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ABSTRACT 53 

Recurring and excessive violence and aggression are serious concerns for the individual 54 

and society at large and is a symptom of many psychiatric illnesses such as PTSD. The 55 

circuit and synaptic mechanisms underlying experience-induced aggression escalation, 56 

however, are poorly understood. Here we find that prior attack experience leading to an 57 

increase in aggressive behavior, known as aggression priming, activates neurons within 58 

the posterior ventral segment of the medial amygdala (MeApv). Optogenetic stimulation 59 

of MeApv using a synaptic depression protocol suppresses aggression priming, while 60 

high frequency stimulation enhances aggression, mimicking attack experience. 61 

Interrogation of the underlying neural circuitry revealed that the MeApv mediates 62 

aggression priming via synaptic connections with the ventromedial hypothalamus (VmH) 63 

and bed nucleus of the stria terminalis (BNST). These pathways undergo NMDA-64 

receptor-dependent synaptic potentiation after attack. Furthermore, we find that the 65 

MeApv–VmH synapses selectively control attack duration, while the MeApv–BNST 66 

synapses modulate attack frequency, both with no effect on social behavior. Synaptic 67 
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potentiation of the MeApv–VmH and MeApv–BNST pathways contributes to excessive 68 

aggression induced by traumatic stress, and weakening synaptic transmission at these 69 

synapses blocks the effect of traumatic stress on aggression. These results reveal a 70 

circuit and synaptic basis for aggression modulation by experience that can be potentially 71 

leveraged towards clinical interventions.  72 

 73 

SIGNFICANCE STATEMENT 74 

Escalating aggression and violence have devastating social consequences and are 75 

associated with psychiatric disorders such as PTSD. The circuit and synaptic 76 

mechanisms underlying experience-induced aggression escalation, however, are poorly 77 

understood. Here we identify two aggression pathways between the posterior ventral 78 

segment of the medial amygdala (MeApv) and its downstream synaptic partners, the 79 

ventromedial hypothalamus (VmH) and bed nucleus of the stria terminalis (BNST) that 80 

undergo synaptic potentiation after attack and traumatic stress to enhance aggression. 81 

Notably, weakening synaptic transmission in these circuits blocks aggression priming, 82 

naturally occurring aggression, and traumatic-stress-induced excessive aggression. 83 

These results illustrate a circuit and synaptic basis of aggression modulation by 84 

experience, which can be potentially targeted for clinical interventions.  85 

 86 

  87 



 

5 
 

INTRODUCTION 88 

Aggression is an adaptive behavior intended to protect one from harm, conserve 89 

resources, and establish dominance. Maladaptive aggressive behavior, however, can 90 

have unintended, destructive consequences. High aggressive arousal and recurrent 91 

aggressive outbursts occur in some psychiatric patients, and are included in the 92 

diagnostic criteria for a number of psychiatric conditions including conduct disorder, 93 

intermittent explosive disorder, and post-traumatic stress disorder (PTSD) (American 94 

Psychiatric Association, 2013). 95 

In taxa from insects to mammals, aggressive behavior is strongly influenced by social and 96 

sexual experience. For example, a single attack on, or even just a brief exposure to, a 97 

same-sex conspecific primes a short-term escalation in aggression in rodents termed 98 

“aggression priming” (Largerspetz, 1969; Tellegen and Horn, 1972; Potegal and Popken, 99 

1985; Potegal, 1992; Miczek et al., 2013). Prior winning experience enhances aggression 100 

and probability of winning future contests, and single housing and copulation can 101 

transform sexually naive, non-aggressive males into aggressive ones (Valzelli, 1973; 102 

Flannelly et al., 1982; Potegal, 1992; Hsu et al., 2006; Stevenson and Rillich, 2012; 103 

Miczek et al., 2013; Hoopfer, 2016). These observations suggest that experience induces 104 

physiological changes in the brain to modulate aggressive behavior. Despite the 105 

significant impact of experience on aggression, however, little is known about what brain 106 

regions, neural circuits, and physiological processes mediate experience-dependent 107 

escalation of aggressive behavior.   108 
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The medial amygdala (MeA) is a key node in the neuroanatomical pathway of aggression 109 

(Nelson and Trainor, 2007). The MeA is one of three main subdivisions of the amygdala, 110 

located within the anterior temporal lobe and conserved between rodents and humans. 111 

In humans, the MeA is a target for successful neurosurgical interventions to treat 112 

intractable escalated aggression (Mpakopoulou et al., 2008). In rodents, immunostaining 113 

of c-Fos, a marker for neuronal activation (Morgan et al., 1987), shows that the MeA is 114 

activated during such social behaviors as investigation, mating, and aggression (Erskine, 115 

1993; Fernandez-Fewell and Meredith, 1994; Kollack-Walker and Newman, 1995; Heeb 116 

and Yahr, 1996; Kollack-Walker and Newman, 1997; Choi et al., 2005; Lin et al., 2011; 117 

Kim et al., 2015).  118 

The MeA can be parcellated into anteroventral (MeAav), anterodorsal (MeAad), 119 

posteroventral (MeApv), and posterodorsal (MeApd) parts, all of which are activated by 120 

conspecific fighting (Kollack-Walker and Newman, 1995; Lin et al., 2011). These 121 

subnuclei have different projection patterns and cell type compositions (Canteras et al., 122 

1995). For example, projections from the MeApd to the ventromedial hypothalamic 123 

nucleus (VmH), another key node in aggression, are largely GABAergic and segregated 124 

from those of the MeApv, which are mostly glutamatergic (Canteras et al., 1995; Choi et 125 

al., 2005). The functional dissection of the MeA in social behaviors like aggression has 126 

recently been facilitated by genetic and optogenetic tools for cell-type and region-specific 127 

manipulation of neural activities. This line of research shows functional heterogeneity 128 

among different MeA cell types in aggressive behavior. Activation of GABAergic neurons 129 

in the MeApd and MeApv trigger attack and is required for ongoing aggressive behavior 130 

(Hong et al., 2014; Padilla et al., 2016). MeApv neurons containing the dopamine receptor 131 
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type 1 (D1R) are a heterogenous population containing both GABAergic and 132 

glutamatergic neurons that project onto the VmH and bed nucleus of the stria terminalis 133 

(BNST) to regulate aggression towards an intruder (Miller et al., 2019). GABAergic 134 

neurons expressing the neuropeptide Y type 1 receptor (Npy1R) in the MeApv, which 135 

receive input from VmH neurons and subsequently project onto the BNST, modulates 136 

territorial aggression during starvation (Padilla et al., 2016). Chemogenetic inhibition of 137 

aromatase-expressing neurons in the MeApd inhibits aggressive behavior (Unger et al., 138 

2015). Optogenetic activation of glutamatergic neurons in the MeApd suppresses social 139 

interaction including attack and sexual behavior (Hong et al., 2014). Despite these recent 140 

studies, it is unclear if MeA is involved in experience-dependent aggression escalation.  141 

MeA neurons project to several areas that are activated by inter-male aggression, such 142 

as the VmH and BNST, with the posterior segment of the MeA being the best 143 

characterized (Gomez and Newman, 1992; Canteras et al., 1995; Kollack-Walker and 144 

Newman, 1995; Coolen and Wood, 1998; Haller et al., 2006; Nelson and Trainor, 2007; 145 

Pardo-Bellver et al., 2012; Golden et al., 2016). Neurons within the posterior MeA project 146 

to the ventrolateral, central, and dorsomedial regions of the VmH (VmHvl, VmHc, and 147 

VmHdm) and the lateral and medial regions of the BNST (Canteras et al., 1995; Pardo-148 

Bellver et al., 2012). Within the VmH, axons of the MeApd are more densely found in the 149 

VmHvl, while axons of the MeApv are more evenly distributed throughout. Though the 150 

posterior MeA axons are found in both the lateral and medial regions of the BNST, they 151 

are most densely found in the medial BNST.  152 

The VmH is the most thoroughly studied target area of the MeA in aggression regulation 153 

(Kruk, 2014). Electrical or optogenetic activation of the VmHvl induces attack, while 154 



 

8 
 

optogenetic inhibition of this area suppresses attack (Kruk et al., 1983; Lammers et al., 155 

1988; Lin et al., 2011; Yang et al., 2013; Lee et al., 2014). A subset of VmHvl neurons 156 

exhibit a maximum increase in firing rate during inter-male attack and couples their firing 157 

activities to the imminence and intensity of future attacks (Falkner et al., 2014). Social 158 

experience shapes the response of estrogen receptor 1-expressing (Esr1+) VmHvl 159 

neurons to conspecific sex and defense against an aggressive conspecific and the ability 160 

of progesterone receptor expressing (PR+) VmHvl neurons to regulate offensive attack 161 

behavior against males (Remedios et al., 2017; Yang et al., 2017; Pan et al., 2020). 162 

Additionally, the VmHvl mediates foot shock-provoked attack behavior in socially isolated 163 

mice (Chang et al., 2015; Chang et al., 2018; Chang and Gean, 2019). In contrast to 164 

VmHvl, the VmHdm has been associated with social fear (Silva et al., 2013; Wang et al., 165 

2015).  166 

The BNST is also activated by attack (Haller et al., 2006; Lin et al., 2011; Bayless et al., 167 

2019). Activation of the posterior segment of the medial BNST increases social and attack 168 

behavior through the metabotropic glutamate receptor type 7 (mGluR7) (Masugi-Tokita 169 

et al., 2016b). Aromatase expressing neurons in the principle component of the medial 170 

BNST is required for intermale aggression (Bayless et al., 2019). Interestingly, repeated 171 

winning of fighting contests increases androgen receptor (AR) expression in the medial 172 

anterior aspect of the BNST (BNSTma) (Fuxjager et al., 2010), suggesting a potential role 173 

for the medial BNST in experience-dependent aggression enhancement. A thorough 174 

examination of this possibility is warranted. 175 

Aggression is commonly evaluated from attack behavior, which is comprised of a 176 

sequence of events. In rodents, it is preceded by approach and investigation (e.g. 177 
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sniffing), followed by agonistic behaviors (e.g. lateral threat, chasing, biting and boxing) 178 

(Blanchard and Blanchard, 1977; Simon and Gandelman, 1981). It is unclear whether 179 

different stages of attack are individually controlled by separate brain regions or 180 

collectively by the same ones.  181 

In this study, we examined the role of the MeApv in experience-dependent modification 182 

of aggression. We found that potentiation of synapses between MeApv neurons and their 183 

two target regions, the VmH and BNST, underlies aggression escalation induced by prior 184 

attack behavior and traumatic stress. Moreover, the MeApv–BNST and MeApv–VmH 185 

circuits influence different stages of attack: the MeApv–BNST synapses regulate attack 186 

initiation while the MeApv–VmH synapses mainly act on the maintenance of attack. These 187 

findings indicate that the MeApv–BNST and MeApv–VmH circuits undergo agonistic and 188 

traumatic experience-dependent plasticity, and that these circuits and synaptic 189 

potentiation may be targeted to alleviate post-traumatic aggression escalation.  190 

 191 
METHODS AND MATERIALS 192 

Animals  193 

All animal protocols were approved by the Animal Care and Use Committee. C57BL/6 194 

mice were purchased from Charles River Laboratories and housed under a 12-hour light 195 

