Cre and vGLUT2-Cre Animals, Related to Figures

2 and 5

(A–C) Representative images showing the distribution of vGAT+ and vGLUT2+ neurons that trigger attack and self-grooming behavior. The vGAT+ neurons that

trigger attack (and other social behaviors) are located within the MeApd (A). vGLUT2+ neurons that trigger self-grooming behavior are enriched in the medial part

of the MeApd (B), and are extended to the lateral part of the lateral hypothalamus, a small area near and medial to MeApd (C). Images are taken using multi-area

stitching on a confocal microscope; boundary between two adjacent areas can be seen due to uneven illumination. Green, hrGFP native fluorescence; blue,

fluorescent Nissl stain.

(D) Schematic showing two anatomical locations the ChR2 virus may potentially be expressed, one in MeApd and another in the lateral part of LHA, at different

coronal sections from anterior (upper) to posterior (lower).

(E) Percentage of trials showing evoked attack or self-grooming in vGAT-Cre animals with different virus distribution. This indicates that attack is triggered when

the majority of ChR2-expressing neurons are located within MeApd in vGAT-Cre animals.

(F) Percentage of trials showing evoked attack or self-grooming in vGLUT2-Cre animals with different virus distribution. This indicates that self-grooming behavior

can also be triggered when the majority of ChR2-expressing neurons are located within MeApd in vGLUT2-Cre animals. A small area of lateral LHA can also elicit

self-grooming behavior. This part of LHA has not been previously associated with self-grooming behavior.

Data are mean ± SEM. For vGAT-Cre animals, n = 10 (>90% in MeApd), n = 5 (MeApd & LHA), n = 3 (>90% in LHA). For vGLUT2-Cre animals, n = 8 (>90% in

MeApd), n = 8 (MeApd & LHA), n = 5 (>90% in LHA).
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Figure S6. Pharmacogenetic Activation of vGLUT2+ Neurons Reduces Social Interactions, Related to Figure 6

(A and B) c-fos induction in hM3D-expressing vGAT+ neurons in solitary animals at 2 hr after CNO administration. Green, c-fos immunostaining; red, mCherry

native fluorescence; blue, fluorescent Nissl stain. Scale bar: 50 mm. (L) Percentage of total mCherry+ cells expressing c-fos.

(C and D) Duration of self-grooming (A) or interaction with novel objects (B) in control or hM3D-expressing animals following saline or CNO administration. CNO

results in a moderate increase of self-grooming, which appears to be weaker than what occurs upon ChR2 stimulation. This suggests that acute activation of

vGLUT2+ neurons may have a stronger effect on promoting self-grooming behavior than phasic activation.

(E) Distribution of attack (gray area) and self-grooming (blue line) episodes (percentage of trials showing attack and self-grooming, respectively, at different time

points) with respect to the initiation of laser illumination in eNpHR-expressing vGATCre/+ males tested with male intruders. The distribution of attack is also

presented in Figure 3H.

Data are mean ± SEM n.s.: p > 0.05, *p < 0.05, ***p < 0.001 (Unpaired t test (B) and Wilcoxon matched-pairs signed rank test (C-D)). n = 8 animals for both hM3D

and EYFP control.
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Figure S7. Summary of a Working Model, Related to Figure 7

A schematic showing the opponent control of social and self-grooming behaviors by neighboring, nonoverlapping GABAergic and glutamatergic neurons in

MeApd.
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