(9 pm–9 am)/dark (9 am–9 pm) cycle with ad libitum access to water and food. For 196 

experiments testing spontaneous aggressive behavior and involving foot shock, mice 197 

were individually housed for 3 weeks prior to testing. For experiments involving 5–100-198 

Hz optogenetic stimulation, mice were group housed with 4 per cage before surgery and 199 
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2 per cage with a divider in between after surgery. The smaller, submissive target mice 200 

were group housed with littermates. Male mice were used for all experiments. 201 

Surgery 202 

6–7–week old C57BL/6 male mice were anaesthetized with isofluorane (3% for induction 203 

and 1% for maintenance) and then placed onto a stereotaxic frame (David Kopf 204 

Instruments). Bilateral craniotomy was made and 500 nl virus was injected into the MeApv 205 

(AP: –1.50 mm; ML, ±2.1 mm; DV, –5.15 mm) using a 5 l gas-tight Hamilton Syringe 206 

(33-gauge, beveled needle) at a rate of 0.1 l/min. After injection, the needle was left in 207 

place for an additional 5 min and then slowly withdrawn. After viral injection, ferrule-208 

terminated optical fibers (100 m in diameter, ThorLabs) were placed 100 m above the 209 

viral injection site at the MeApv or at a midline position above the VmH (AP: +1.5; ML: 0 210 

mm; DV: -5.6), BNST (AP: +0.14 mm; ML: 0 mm; DV: -3.8 mm), MPO (AP: +0.26 mm; 211 

ML: 0 mm; DV: -4.6 mm), or LS (AP: +0.38 mm; ML: 0 mm; DV: -2.2 mm). Optical fibers 212 

were secured to the skull using Metabond (Parkell), stainless steel screws (PlasticsOne) 213 

and dental cement (DuraLay). Mice recovered for 3 weeks prior to MeApv stimulation or 214 

8 weeks prior to stimulation of MeApv axons at the MeApv projection sites. For behavior 215 

experiments, 17.2% of operated animals were excluded from analysis due to viral 216 

mistargeting.   217 

For optrode implantation, the optrode was lowered into the VmH or BNST at 100 m 218 

deeper than the above coordinates 6 weeks after viral injection. The craniotomy was 219 

sealed with bone wax. Two stainless steel screws were inserted into the skull over the 220 

cerebellum and olfactory bulb to be used as ground and reference. The microdrive 221 
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attached to an optrode was protected by a grounded copper mesh to block the external 222 

electrical noise. For in vivo recording experiments, 33.1% of operated animals were 223 

excluded from analysis due to either viral or optrode mistargeting. 224 

Behavioral tests and data analysis 225 

Aggression test. Mice were housed in groups of two with a perforated divider between 226 

them to test for the effect of HFPS on aggression, or individually housed for testing primed 227 

or naturally occurring aggression and for the traumatic stress experiment (Rau et al., 228 

2005). All behavioral experiments took place during the dark cycle of the day. On the day 229 

of testing, mice were transferred to a behavioral room and allowed to acclimate for at 230 

least 1 hour. For aggression testing, mice were placed into a high-walled, novel cage and 231 

left to acclimate for an additional 20 min. Younger, group-housed target males 232 

(conspecific) were placed into the same cage with the experimental mice and the two 233 

were allowed to freely interact for 10 min. Animal behavior was captured with a video 234 

camera. If excessive tissue damage occurred, the test was prematurely terminated and 235 

not analyzed. Mice that exhibited total attack time > 40% of the test period, or individually 236 

housed mice that exhibited total attack time < 3% of the test period, during the baseline 237 

aggression test were eliminated from further analysis (Hong et al., 2014). Videos of 238 

behavioral tests were reviewed, and hand scored by a researcher blind to the 239 

experimental conditions. Aggressive behaviors such as chasing, boxing, pinning, and 240 

wrestling were identified as reported (Blanchard and Blanchard, 1977; Lin et al., 2011; 241 

Koolhaas et al., 2013; Hong et al., 2014; Golden et al., 2016). Non-aggressive social 242 

behavior was defined as any non-aggressive interactions excluding mating in which 243 

experimental mice were within 1 cm of the conspecific and displaying characteristic signs 244 
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of non-aggressive social behavior such as anogenital sniffing, investigation, and flank 245 

rubbing (Grant, 1963; Olivier, 1981). Self-grooming was identified by paw-licking, facial, 246 

and body grooming (Hong et al., 2014).  247 

Sociability test. Sociability test was modified from existing protocols (Silverman et al., 248 

2010). In brief, mice were transferred to the behavioral testing room and allowed to 249 

acclimate for at least 1 hour. During testing, mice were placed into a 49 x 49 cm arena 250 

with two inverted wire cups: one empty and the other containing an unfamiliar conspecific. 251 

Subject mice were allowed to freely investigate the arena for 30 min. All experiments were 252 

conducted under light with a luminescence level of 20 lux at the bottom of the arena 253 

(Kaidanovich-Beilin et al., 2011). Social interaction was analyzed using TopScan software 254 

(CleverSys) and scored as the ratio of time spent within 5 cm of the cup containing the 255 

animal over the empty cup. 256 

Open field test. Mice were transferred to the behavioral testing room at least 1 hour before 257 

testing, and then placed into a 49 x 49 cm open field arena for 30 min to freely roam. 258 

Distance travelled in the arena was analyzed using TopScan software (CleverSys).  259 

Foot shock, contextual fear memory test and fear memory extinction. 2-month-old male 260 

C57BL/6 mice were individually housed for 3 weeks in a reverse light cycle as described 261 

above. Foot shock protocol was adapted from Rau et al. (Rau et al., 2005). On day 1, 262 

mice were taken to a behavior room and allowed to acclimate for 1 hour before being 263 

placed into a fear conditioning chamber illuminated with white light (Context A) within a 264 

sound attenuating cubicle (Med Associates). After a 3 min exploration period, 15 electric 265 

shocks (0.4 mA, 1 s in duration) were administered through an electrified grate at random 266 
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intervals of 240 – 480 s over the course of 90 min. Control mice did not receive foot shock. 267 

Mice were transferred from their home cage by gently picking the animal up by the base 268 

of the tail, placing them into a soup cup, and then placing them inside the fear conditioning 269 

chamber. Mice were returned to their home cages using the same method. 270 

For the contextual fear memory test, at one day after foot shock in Context A, mice were 271 

placed into the fear conditioning box modified with white plastic walls, no ambient light, 272 

and a background odor of 1% acetic acid (Context B).  Mice were left to freely roam within 273 

the chamber for 192 s before a single 1 s, 0.4 mA shock was delivered via the electrified 274 

grate, and were removed from the chamber at 32 s after foot shock. On the following day, 275 

mice were placed into Context B for 8 min and 32 s and monitored for freezing behavior. 276 

For fear memory extinction, mice were placed into Context A for 15 min for 4 consecutive 277 

days starting 1 day after foot shock in Context A. Freezing behavior was defined as an 278 

absence of all movement excluding respiration and was analyzed with Video Freeze 279 

software (Med Associates).  280 

In vivo optogenetic stimulation 281 

Optogenetic stimulation was performed via an optical fiber (ferrule fiber, ThorLabs) 282 

connected through a zirconia split sleeve and patch cord to a 473-nm laser (Coherent) or 283 

a 561-nm laser (CrystaLaser) under the control of an Optogenetics TTL Pulse Generator 284 

(Doric Lenses). Mice expressing ChR2 were stimulated using 1–3 mW 473 nm light at the 285 

designated frequencies, pulse durations, and number of trains. Mice expressing ArchT 286 

were delivered a 1–3 mW continuous 1-s 561 nm light pulse. 287 

Electrophysiology  288 
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Slice physiology. Mice were decapitated following anesthesia with isoflurane. The brain 289 

was removed and placed in  N-Methyl-D-glucamine (NMDG)-based cutting buffer bubbled 290 

with 95% O2/5% CO2, composed of (in mM): 93 NMDG, 2.5 KCl, 1.2 NaH2PO4, 30 291 

NaHCO3, 20 HEPES, 25 glucose, 5 sodium ascorbate, 2 thiourea, 3 sodium pyruvate, 10 292 

MgSO4, and 0.5 CaCl2. After cutting, slices were recovered in NMDG-based buffer for no 293 

more than 15 min at 32°C, and then transferred to a submerged type recording chamber.  294 

For whole-cell patch-clamp recordings, slices were perfused with artificial cerebrospinal 295 

fluid (ACSF) composed of (in mM): 124 NaCl, 2.5 KCl, 2 CaCl2, 2 MgSO4, 1.2 NaH2PO4, 296 

24 NaHCO3, 5 HEPES, 25 D-glucose and was bubbled with 95% O2/5% CO2. All 297 

recordings were made at 28–30°C. A glass electrode (6–8 MΩ) was filled with a 298 

potassium gluconate-based solution composed of (in mM): 130 potassium gluconate, 10 299 

Na-gluconate, 10 HEPES, 10 phosphocreatine, 4 Mg-ATP, 0.3 Na2-GTP, 4 NaCl). 300 

Electrical signals were collected with a MutiClamp 700B Amplifier (Molecular Device) and 301 

digitized at 10-kHz with Digidata 1440 using the Pclamp 10.2 software. After break-ins, 302 

only neurons with a resting membrane potential below -55 mV were used for further 303 

analyses. Step currents were injected for induction of action potentials or 304 

hyperpolarization. To record light-induced excitatory postsynaptic currents (EPSCs), cells 305 

were held at -70 mv in voltage-clamp mode. 473 or 561-nm light pulses were generated 306 

from a laser (Coherent, Crystalser) and delivered to the slice through an optical fiber 307 

(200 m in diameter). The laser was controlled by Master-8 Pulse Stimulator (A.M.P.I.). 308 

Optrode fabrication. A microdrive was assembled from 3D-printed pieces, screws, and 309 

nuts, and then attached to a nano-miniature connector (Omnetics) with epoxy glue. The 310 

optrode was constructed with sixteen 30- m diameter tungsten wires (California Fine 311 
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Wire) surrounding a 100- m diameter optical fiber. One end of the tungsten wire extended 312 

~300 m beyond the tip of the optical fiber and the other end was wired to pins of a nano-313 

miniature connector. Impedance of each channel in the optrode was measured (usually 314 

~100 kΩ at 1 kHz) after construction.  315 

In vivo electrophysiological recording in awake, freely moving mice. The nano-miniature 316 

connector on the microdrive was plugged into an amplifier (RHD2132, Intan 317 

Technologies). The amplifier was connected to an RHD2000 USB interface board (Intan 318 

Technologies) through a motorized commutator (Tucker Davis Technology). Electrical 319 

signals were filtered to obtain signals between 1–7500 Hz, sampled and digitized at 30 320 

kHz by the amplifier and recorded by RHD2000 Interface software (Intan Technologies). 321 

The 473-nm laser (Coherent) was controlled by a USB-6212 Bus-Powered DAQ Device 322 

(National Instruments) in Labview (National Instruments) virtual instruments. After a 2-323 

week recovery period, mice implanted with optrodes were placed into high-walled novel 324 

cages inside a grounded faraday cage and allowed to acclimate for 10 min prior to 325 

recording. Video recording of animal behaviors were obtained via a ceiling mounted 326 

acA1300-200uc USB 3.0 camera (Basler) at 30 frames per second simultaneously with 327 

electrophysiological recording. Video and electrophysiological recordings were 328 

synchronized using Master-8 Pulse Stimulator (A.M.P.I.) which generated and sent an 329 

electrical signal for each light pulse and video frame to the RHD2000 recording software 330 

(Intan Technologies). LFPs were evoked by delivering 1–3 mW, 1-ms light pulses at 0.05-331 

Hz through the implanted optical fiber. Laser power was adjusted to elicit fEPSPs with a 332 

clear early and late component. Optically evoked fEPSPs were analyzed by obtaining the 333 

slope derived by fitting the rising phase of the late component of the fEPSP (excluding 334 
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the bottom and top 10%) with linear regression as described previously (Xiong et al., 335 

2015; Zhou et al., 2017). In vivo electrophysiological data were analyzed with custom-336 

written MATLAB scripts. Only mice with baseline fEPSPs not significantly different from 337 

each other as determined by Repeated Measures ANOVA test, verified opsin expression, 338 

and correct targeting of optrodes were included in further analysis.    339 

Production of GFP virus. HEK-293T cells were cultured on 15-cm plates coated with 340 

0.1% gelatin in DMEM media supplemented with 10% FBS (Thermo Fisher Scientific). 341 

When the cell reached 90% confluence, the medium was changed at 2 hours before 342 

transfection. For transfection of each 15-cm plate, 10 g pRRlsin.CMV:eGFP, 7.5 g 343 

psPAX2, 2.5 g pMD2G, and 1 g pAdVantage packaging vector were added to 2 ml 344 

water containing 260 l CaCl2 (2 M), and then mixed with 2 ml 2x HBSS (50 mM HEPES, 345 

280 mM NaCl, 1.5 mM Na2HPO4, pH 7.05). After incubation at room temperature for 2 346 

min, the mixture was added to the culture plate dropwise. The medium was replaced with 347 

15 ml UltraCULTURE medium (UltraCULTURE, 1 mM Sodium Pyruvate, 0.075% Sodium 348 

Bicarbonate, 1x Glutamine) at 16 hr after transfection. The medium was removed 48 hr 349 

after transfection and kept at 4°C. 15 ml fresh UltraCULTURE medium was added to the 350 

plate and collected 72 hr after transfection. The media collected at the two times were 351 

combined, filtered with 0.45 m filter bottles, and centrifuged at 25,000 rpm for 90 min 352 

at 4°C (Beckman, SW28 rotor). The supernatant was removed and the pellet containing 353 

the virus was dissolved by incubation with 100 l 1x HBSS overnight at 4°C. For further 354 

purification of virus, the viral suspension was placed on the top of 1.5 ml 20% sucrose 355 

(in 1x HBSS) and centrifuged at 21,000 rpm for 2 hours at 4°C (Beckman, SW55 rotor). 356 

The pellet was incubated with 100 l 1x HBSS overnight at 4°C, aliquoted, and stored 357 
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at -80°C. The titer of purified virus was determined by transducing HEK-293T cells with 358 

a series of dilutions. All viruses used for in vivo injection had a titer of 109–1010 IU/ml. 359 

Immunohistochemistry 360 

Mice were transcardially perfused with 4% paraformaldehyde in phosphate buffered 361 

saline solution (PBS). Brains were removed and post-fixed at 4°C overnight, then 362 

cryoprotected overnight in 15% sucrose (in PBS) followed by 30% sucrose in PBS. Brains 363 

were cut into 30- m thick sections using a cryostat (Leica CM3050 S), then either 364 

mounted onto silanized slides (KD Medical) or stored in PBS as floating sections for 365 

immunohistochemistry or confirming the location of viral injection and implantation. For 366 

immunohistochemistry, free floating brain sections were heated to 80°C for 30 min in 367 

citrate buffer for antigen retrieval (Jiao et al., 1999) and then blocked with 10% goat serum 368 

and 1% bovine serum albumin in PBS-T (PBS with 0.03% Triton X-100) for 3 hours at 369 

room temperature. Sections were then stained for primary antibodies overnight at 4°C, 370 

followed by incubation with secondary antibodies for 1 hr at room temperature. Sections 371 

were mounted to slides with Vectashield HardSet Antifade Mounting Medium containing 372 

DAPI (Vector Laboratories).   373 

Image acquisition and image analysis 374 

Brain slices were imaged with a multi-slide fluorescent microscope (Zeiss Axio Scan) with 375 

a 10x (NA 0.45) objective to locate the areas with fluorescence signals, and then a laser 376 

scanning confocal microscope (Zeiss LSM510 and LSM700) with a 40x (NA 1.3 oil 377 

immersion) objective for high-magnification imaging in the region of interest. The location 378 

of optrodes were determined from the electrode tract left in the brain tissue. In some 379 
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images, boundaries can be seen between two adjacent areas due to uneven illumination 380 

between tiles. Z-stack confocal images were collapsed and analyzed with ImageJ by 381 

researcher blind to the experimental conditions. c-Fos positive cells were identified using 382 

the “Analyze Particles” function of ImageJ and validated as cells by their overlap with 383 

DAPI. Cells co-labeled for c-Fos, DAPI and either CaMKII , calbindin, calretinin, or 384 

somatostatin were manually counted by a researcher blind to the experimental conditions.  385 

Statistical analysis  386 

All data were presented as individual data points or expressed as mean ± SEM.  387 

SigmaPlot software was used for statistical analysis. To compare aggression test 1 to 388 

aggression test 2 in priming experiments, paired Student’s t-test was used. To compare 389 

two groups, Student’s t-test was used if the data were normally distributed with equal 390 

variance, and Mann-Whitney U-test was used if the data did not satisfy both the normality 391 

and equivariance tests. To compare three or more groups, one-way ANOVA was used 392 

and Holm-Sidak test was used for post-hoc multiple comparisons to identify groups that 393 

were significantly different. To analyze three or more groups injected with two different 394 

viruses, two-way ANOVA was used and Holm-Sidak test was used for post-hoc multiple 395 

comparisons to identify groups that were significantly different. To analyze in vivo 396 

electrophysiological data, Repeated Measures ANOVA was used. p < 0.05 was 397 

considered significant and all tests were two tailed. 398 

RESULTS 399 

Aggression priming activates CaMKII + neurons in the MeApv 400 
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To interrogate the mechanism of experience-dependent modification of aggressive 401 

behavior, we focused on “aggression priming”, which is the enhancement of aggressive 402 

behavior by an agnostic encounter (Largerspetz, 1969; Tellegen and Horn, 1972; Potegal 403 

and Popken, 1985; Potegal, 1992). Aggression was tested in a neutral arena which 404 

facilitates the first attack and allows for the full expression of aggressive behaviors (Olivier 405 

and van Dalen, 1982; Roubertoux et al., 1999; Miczek et al., 2001). The test was started 406 

by placing a male subject mouse (C57BL/6, 8-week old, individually housed for 3 weeks) 407 

into a test cage for 30 min prior to introduction of an unfamiliar, smaller male conspecific 408 

(Figure 1A). Mice were allowed to freely interact for 10 min and then the conspecific was 409 

removed (Figure 1A). Most subject mice we tested (15 out of 22) attacked the conspecific 410 

during this period and are hereon referred to as aggressors or AGG, while mice that did 411 

not attack are referred as NON. A new conspecific was placed into the test cage 30 min 412 

after the first interaction session for the second aggression test (Figure 1A).  413 

The AGG mice exhibited distinct offensive aggressive behaviors as reported in previous 414 

studies, such as rear and lateral attacks, boxing, chasing, and wrestling (which includes 415 

pin downs and clinch attacks) (Blanchard and Blanchard, 1977; Miczek and O'Donnell, 416 

1978; Potegal et al., 1996b; Blanchard and Blanchard, 2003a; Blanchard and Blanchard, 417 

2003b; de Boer et al., 2003) (Figure 1B). During the second aggression test, AGG mice 418 

spent more time attacking and initiated the first attack with a shorter latency, indicating 419 

that aggression priming by the first session was successful (Figure 1C-F). The non-420 

aggressive social behaviors of AGG and NON mice were comparable during the first and 421 

the second interaction period (Figure 1G-J).  422 
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Next, we assessed if MeApv neurons are activated by aggression priming through 423 

analysis of c-Fos expression. To this end, the brains of the subject mice were removed 1 424 

hr after aggression priming for immunostaining with a c-Fos antibody along with 425 

antibodies against Ca2+/calmodulin-dependent protein kinase II  (CaMKII  or markers 426 

of GABAergic neurons present in the MeA, including calbindin, calretinin, somatostatin 427 

and paravalbumin (PV) (Butler et al., 2011; Keshavarzi et al., 2014). We chose CaMKII  428 

because while it is known to be expressed by non-GABAergic neurons in many brain 429 

regions including the MeA (Benson et al., 1992; Jones et al., 1994; Liu and Jones, 1996; 430 

Wallen-Mackenzie et al., 2009; Butler et al., 2011; Wang et al., 2013), the functional role 431 

of CaMKII  neurons in aggression has not been explored.  432 

While cell density of the MeApv was comparable in AGG and NON mice, more c-Fos 433 

positive (c-Fos+) cells were detected in AGG mice than in NON mice (Figure 2A-D). This 434 

is consistent with earlier reports that MeApv cells are activated by conspecific intermale 435 

aggression (Kollack-Walker and Newman, 1995; Lin et al., 2011). Within the MeApv of 436 

AGG mice, 64.3 ± 6.3% of c-Fos+ cells expressed CaMKII with fewer cells expressing 437 

GABAergic cell markers (9.7 ± 4.4% for calbindin, 4.9 ± 1.3% for calretinin, 3.0 ± 0.8% for 438 

somatostatin, 0 ± 0% for PV  Figure 2E-J)  Moreover, CaMKII  expressing neurons of 439 

the MeApv had the greatest proportion of c-Fos+ cells (35.1 ± 8.9% for CaMKII , 12.3 ± 440 

6.8% for calbindin, 14.1 ± 3.0% for calretinin, 3.3 ± 1.3% for somatostatin, and 0 ± 0% for 441 

PV  Figure 2K).  442 

It has been reported that CaMKII  is primarily expressed by excitatory neurons in many 443 

brain regions (Benson et al., 1992; Wang et al., 2013). To test if it applies to MeApv, we 444 
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injected Cre-dependent AAV GFP into the MeApv of mice expressing Cre recombinase 445 

driven by the vesicular glutamate transporter type 2 (vGlut2) promoter. vGlut2 is widely 446 

expressed by glutamatergic neurons throughout the MeApv (Ishii et al, 2017, Neuron; 447 

Choi et al, 2005, Neuron; Cheong et al, 2015, JoN). At 3 weeks after surgery, greater 448 

than 85% of GFP+ cells were positive for CaMKII (Figure 2L-M). Hence, the majority of 449 

CaMKII cells in the MeApv are excitatory.  450 

Taken together, these results indicate that CaMKII  cells of the MeApv are activated by 451 

aggression priming. 452 

LFPS of the MeApv abolishes aggression priming 453 

We next examined the role of MeApv CaMKII  neurons in aggression priming. It has 454 

been reported that high-frequency electrical stimulation at the MeA mimics the effect of 455 

aggression priming on aggressiveness (Potegal et al., 1996a). High-frequency stimulation 456 

can induce NMDA receptor-dependent synaptic potentiation in various brain regions 457 

including the MeA (Shindou et al., 1993; Watanabe et al., 1995, 1996; Smerin et al., 458 

2016). Therefore, it is possible that synaptic potentiation is involved in aggression priming. 459 

To test this possibility, we exposed mice to an optical LTD protocol (Nabavi et al., 2014; 460 

Bagot et al., 2015; Zhu et al., 2016; Kim and Cho, 2017; Zhou et al., 2017) after 461 

aggression priming. To this end, 7–8-week old male mice were bilaterally injected with 462 

AAV expressing the superfast channelrhodopsin 2 variant E123A (hereon referred to as 463 

ChR2) fused with GFP or GFP alone under control of the CaMKII  promoter into the 464 

MeApv. At 3 weeks after surgery, ChR2 expression indicated by GFP fluorescence was 465 

readily detectable in the MeApv (Figure 3A-E).  466 
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To examine the cell types infected by AAV, we stained brain sections of injected mice 467 

with the antibodies described above. GFP+ cells did not express the GABAergic neuron 468 

markers that we tested, and the majority of GFP+ cells were positive for CaMKII  (Figure 469 

3A-F). This finding is consistent with the previous report that AAV with the CaMKII  470 

promoter preferentially labels excitatory neurons (Nathanson et al., 2009). 471 

To test if optogenetic stimulation of ChR2 expressed in the MeApv effectively activates 472 

neurons, we recorded MeApv neurons in brain slices of mice injected with ChR2 virus 473 

using whole-cell patch-clamp. Neurons were stimulated with 473-nm light pulses (2 ms 474 

pulse duration, 15 mw/mm2) at various frequencies (5–100 Hz). Whole-cell recordings of 475 

MeApv neurons in voltage-clamp mode detected light-evoked depolarizing currents in all 476 

recorded cells at all tested frequencies (Figure 3G-H). Hence, optogenetic stimulation of 477 

MeApv neurons induces neural depolarization. 478 

We applied the optical LTD protocol (900 pulses of 473-nm light at 1 Hz; low frequency 479 

photostimulation or LFPS) to the MeApv of the subject mouse immediately after 480 

aggression priming and introduced an unfamiliar conspecific 30 min after the onset of 481 

light stimulation (Figure 3I). While aggression priming increased aggressive behaviors in 482 

GFP injected mice regardless of LFPS, it did not produce the same effect in ChR2 injected 483 

mice stimulated with LFPS (Figure 3J-M). By contrast, ChR2 injected mice stimulated 484 

with LFPS became less aggressive during the second aggression test, likely due to LFPS 485 

(Figure 3J-M). Non-aggressive social behaviors were unchanged by LFPS (Figure 3N-486 

Q). These results indicate that LFPS of MeApv neurons suppresses the priming effect of 487 

attack on aggression.  488 
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HFPS of the MeApv mimics aggression priming 489 

The LFPS effect suggests that synaptic potentiation in the MeApv circuits may underly 490 

aggression priming. To test this possibility, we first applied 100-Hz photostimulation, 491 

which induces LTP in vivo and alters behavior (Nabavi et al., 2014; Zhou et al., 2017), to 492 

mice injected with the ChR2 virus at the MeApv. Mice were pre-screened for low baseline 493 

aggression levels 1 day before photostimulation. Baseline aggression was comparable in 494 

uninjected mice and mice injected with ChR2 or GFP virus (Figure 4A-E). 4 trains of 100-495 

Hz light pulses (50 pulses per train, 2 ms pulse duration) were delivered to the injected 496 

mice and a smaller, unfamiliar conspecific male mouse was introduced into the test cage 497 

30 min later (Figure 4A). Mice stimulated with 100-Hz stimulation were more aggressive 498 

than sham-stimulated mice, while the two groups’ baseline aggression tested one day 499 

before photostimulation was comparable (Figure 4B-E). 100-Hz stimulation was most 500 

effective at 4 or more trains (50 pulses per train) with a pulse duration of 2 ms (Figure 501 

4G-N), (high-frequency photostimulation or HFPS). In contrast to 100-Hz stimulation, 5, 502 

20, and 40-Hz stimulations with the same total number of pulses had no effect on 503 

aggression (Figure 4O-R). HFPS induced offensive aggressive behaviors as aggression 504 

priming (Figure 4F).  505 

Since LFPS blocks aggression priming, we tested the effect of LFPS on HFPS-induced 506 

aggression increase (Figure 5A). LFPS delivered immediately after HFPS reduced the 507 

effect of HFPS on attack behavior (Figure 5B-E). Because 100-Hz stimulation induces 508 

NMDA receptor-dependent potentiation of synapses in various brain regions including the 509 

MeA (Shindou et al., 1993; Watanabe et al., 1995, 1996; Smerin et al., 2016), we tested 510 

if NMDA receptors are required for the effect of HFPS on aggression by intraperitoneally 511 
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(IP) injecting the NMDA receptor antagonist MK-801 to virus-injected mice at 30 min 512 

before HFPS. MK-801 administered at 100, 150 and 300 g/kg, doses shown to block 513 

NMDA receptor-dependent behavior (Zhou et al., 2017), blocked the effect of HFPS on 514 

aggression (Figure 5F-I). Baseline aggression levels were comparable in mice 515 

administered HFPS and HFPS followed by LFPS [Two-way ANOVA: related to 5B, 516 

F(1,41) = 0.71, p = 0.40; related to 5C, F(1,41) = 1.50, p = 0.23; related to 5D, F(1,41) = 517 

0.71, p = 0.40; related to 5E, F(1,41) = 0.02, p = 0.90] or MK-801 prior to HFPS [One-way 518 

ANOVA: related to 5F, F(4,23) = 1.09, p = 0.39; related to 5G, F(4,23) = 0.81, p = 0.53; 519 

related to 5H, F(4,23) = 1.96, p = 0.14; related to 5I, F(4,23) = 2.58, p = 0.064].  520 

Mice with high baseline aggression may have already been primed, therefore are 521 

susceptible to LFPS. Indeed, prior winning experience enhances aggression and 522 

increases the probability of winning future contests (Valzelli, 1973; Flannelly et al., 1982; 523 

Potegal, 1992; Hsu et al., 2006; Stevenson and Rillich, 2012; Miczek et al., 2013; Hoopfer, 524 

2016). To test this possibility, we applied LFPS to mice individually housed for 3 weeks 525 

to increase baseline aggression levels. LFPS delivered to the MeApv at 30 minutes before 526 

the aggression test inhibited aggressive behavior (Figure 5J-M). These results indicate 527 

that LFPS suppresses natural aggression. 528 

In contrast to attack behavior, non-aggressive social behaviors during the aggression test 529 

were unchanged by HFPS, HPFS+LFPS, MK-801 injection, or natural aggression and 530 

were comparable to baseline levels (Figure 6A-H), indicating that our optogenetic and 531 

pharmacological manipulations do not promote aggression by enhancing social 532 

interaction in general. To confirm this, we assessed sociability at one day before (test 1) 533 

and 30 min after HFPS stimulation (test 2) using a chamber with two wire cups, one empty 534 
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and the other one containing a conspecific mouse (Figure 6I). Mice naturally spend more 535 

time exploring the cup containing the conspecifics than the empty one, as indicated by a 536 

larger-than-1 social interaction score (SI, the ratio of time spent exploring the cup 537 

containing a mouse to that spent exploring the empty cup; Figure 6J). The animal’s 538 

preference for social subjects was not altered by HFPS stimulation or IP injections of MK-539 

801 (Figure 6J-K), indicating that NMDAR dependent HFPS does not alter sociability. 540 

Additionally, MK-801 injection had no effect on locomotion in the open field test (Figure 541 

6L). These results are consistent with our finding that aggression priming has no effect 542 

on non-aggressive social interaction (Figure 1G-J).  543 

Taken together, these findings indicate that HFPS mimics aggression priming and 544 

therefore suggest a role for synaptic potentiation in the MeApv circuits in aggression 545 

priming. 546 

The MeApv–VmH and MeApv–BNST pathways mediate the effect of HFPS on 547 

aggression  548 

MeApv neurons project to several regions implicated in aggression, including the VmH, 549 

BNST, medial preoptic nucleus (MPO), and lateral septum (LS) (Gomez and Newman, 550 

1992; Canteras et al., 1995; Coolen and Wood, 1998; Haller et al., 2006; Nelson and 551 

Trainor, 2007; Hashikawa et al., 2016). To locate the downstream target regions of the 552 

MeApv involved in aggression priming, we tested whether HFPS of the MeApv projections 553 

to these areas can increase aggression. To this end, we injected ChR2 or GFP virus into 554 

the MeApv and implanted optical fibers in the VmH, BNST, MPO, or LS for stimulation of 555 

MeApv axons. At 2 months after injection, viral expression in the MeApv and the terminal 556 



 

26 
 

fields of MeApv neurons at the VmH, BNST, MPO, and LS was readily detected (Figure 557 

7A-D). It is noted that the MeApv axons were dense in the medial portion of the BNST 558 

(BNSTm) and in the ventrolateral and central portion of the VmH (VmHvl/c), areas 559 

implicated in aggression (Fuxjager et al., 2010; Carrillo et al., 2011; Lin et al., 2011; Lee 560 

et al., 2014; Masugi-Tokita et al., 2016a). 561 

On the test day, HFPS was delivered to the VmH, BNST, MPO, or LS at 30 min before 562 

the aggression test. Baseline aggression levels were comparable for each group [Two-563 

way ANOVA: related to Figure 7E, F(1,49) = 0.01, p = 0.92; related to Figure 7F, F(1,49) 564 

= 0.35, p = 0.56; related to Figure 7G, F(1,49) = 0.01, p = 0.92; related to Figure 7H, 565 

F(1,49) = 0.83, p = 0.37; related to Figure 7I, F(1,43) = 0.01, p = 0.91; related to Figure 566 

7J, F(1,43) = 0.05, p = 0.82; related to Figure 7K, F(1,43) = 0.01, p = 0.94; related to 567 

Figure 7L, F(1,43) = 0.04, p = 0.84; related to Figure 7M, F(1,44) = 1.01, p = 0.33; related 568 

to Figure 7N, F(1,44) = 0.38, p = 0.55; related to Figure 7O, F(1,44) = 0.26, p = 0.62; 569 

related to Figure 7P, F(1,44) = 0.34, p = 0.57; related to Figure 7Q, F(1,22) = 0.01, p = 570 

0.94; related to Figure 7R, F(1,22) = 0.07, p = 0.79; related to Figure 7S, F(1,22) = 0.01, 571 

p = 0.91; related to Figure 7T, F(1,22) = 0.03, p = 0.86]. HFPS increased aggression from 572 

baseline and unstimulated controls when applied to the VmH and BNST, but not to the 573 

MPO or LS (Figure 7E-T). The increase was suppressed by LFPS delivered to the same 574 

region immediately after HFPS (Figure 7E-L), indicative of the involvement of synaptic 575 

potentiation in HFPS-induced aggression escalation. HFPS and HFPS plus LFPS at the 576 

VmH, BNST, MPO, or LS had no effect on non-aggressive social behaviors (Figure 8A-577 

T), and therefore did not alter general social interaction.  578 
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It is noted that HFPS of MeApv projections at the VmH increased both attack number and 579 

duration per attack, while stimulation of MeApv projections to the BNST had a robust 580 

effect on attack number but not attack duration (Figure 7F, 7G, 7J, and 7K). Consistent 581 

with this finding, total attack time was increased more by stimulation in the VmH than in 582 

the BNST (Figure 7E and 7I).  583 

To confirm that direct light stimulation of MeApv projections to the VmH and BNST 584 

activates VmH and BNST neurons, we recorded VmH and BNST neurons using whole-585 

cell patch-clamp in brain slices from mice injected with the ChR2 virus at the MeApv 586 

(Figure 8U-V). We recorded 20 VmH and 24 BNST neurons that fired action potentials in 587 

response to injection of depolarizing currents and were hyperpolarized by injection of 588 

hyperpolarizing currents (Figure 8W and 8Y). Of them, 17 VmH neurons and 20 BNST 589 

neurons showed light-evoked excitatory postsynaptic potentials (EPSPs) and excitatory 590 

postsynaptic currents (EPSCs) in response to photostimulation (Figure 8X and 8Z). 591 

Hence, photostimulation of MeApv axons locally at the VmH and BNST can elicit 592 

postsynaptic responses. 593 

To determine whether MeApv projections to the VmH and BNST are indeed responsible 594 

for the aggression-promoting effect of HFPS at the MeApv, we inactivated the MeApv 595 

projections to the VmH or BNST during HFPS of the MeApv. To this end, we injected a 596 

combination of AAV expressing ChR2E123A fused to mCherry, ArchT fused to YFP (both 597 

under control of the CaMKII  promoter), or GFP virus into the MeApv, and placed optical 598 

fibers into the MeApv and either the VmH or BNST in the same animal (Figure 9A). The 599 

expression of ChR2-mCherry and ArchT-YFP in the MeApv projections to the VmH and 600 

BNST was readily detected at 8 weeks after viral injection (Figure 9B-C).  601 
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To confirm that photostimulation of ArchT inhibits neuronal activity, we used whole-cell 602 

patch-clamp to record MeApv neurons from brain slices of mice injected with ArchT virus. 603 

7-s depolarizing currents were injected into MeApv neurons expressing ArchT, and 561-604 

nm light pulses were delivered during the third second of current injection (Figure 9D). 605 

Current injection induced action potentials (Figure 9D). This was suppressed during light 606 

stimulation and resumed after termination of light (Figure 9D), indicating that optical 607 

stimulation of ArchT can inhibit MeApv neurons. Moreover, direct stimulation of ArchT 608 

expressed by MeApv axons in the VmH and BNST abolished spiking of VmH and BNST 609 

neurons induced by current injection (Figure 9E-F). Hence, stimulation of ArchT in axons 610 

effectively inhibits synaptic transmission.    611 

For aggression testing, ChR2 and ArchT injected mice were tested for baseline 612 

aggression and one day later delivered HFPS at the MeApv while simultaneously 613 

inhibiting MeApv projections to the VmH or BNST using overlapping 1s pulses of 561-nm 614 

light during each train of HFPS (Figure 9A, 9G,and  9H). Aggression was tested 30 min 615 

later. HFPS of the MeApv alone increased attack duration and total attack number, while 616 

decreasing the latency to first attack (Figure 9I-P), as shown above (Figure 5B-E). 617 

Inhibition of the MeApv–VmH projections blocked the effect of MeApv HFPS on total 618 

attack time, attack duration, and latency to the first attack (Figure 9I, 9K and 9L), indicating 619 

that these projections are required for HFPS of the MeApv to modulate these parameters 620 

of attack. The number of attacks in the MeApv–VmH inhibition group was lower than in 621 

the MeApv HFPS group, but the difference did not reach statistical significance (Figure 622 

9J). This is likely because although HFPS of the MeApv–VmH synapse does not induce 623 

attacks, it extends naturally-occurring attack bouts that are otherwise too short to be 624 



 

29 
 

detected, and inhibition of these synapses abolishes this effect. It appears that the 625 

MeApv–VmH pathway mainly modulates attack duration. Inactivating the MeApv–BNST 626 

projections abolished all the effects of direct stimulation of the MeApv on aggression 627 

(Figure 9M-P), presumably because of the blockade of attack initiation, which is controlled 628 

by the MeApv–BNST projections (Figure 7J). Baseline aggression [One-way ANOVA: 629 

related to Fig. 9I, F(3,30) = 0.36, p = 0.85; related to Fig. 9J, F(3,30) = 0.69, p = 0.57; 630 

related to Fig. 9K, F(3,30) = 0.09, p = 0.96; related to Fig. 9L, F(3,30) = 0.13, p = 0.94; 631 

related to Fig. 9M, F(3,33) = 0.75, p = 0.53; related to Fig. 9N, F(3,33) = 0.01, p = 1.00; 632 

related to Fig. 9O, F(3,33) = 0.84, p = 0.48; related to Fig. 9P, F(3,33) = 0.03, p = 0.99] 633 

and non-aggressive social behaviors were unchanged during baseline testing [One-way 634 

ANOVA: related to Fig. 9Q, F(3,33) = 2.72, p = 0.06; related to Fig. 9R, F(3,33) = 0.90, p 635 

= 0.46; related to Fig. 9S, F(3,33) = 0.65, p = 0.59; related to Fig. 9T, F(3,31) = 0.86, p = 636 

0.47; related to Fig. 9U, F(3,33) = 0.30, p = 0.82; related to Fig. 9V, F(3,33) = 0.53, p = 637 

0.67; related to Fig. 9W, F(3,33) = 0.23, p = 0.87; related to Fig. 9X, F(3,33) = 0.85, p = 638 

0.48] and after stimulation (Figure 9Q-X). These results indicate that the MeApv–VmH 639 

and MeApv–BNST pathways are necessary for HFPS of the MeApv to promote 640 

aggression.  641 

Taken together, these findings indicate that HFPS of the MeApv enhances aggression 642 

through the MeApv–VmH and MeApv–BNST synapses, and that the MeApv–VmH and 643 

MeApv–BNST pathways regulate different stages of attack behavior.  644 

HFPS and aggressive behavior induce potentiation of the MeApv–VmH and 645 

MeApv–BNST synapses  646 
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To confirm that the MeApv–VmH and MeApv–BNST synapses can indeed undergo 647 

synaptic potentiation, we prepared brain slices containing VmH and BNST from mice 648 

injected with ChR2 virus at the MeApv and recorded EPSCs induced by light pulses with 649 

whole-cell patch-clamp. HFPS (4 trains of 50, 2-ms pulses at 100 Hz) increased EPSCs 650 

in both VmH and BNST neurons (Figure 10A-B), indicating that synaptic potentiation is 651 

induced.  652 

Next, we tested whether HFPS of the MeApv potentiates MeApv–VmH and MeApv–BNST 653 

synapses in vivo by recording optically evoked local field potentials (LFPs) at the VmH or 654 

BNST. To this end, we injected ChR2 virus into the MeApv and 6 weeks later implanted 655 

a microdrive-controlled optrode consisting of 16 tungsten wires and an optical fiber into 656 

the VmH or BNST. Only mice expressing the virus and with an optrode in the target region 657 

determined post hoc were included in the analysis of field excitatory postsynaptic 658 

potentials (fEPSPs) (Figure 10C-D).  659 

To test the effect of HFPS on synaptic strength, LFPs evoked by 473-nm light stimulation 660 

at 0.05 Hz were recorded before and after HFPS or HFPS followed by LFPS. fEPSPs 661 

were analyzed as previously demonstrated (Xiong et al., 2015; Zhou et al., 2017). HFPS 662 

increased light-evoked fEPSPs at the VmH and at the BNST (Figure 10E-F). These 663 

effects were blocked by LFPS applied immediately after HFPS and by MK-801 (150 664 

g/kg) intraperitoneally injected at 30 min before HFPS (Figure 10E-F). Hence, HFPS of 665 

the MeApv potentiates the MeApv–VmH and MeApv–BNST synapses via NMDA 666 

receptors.  667 
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To test whether these same synapses are potentiated by attack experience, we recorded 668 

LFPs evoked by photostimulation of the MeApv projections at the VmH or BNST before 669 

and after aggression testing. To this end, virally injected and optrode implanted mice were 670 

individually housed to enhance aggression. On the test day, a mouse bearing an optrode 671 

was placed in a test cage and recorded for optically evoked LFPs at 0.05 Hz as above. 672 

After 30 min of baseline recording, an unimplanted target mouse was placed into the test 673 

cage for 10 min. Light-evoked fEPSPs were recorded throughout and after the interaction 674 

period. 675 

The recorded mice were divided into two groups according to whether they attacked 676 

(AGG) or not (NON) during the interaction period. fEPSPs recorded after placement of 677 

the target mouse were aligned to the onset of either the first attack (for AGG mice) or the 678 

first social interaction event (for NON mice) across mice (Figure 10G-H). In AGG mice, 679 

fEPSP recorded at the VmH and BNST transiently increased after attack (Figure 10G-H). 680 

By contrast, fEPSP recorded at the VmH and BNST before and after the interaction period 681 

were unchanged in NON mice (Figure 10G-H). To assess whether LFPS, which inhibits 682 

aggression priming, has an effect on attack-induced potentiation of MeApv–VmH and 683 

MeApv–BNST synapses, we applied LFPS immediately upon removal of the target 684 

mouse. LFPS abolished attack-induced potentiation of both MeApv–VmH and MeApv–685 

BNST synapses (Figure 10G-H). These results indicate that attacking a conspecific 686 

induces synaptic potentiation.  687 

Taken together, these findings show that both HFPS and attack behavior potentiate the 688 

MeApv–VmH and MeApv–BNST synapses.  689 
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Traumatic stress enhances attack behavior through potentiation of the MeApv 690 

aggression circuit  691 

In addition to agonistic encounters, traumatic experience has a significant impact on 692 

aggression in both animals and humans. In humans, traumatic experience elevates the 693 

rate of aggressive behavior and violent outburst, and aggression is one of the symptom 694 

criteria of PTSD (Taft et al., 2012; American Psychiatric Association, 2013). In rodents, 695 

traumatic stress induced by electric foot shock increases aggression (Pynoos et al., 1996; 696 

Olson et al., 2011). To test whether the MeApv is involved in trauma-related aggression, 697 

we adopted a protocol that uses electric foot shock to induce stress-enhanced fear 698 

learning (SEFL, a PTSD-associated behavior) in rats (Rau et al., 2005). We first tested 699 

whether this protocol can induce SEFL in mice. Male mice (9 weeks of age) with low 700 

baseline aggression levels were used. On the day of traumatic stress induction (day 1), 701 

mice were placed in a chamber (Context A) to receive foot shocks over the course of a 702 

90 min session. After day 1, mice were divided into two groups to test for SEFL (Figure 703 

11A): one group received one shock in a new context (Context B) and were tested for 704 

freezing one day after (context B test); the other group was tested for freezing behavior 705 

in Context A without shock for 30 min for 4 consecutive days (extinction test). 1, 10, and 706 

15 foot shocks all increased freezing during the Context B test (non-traumatic context; 707 

Figure 11B), indicating that fear learning is enhanced. During the 4-day extinction test, 708 

mice given 1 or 10 foot shocks decreased freezing more pronouncedly than those 709 

receiving 15 shocks (Figure 11C). We next tested the effect of foot shock on aggression. 710 

15 shocks were delivered to the mice as it induced stronger SEFL than 1 and 10 shocks. 711 
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These mice became more aggressive after foot shock than controls that had been placed 712 

in the shock box but not shocked (Figure 11D-G).  713 

Since foot shock increases aggression, we assessed the effect of foot shock on the 714 

MeApv–VmH and MeApv–BNST synapses with in vivo recording. Mice (6 weeks of age, 715 

male) were injected with the ChR2 virus at the MeApv and implanted with a 16-channel 716 

optrode into the VmH or BNST 6 weeks later (Figure 11H). Light-evoked fEPSPs were 717 

recorded at the VmH and BNST before and after 15 foot shocks. fEPSPs increased after 718 

foot shock (Figure 11I-J), indicating that foot shock induces potentiation of the MeApv–719 

VmH and MeApv–BNST synapses.  720 

Given that foot shock enhances aggression and induces potentiation of the MeApv–VmH 721 

and MeApv–BNST synapses (Figure 11D-J), we tested if LFPS of the MeApv circuits 722 

could curb aggression elevation after traumatic stress. We again injected mice (6 weeks 723 

of age) with ChR2 or GFP virus and implanted optical fibers into the MeApv (Figure 12A). 724 

Injected mice received no or 15 foot shocks at 3 weeks after surgery. Foot shock-induced 725 

SEFL in injected mice was confirmed by contextual fear memory and fear memory 726 

extinction tests performed after shock (Figure 12B-C).  727 

To apply LFPS, mice were removed from the shock box immediately after shock, placed 728 

into novel cages, and allowed to acclimate for 10 min before delivery of LFPS to the 729 

MeApv. LFPS abolished the effect of foot shock on aggression in mice injected with ChR2, 730 

but not GFP virus (Figure 12D-G). Notably, LFPS did not alter SEFL, non-aggressive 731 

social interaction behavior during the aggression test, sociability in the two-cup social 732 

interaction test or locomotion in the open field test (Figure 12H-N).  733 
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Taken together, these findings indicate that traumatic stress induces potentiation of the 734 

MeApv–VmH and MeApv–BNST synapses and that LFPS of the MeApv can block 735 

traumatic stress-induced over-aggression. 736 

 737 

DISCUSSION 738 

Aggression is greatly influenced by experience. Prior agonistic or stressful experience is 739 

a reliable predictor for excessive aggression associated with psychiatric disorders such 740 

as PTSD and intermittent explosive disorder (Nelson and Trainor, 2007; Van Voorhees 741 

et al., 2016; Taft et al., 2017). The neural mechanism underlying experience-dependent 742 

modification of aggression, however, remains largely unclear. In this study, using a 743 

combination of optogenetic stimulation, in vivo electrophysiology, and behavioral assays, 744 

we found that the strength of synaptic transmission between the MeApv and VmH and 745 

BNST is increased by attack experience and traumatic stress. This synaptic potentiation 746 

underlies attack and trauma-induced aggression elevation. These findings identify a role 747 

for synaptic plasticity within MeApv pathways in experience-dependent modulation of 748 

aggression. 749 

Potentiation of MeApv–VmH and MeApv–BNST synapses underlie experience-750 

dependent modification of aggressive behavior 751 

Attack priming, or aggression priming, represents a form of natural, social experience-752 

dependent modulation of aggression. We studied aggression priming in a novel arena 753 

rather than using the resident intruder assay to minimize the effect of prior experience on 754 
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aggression. In our “priming” study, mice engaged in an aggressive, but not non-755 

aggressive, social interaction with a conspecific became significantly more aggressive 756 

after the first interaction period. Mice exhibited predominantly offensive aggressive 757 

behavior, as most of the attacks are self-initiated with stereotyped behaviors associated 758 

with offensive aggression (e.g. lateral/rear attacks, chasing, and wrestling) (Blanchard 759 

and Blanchard, 1977; Miczek and O'Donnell, 1978; Blanchard et al., 1979; Blanchard and 760 

Blanchard, 2003b). Since high-frequency electrical stimulation at the MeApv mimics 761 

attack priming (Potegal et al., 1996a), synaptic potentiation may be a mechanism for the 762 

priming effect. We tested this possibility by applying LFPS, which has been widely used 763 

to reduce synaptic strength, to the MeA immediately after an aggressive encounter with 764 

a conspecific. We chose CaMKII + neurons because histological analysis revealed that 765 

they are the major type of cells activated at the MeApv after “priming”. LFPS at the MeApv 766 

blocked the effect of priming on aggressive behavior, supporting that synaptic potentiation 767 

is involved in aggression priming.  768 

To directly measure synaptic potentiation, it is necessary to know the exact synapses 769 

where the potentiation occurs. We addressed this question by priming aggression with 770 

100-Hz HFPS, which allows us to systematically screen MeApv target areas that may 771 

mediate aggression priming. 100-Hz HFPS, which has been used to successfully induce 772 

synaptic potentiation in vivo (Nabavi et al., 2014; Zhou et al., 2017), primes aggression in 773 

subject mice as attacking experience. Other frequencies we tested did not have such an 774 

effect, consistent with the earlier reports that 20-Hz optogenetic stimulation of 775 

glutamatergic MeA neurons does not trigger aggression and that 100-Hz stimulations is 776 

more effective in inducing synaptic potentiation than 40-Hz stimulations (Chen et al., 777 
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1996b; Hong et al., 2014). The behavioral effect of 100-Hz stimulation, therefore, must 778 

have arisen from the unique physiological changes it induces.  779 

Our electrophysiological recording shows that MeApv neurons exhibit membrane 780 

depolarization locked to each stimulation. Since postsynaptic depolarization is necessary 781 

for synaptic potentiation (Golding et al., 2002; Remy and Spruston, 2007), and previous 782 

in vivo and ex vivo studies have shown that 100-Hz stimulation is an effective protocol for 783 

inducing synaptic potentiation (Bliss and Collingridge, 1993; Chen et al., 1996a; Nguyen 784 

and Kandel, 1997; Grover et al., 2009; Nabavi et al., 2014), the priming effect of 100-Hz 785 

HFPS suggests a potential role of synaptic potentiation in aggression priming. This 786 

possibility is consistent with our finding that LFPS and the NMDA receptor blocker MK-787 

801 suppress HFPS-induced enhancement of aggression. Non-aggressive social 788 

interaction, sociability and locomotion were unchanged by 100-Hz HFPS, suggesting that 789 

the increase in aggression is not caused by alteration of general arousal or social 790 

interaction. It is noted that our findings do not exclude the possibility that other firing 791 

frequencies of MeA neurons during attack priming also induce synaptic potentiation. 792 

Indeed, since the VmH and BNST neurons are also activated by attacking behavior, and 793 

the pairing of low-frequency presynaptic firing with postsynaptic depolarization is an 794 

effective protocol of inducing synaptic potentiation, potentiation of the MeApv-VmH and 795 

MeApv-BNST synapses during aggression priming is likely induced by firing of MeApv 796 

neurons at lower frequencies. However, 20-Hz and 40-Hz light stimulations without being 797 

paired with postsynaptic depolarization cannot induce synaptic potentiation as we 798 

demonstrated.  799 
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Having demonstrated that HFPS mimics aggression priming by attack, we optogenetically 800 

stimulated MeApv axons at various MeApv projection areas with HFPS or HFPS followed 801 

by LFPS. These experiments revealed that the VmH and BNST are critical structures 802 

mediating the effects of HFPS on aggression. We then conducted in vivo 803 

electrophysiological recordings to test if HFPS induces synaptic potentiation in these 804 

areas. Our results showed that the MeApv–VmH and MeApv–BNST synapses are indeed 805 

potentiated by HFPS at time scales similar to those observed after natural agonistic 806 

encounter, and that the synaptic potentiation is suppressed by LFPS and MK-801. Hence, 807 

the MeApv–VmH and MeApv–BNST synapses are candidates of potentiating synapses 808 

for “priming”. We then used in vivo electrophysiological recording to analyze the strength 809 

of MeApv–VmH and MeApv–BNST synapses before and after fighting and found that 810 

these synapses are potentiated by attack behavior and that LFPS can abolish this 811 

synaptic potentiation. It is noted that LFPS at the MeApv can also suppress naturally 812 

occurring aggression. These mice may have been primed by prior attacking experience 813 

and therefore susceptible to the LFPS effect. It cannot be ruled out though that the MeApv 814 

affects aggression generally in addition to primed aggression. Future studies shall 815 

address these concerns.  816 

In all, these findings demonstrate that synaptic potentiation in the MeApv aggression 817 

circuit mediates aggression priming and identify the specific synapses that are potentiated 818 

by priming.  819 

VmH and BNST regulate different stages of aggressive behavior  820 
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Both the VmH and BNST receive projections from the MeApv and are activated in 821 

dominant mice after attacking a conspecific, as shown by c-Fos labeling (Kollack-Walker 822 

and Newman, 1995; Gobrogge et al., 2007; Lin et al., 2011). The VmH is a critical 823 

subnucleus within the hypothalamic attack area in rodents (Kruk et al., 1983; Lammers et 824 

al., 1988). Electrical and optogenetic stimulation of the VmH can elicit attack behavior 825 

(Kruk et al., 1983; Lammers et al., 1988; Lin et al., 2011). Electrical stimulation of the 826 

BNST can modulate attack behavior in cats (Shaikh et al., 1986), while blocking AMPA 827 

or mGluR7 receptors in the BNST reduces aggression (Masugi-Tokita et al., 2016b). 828 

Optogenetic stimulation of projections from MeA neurons expressing the neuropeptide Y 829 

receptor type 1 to the BNST increases nudging activity as opposed to aggression (Padilla 830 

et al., 2016). Despite the evidence supporting the involvement of the VmH and BNST in 831 

aggressive behavior, it is unclear whether the VmH and BNST play redundant or distinct 832 

roles in aggression.  833 

Our study indicates that the MeApv projections to the VmH and BNST drive different 834 

stages of aggressive behavior. The functional divergence of MeApv inputs to the VmH 835 

and BNST is supported by recent findings that these efferent pathways have dissociable 836 

effects on conflict approach and avoidance behavior (Miller et al., 2019). Here, we show 837 

that selective potentiation of the MeApv to VmH projection primarily prolongs individual 838 

attacks and inhibiting this pathway during HFPS of the MeApv blocks the concomitant 839 

increase in attack duration while preserving the overall number of initiated attacks. By 840 

contrast, selective potentiation of the MeApv to BNST projection increases the number of 841 

attacks with no effect on the duration of individual attacks. Although potentiating the 842 

MeApv–BNST pathway alone is not sufficient to prolong attacks, the BNST needs to be 843 
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potentiated for HFPS of the MeApv to prolong attack, as shown by the finding that BNST 844 

inactivation during MeApv HFPS obliterates its effect on attack duration. 845 

Hence, it appears that MeApv-driven aggression priming relies on potentiation of the 846 

MeApv–BNST pathway for attack initiation and the MeApv–VmH pathway to sustain an 847 

already occurring attack. It is perceivable that parsing a single attacking event into steps 848 

and regulating them through separate pathways allows for more precise temporal control 849 

of attack behavior. Moreover, it is possible that different stages of attack can be adjusted 850 

separately according to social contexts and emotional valence by integrating non-MeApv 851 

afferents to the VmH and BNST. Future studies will be aimed at examining how the 852 

MeApv circuit regulates other stages of attack behavior during primed aggression. 853 

Traumatic stress induced aggression 854 

In addition to attack priming, our study shows that traumatic stress potentiates MeApv–855 

VmH and MeApv–BNST pathways, leading to traumatic experience-induced excessive-856 

aggression. A serious consequence of traumatic stress is PTSD, which has a lifetime 857 

prevalence of ~6–8% (Kessler et al., 2005). It can be disabling and is characterized by 858 

persistent re-experiencing of traumatic events and hyperarousal symptoms such as 859 

recurrent angry and aggressive outbursts (McHugh et al., 2012; Smerin et al., 2016). The 860 

mechanism for persistent and intrusive memories after traumatic events is emerging from 861 

clinical and animal studies (Desmedt et al., 2015). For example, hyperactivity of the 862 

amygdala has been implicated (Koenigs and Grafman, 2009; Stevens et al., 2017). 863 

Despite the severe, destructive social problems associated with unchecked aggressive 864 

and violent behavior, little is known about the underlying neural substrate.  865 
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Our study shows that traumatic stress can potentiate synaptic transmission between the 866 

MeApv and its synaptic partners, the VmH and BNST, and that weakening synaptic 867 

transmission in MeApv-mediated aggression pathways prevents traumatic stress-induced 868 

excessive-aggression. The MeApv–VmH and MeApv–BNST synapses and signaling 869 

pathways underlying synaptic potentiation, therefore, can be potentially targeted to 870 

develop therapies to alleviate excessive aggression associated with psychiatric disorders 871 

such as PTSD. Intriguing possibilities include the use of deep brain stimulation (DBS) to 872 

alter synaptic strength within MeApv aggression circuits in patients with PTSD who are 873 

resistant to pharmacotherapy or psychotherapy. It is noted that DBS has been 874 

administrated to the basolateral amygdala of a patient with severe PTSD to reduce 875 

nightmares (Langevin et al., 2016). Our findings suggest that the MeApv could be a target 876 

of DBS to treat excessive aggression associated with PTSD. 877 

In sum, our study reveals that potentiation of synapses between the MeApv and the VmH 878 

and BNST leads to enhanced aggression. This process mediates increased aggression 879 

following fighting and traumatic experience. Synaptic depression of these MeApv-880 

mediated aggression circuits, conversely, dampens primed aggression and prevents 881 

traumatic stress-induced aggression elevation. This study, therefore, identifies key 882 

synaptic mechanisms and neural circuits for experience-dependent modification of 883 

aggressive behavior. 884 

 885 

886 
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FIGURE LEGENDS 1177 

Figure 1. Characterization of aggression priming in mice. (A) Experimental schedule 1178 

for aggression priming testing. Each mouse was used for only one round of experiment. 1179 

(B) Percentage of stereotyped behaviors performed during 1st and 2nd aggression test. 1180 

Two-tailed paired Student’s T-test was used for statistical analysis (n = 15 mice): 1181 

Front/face attack, t14 = -4.004, p < 0.001; Boxing, t14 = -3.433, p = 0.004; Rear/lateral 1182 

attack, t14 = -3.167, p = 0.007; Chasing, t14 = -4.242, p < 0.001; Wrestling, t14 = -6.19, 1183 

p < 0.001; Ano-gential sniff, t14 = -0.261, p = 0.798; Social investigation, t14 = -0.236, p 1184 

= 0.817; Grooming, t14 = 1.703, p = 0.111; Digging, t14 =  1.171, p = 0.261; Explore, t14 1185 

= 1.144, p = 0.272. (C-J) Aggressive (C-F) and non-aggressive social interaction (G-J) 1186 

behavior in aggressive (AGG, n = 15) and non-aggressive (NON, n = 7) mice during the 1187 

priming experiment. Two-tailed paired Student’s T-test was used for statistical analysis. 1188 

AGG attack:  C, t14 = -6.190, p < 0.001; D, t14 = -6.190, p < 0.001; E, t14 = -3.220, p = 1189 

0.006, F, t14 = 4.254, p < 0.001. NON attack: C, t6 = -1.549, p = 0.172; D, t6 = -1.549, p 1190 

= 0.172; E, t6 = -1.500, p = 0.184; F, t6 = 1.548, p = 0.173. AGG SI: G, t14 = -0.256, p = 1191 

0.802; H, t14 = -0.302, p = 0.767; I, t14 = -0.322, p = 0.752; J t14 = 0.955, p = 0.356. 1192 

NON SI: G, t6 = -0.318, p = 0.761; H, t6 = 0.197; p = 0.850; I, t6 = -1.470, p = 0.192; J, t6 1193 

= 0.660, p = 0.534. Data are presented as mean ± SEM; **p < 0.01, ***p < 0.001. 1194 

 1195 

Figure 2. CaMKII  neurons of the MeApv are activated by aggression priming. Mice 1196 

(9 weeks of age) were placed in the test cage and either allowed to freely interact with a 1197 

submissive conspecific male for 10 min or left alone in the cage for the same amount of 1198 
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time. The mice were perfused 60 min after the interaction period for immunostaining. In 1199 

some images, boundaries can be seen between two adjacent areas due to uneven 1200 

illumination between tiles. (A, B) Representative images of brain sections of c-Fos+ cells 1201 

in the MeApv from aggressive (AGG, n = 8) or non-attacking control (NON, n = 8) animals 1202 

after aggression priming. (C) Quantification of total number of DAPI+ cells for A and B. 1203 

Two-tailed paired Student’s T-test was used for statistical analysis: t14 = 0.0706, p = 1204 

0.945. (D) Quantification of c-Fos+ cells for A and B. Mann-Whitney test was used for 1205 

statistical analysis of test 1 to test 2: U = 0.000, p < 0.001. (E-I) Representative images 1206 

of brain sections from AGG mice co-stained for c-Fos and DAPI along with CaMKII  (E), 1207 

calretinin (F), calbindin (G), somatostatin (H), or PV (I). (J-K) Quantification of c-Fos+ cells 1208 

for each cell type from AGG (n = 8) or NON mice (n = 6) after aggression priming. % of 1209 

c-Fos+ cells that co-localize with the indicated antibodies are shown in J. Mann-Whitney 1210 

test was used for statistical analysis of AGG vs. NON: CaMKII U = 0.000, p < 0.001; 1211 

calretinin, U = 20.000, p = 0.662; calbindin, t11 = 1.291, p = 0.223; somatostatin, t10 = 1212 

1.453, p = 0.177; PV, U = 14.000, p = 1.000. % of cells positive for each antibody that co-1213 

localize with c-Fos are shown in K. Mann-Whitney test was used for statistical analysis of 1214 

AGG vs. NON: CaMKII t12 = 2.537, p = 0.0261; calretinin, t12 = -0.944, p = 0.364; 1215 

calbindin, t12 = -1.968, p = 0.0727; somatostatin, U = 12.000, p = 0.432; PV, U = 14.000, 1216 

p = 1.000. (L-M) vGlut2+ cre-line mice (7 weeks of age) were injected with cre-dependent 1217 

GFP AAV into the MeApv and then used for immunolabeling 3 weeks later. (L) 1218 

Representative images of brain sections from GFP injected animals stained for CaMKII . 1219 

In some images, boundaries can be seen between two adjacent areas due to uneven 1220 

illumination between tiles. (M) Quantification of L showing % of GFP+ cells that are 1221 
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positive for CaMKII . Only cells within the MeApv were counted. Scale bar in A is 2 mm 1222 

and in B is 100 m. Data are presented as mean ± SEM; *p < 0.05, ***p < 0.001.  1223 

 1224 

Figure 3. LFPS of CaMKII  neurons of the MeApv suppresses aggression priming. 1225 

Mice (7 weeks of age) were bilaterally injected with GFP or ChR2 AAV under control of 1226 

the CaMKII  promoter into the MeApv and then used for immunolabeling (A-F), slice 1227 

electrophysiology (G-H) or aggression testing (I-Q) 3 weeks later. (A-E) Representative 1228 

images of brain sections from GFP injected animals stained for CaMKII  (A, n = 14 mice), 1229 

calretinin (B, n = 8 mice), calbindin (C, n = 7 mice), somatostatin (D, n = 7 mice), or PV 1230 

(E, n = 7 mice). In some images, boundaries can be seen between two adjacent areas 1231 

due to uneven illumination between tiles. Scale bars in A: 2 mm for low-magnification 1232 

images (left) and 100 m for high-magnification images (right). (F) Quantification of A-E 1233 

showing % of GFP+ cells that are positive for the indicated antibodies. Only cells within 1234 

the MeApv were counted. Kruskal-Wallis One Way Analysis of Variance on Ranks was 1235 

used for statistical analysis of antibodies colocalized with GFP: H4 = 38.509, p < 0.001. 1236 

Dunn’s method was used for pairwise multiple comparisons: CaMKII  vs. calretinin, p 1237 

<0.001; CaMKII  vs. calbindin, p = 0.006; CaMKII  vs. somatostatin, p = 0.002; CaMKII  1238 

vs. PV, p = 0.006; all other comparisons are not statistically significant. (G-H) 1239 

Experimental schedule for electrophysiological recordings of optically evoked 1240 

postsynaptic currents in slices containing the MeApv. MeApv neurons were stimulated 1241 

with light (2 ms pulse duration, 473-nm, 15 mw/mm2) to induce EPSCs (H). (I) 1242 

Experimental schedule for viral injection, optical fiber placement and LFPS administration 1243 
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prior to second aggression test. Each mouse was stimulated only once. In the left 1244 

diagram, the green area in the MeApv indicates the viral spread and the blue stick 1245 

indicates the location of optical fibers. Representative image is of ChR2 expression in the 1246 

MeApv. Scale bar: 200 m. (J-Q) The effect of LFPS on primed aggressive behavior (J-1247 

M) and non-aggressive social interaction (N-Q). Two-tailed paired Student’s T-test was 1248 

used to compare aggression test 1 to test 2 for AGG (n = 8) and GFP (n = 5) mice. AGG 1249 

attack in ChR2 mice: J, t7 = 2.925, p = 0.022; K, t7 = 2.934, 0.022; L, t7 = 1.310, p = 1250 

0.232; M, t7 = -0.365, p = 0.726. AGG attack in GFP mice: J, L, t4 = -2.784, p = 0.050; M, 1251 

t4 = -3.539, p = 0.024; N, t4 = -3.644, p = 0.022, O, t4 = 10.871, p < 0.001. SI in ChR2 1252 

mice: J, t7 = -1.283, p = 0.240; K, t7 = 0.089, 0.932, L, t7 = -1.724, p = 0.128. SI in GFP: 1253 

J, t4 = -0.152, p = 0.886; K, t4 = 0.617, p = 0.571; L, t4 = -0.620, p = 0.569; M, t4 = 1.500, 1254 

p = 0.208. Data are presented as mean ± SEM; *p < 0.05; **p < 0.01;  ***p < 0.001.  1255 

 1256 

Figure 4. High frequency photostimulation of MeApv neurons causes an 1257 

enhancement of aggressive behavior. (A) Experimental schedule for optical stimulation 1258 

and aggression testing. In the left diagram, the green area in the MeApv indicates the 1259 

viral spread and the blue stick indicates the location of optical fibers. (B-E) Baseline 1260 

aggression of non-injected and virus injected mice. One-way ANOVA was used for 1261 

statistical analysis across groups: n = 11 WT, 13 ChR2, and 11 GFP mice; B, F(2,33) = 1262 

0.656, p = 0.526; C, F(2,33) = 0.561, p = 0.576; D, F(2,33) = 1.077, p = 0.352; E, F(2,33) 1263 

= 0.639, p = 0.534. (F) Percentage of stereotyped behaviors performed during aggression 1264 

test 30 min after photostimulation of the MeApv using 4 trains (50 pulses per train) of 2 1265 

ms light pulses at 100 Hz (high frequency photostimulation, HFPS). (G-R) The effect of 1266 
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100-Hz stimulation with different train numbers (G-J, n = 4 mice for each group), pulse 1267 

durations (K-N, n = 4 mice for each group), and frequencies (O-R, n = 4 mice for each 1268 

group) on aggressive behavior. One-way ANOVA was used for statistical analysis across 1269 

groups: F(4,15) = 22.73 for G, 10.028 for H, 8.569 for I, 116.496 for J, 5.386 for K, 3.496 1270 

for L, 4.826 for M, 7.178 for N, 25.272 for O, 44.897 for P, 13.294 for Q, 12.212 for R; p 1271 

< 0.001 for G, p < 0.001 for H, p < 0.001 for I, p <0.001 for J, p = 0.007 for K, p = 0.033 1272 

for L, p = 0.011 for M, p = 0.002 for N, p < 0.001 for O, p < 0.001 for P, p < 0.001 for Q, p 1273 

< 0.001 for R. Holm-Sidak correction was used for multiple comparisons between trains. 1274 

Data are presented as mean ± SEM; *p < 0.05; **p < 0.01; ***p < 0.001.   1275 

 1276 

Figure 5. HFPS of MeApv neurons increases aggression through an NMDAR-1277 

dependent mechanism and LFPS can suppress naturally occurring aggression. (A) 1278 

Experimental schedule for the effect of optical stimulation and pharmacological blockade 1279 

on aggression. In the left diagram, the green area in the MeApv indicates the viral spread 1280 

and the blue stick indicates the location of optical fibers. The effect of LFPS (900 pulses 1281 

at 1 Hz) was tested by applying LFPS immediately after HFPS, and then testing for 1282 

aggression levels 30 min after the onset of HFPS. Mice were only stimulated once. (B-E) 1283 

HFPS primes aggression and is suppressed by LFPS delivered immediately after HFPS. 1284 

Two-way ANOVA was used for statistical analysis across groups (n = 10 ChR2 1285 

unstimulated, 10 ChR2 HFPS, 10 ChR2 HFPS + LFPS, 6 GFP unstimulated, 5 GFP 1286 

HFPS, 6 GFP HFPS + LFPS mice). For ChR2 vs. GFP: F(1,41) = 12.839 for B, 15.573 1287 

for C, 17.772 for D, 19.98 for E; p < 0.001 for B-E. For photostimulated vs. sham: F(2,41) 1288 

= 6.998 for B, 6.737 for C, 8.848 for D, 7.818 for E; p = 0.002 for B, p = 0.003 for C, p < 1289 



 

59 
 

0.001 for D, p < 0.001 for E. For interaction between all groups: F(2,41) = 6.687 for B, 1290 

6.759 for C, 4.442 for D, 4.608 for E; p = 0.003 for B, p = 0.003 for C, p = 0.018 for D, p 1291 

= 0.016 for E. Holm-Sidak correction was used for multiple comparisons between groups. 1292 

(F-I) Inhibition of HFPS-induced aggression enhancement by the NMDAR blocker. Mice 1293 

were administered systemic injections of MK-801 (100-300 g/kg) 30 min before HFPS 1294 

and then tested for aggression 30 min later as above. Mice were only injected and 1295 

stimulated once. One-way ANOVA was used for statistical analysis across groups (n = 8 1296 

unstimulated, 9 HFPS, 5 HFPS + 100 g/kg MK-801, 5 HFPS + 150 g/kg MK-801, 5 1297 

HFPS + 300 g/kg MK-801 mice): F(4,27) = 6.R2648 for F, 6.683 for G, 7.586 for H, 1298 

21.961 for I; p < 0.001 for all groups. Holm-Sidak correction was used for multiple 1299 

comparisons between groups. (J-M) LFPS suppresses naturally occurring aggressive 1300 

behavior. Mice individually housed for 3 weeks to increase baseline aggression were 1301 

delivered LFPS and 30 min after the onset of light were allowed to freely interact with a 1302 

novel conspecific for 10 min (n = 6 ChR2, 7 GFP mice). Two-tailed Student’s T-tests were 1303 

used to compare the same mouse before and after LFPS. For ChR2: t5 = 4.958 for J, 1304 

2.936 for K, 3.698 for L, 5.136 for M; p = 0.004 for J, p = 0.032 for K, p = 0.014 for L, p = 1305 

0.033 for M. For GFP: t7 = 0.546 for J, 0.133 for K, -0.611 for L, -0.833 for M; p = 0.605 1306 

for J, p = 0.898 for K, p = 0.564 for L, p = 0.437 for M. Data are presented as mean ± 1307 

SEM; *p < 0.05, **p < 0.01, ***p < 0.001.  1308 

 1309 

Figure 6. Photostimulation of MeApv neurons has no effect on non-aggressive 1310 

social interaction. All mice were injected with ChR2 or GFP AAV 3 weeks prior to 1311 
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behavioral tests. (A-D) Non-aggressive social interaction after HFPS or HFPS followed 1312 

by LFPS (n = 10 ChR2 unstimulated, 10 ChR2 HFPS, 10 ChR2 HFPS + LFPS, 6 GFP 1313 

unstimulated, 5 GFP HFPS, 6 GFP HFPS + LFPS mice). Two-way ANOVA was used for 1314 

statistical analysis across groups. For ChR2 vs GFP: F(1,41) = 0.065 for A, 0.029 for B, 1315 

1.731 for C, 0.108 for D; p = 0.800 for A, p = 0.865 for B; p = 0.196 for C; p = 0.744 for D. 1316 

For photostimulated vs sham: F(2,41) = 2.277 for A, 0.114 for B, 0.748 for C, 0.813 for D; 1317 

p = 0.115 for A, p = 0.893 for B, p = 0.480 for C, p = 0.450 for D. For interaction between 1318 

all groups: F(2,41) = 0.911 for A, 3.008 for B, 2.274 for C, 1.639 for D; p = 0.410 for A, p 1319 

= 0.060 for B, p = 0.116 for C, p = 0.207 for D. Holm-Sidak correction was used for multiple 1320 

comparisons between groups. (E-H) Non-aggressive social interaction 1 day before and 1321 

30 min after LFPS (n = 6 ChR2 and 7 GFP mice). Two-tailed paired Student’s T-tests 1322 

were used to compare the same mouse before and after LFPS. For ChR2: t5 = 0.065 for 1323 

E, -0.727 for F, 4.930 for G, 0.092 for H; p = 0.976 for E, p = 0.446 for F, p = 0.154 for G, 1324 

p = 0.970 for H. For GFP: t7 = 0.496 for E, -0.903 for F, -1.643 for G, -0.196 for H; p = 1325 

0.672 for E, p = 0.387 for F, p = 0.114 for G, p = 0.862 for H. (I-K) Experimental protocol 1326 

and quantification of social interaction score (SI score: the ratio of time spent exploring 1327 

the cup with a mouse to that spent exploring the empty cup) during a sociability test 1328 

starting at 30 min after HFPS (J) or MK-801 injection (K). (J) ChR2 (n = 5) and GFP (n = 1329 

5) injected mice were tested on two consecutive days as with aggression testing. Two-1330 

tailed paired Student’s T-test was used to compare test day 1 to test day 2: for ChR2, t4 1331 

= 0.934, p = 0.403; for GFP, t4 = 0.103, p = 0.923. (K) One-way ANOVA was used for 1332 

statistical analysis across groups injected with vehicle (n = 4 mice) or 100 g/kg MK-801 1333 

(n = 4 mice), 150 g/kg MK-801 (n = 4 mice), or 300 g/kg MK-801 (n = 4 mice): F(3,12) 1334 
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= 0.0321, p = 0.992. Holm-Sidak correction was used for multiple comparisons between 1335 

groups. (L) Analysis of the effect of MK-801 injection on distance travelled during an open 1336 

field test (n = 5 mice for each group). One-way ANOVA was used for statistical analysis 1337 

across groups: F(3,16) = 2.838, p = 0.071. Holm-Sidak correction was used for multiple 1338 

comparisons between groups. Data are presented as mean ± SEM.   1339 

 1340 

Figure 7. HFPS of projections from the MeApv to the VmH and BNST promotes 1341 

aggression. Mice were pair-housed for 8 weeks after surgery, prior to stimulating 1342 

projections from the MeApv to the VmH, BNST, MPO, or LS (HFPS alone or HFPS 1343 

followed by LFPS). Optical stimulation was applied 30 min before introduction of 1344 

conspecifics and each animal was only stimulated once. (A–D) Illustrations for the viral 1345 

spread (green areas) and optical fiber placement (blue sticks), and representative images 1346 

of ChR2 expression at the MeApv and the projection areas of MeApv neurons. The scale 1347 

bars in the left and right panels in (A) are 1mm and 100 m, respectively, and applies to 1348 

all images in A-D. (E–H) The effect of HFPS and HFPS + LFPS at the VmH on aggressive 1349 

behavior (n = 12 ChR2 unstimulated, 16 ChR2 HFPS, 13 ChR2 HFPS + LFPS, 5 GFP 1350 

unstimulated, 6 ChR2 HFPS, 5 ChR2 HFPS + LFPS mice). Two-way ANOVA was used 1351 

for statistical analysis across groups. For ChR2 vs. GFP: F(1,52) =  11.466 for E, 9.567 1352 

for F, 4.982 for G, 5.043 for H; p < 0.001 for E, p = 0.003 for F, p = 0.030 for G, p = 0.029 1353 

for H. For sham vs stimulated mice: F(2,52) = 13.311 for E, F(2,52) = 9.552 for F, F(2,52) 1354 

= 13.627 for G, F(2,52) = 5.333 for H; p < 0.001 for E, p < 0.001 for F, p < 0.001 for G, p 1355 

= 0.008 for H. For interaction between all groups: F(2,52) = 10.851 for E, 5.1 for F, 7.962 1356 

for G, 13.082 for H; p < 0.001 for E, p = 0.009 for F, p < 0.001 for G, p < 0.001 for H. 1357 
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Holm-Sidak was used for post-hoc multiple comparisons between groups. (I-L) The effect 1358 

of HFPS and HFPS + LFPS at the BNST on aggressive behavior (n = 10 ChR2 1359 

unstimulated, 11 ChR2 HFPS, 10 ChR2 HFPS + LFPS, 6 GFP unstimulated, 6 GFP 1360 

HFPS, 6 GFP HFPS + LFPS mice). Two-way ANOVA was used for statistical analysis 1361 

across groups. For ChR2 vs GFP: F(1,43) = 6.997 for I, 16.99 for J, 2.414 for K, 0.247 for 1362 

L; p = 0.011 for I, p < 0.001 for J, p = 0.128 for K, p = 0.622 for L. For sham vs stimulated 1363 

mice: F(2,43) = 5.718 for I, 18.861 for J, 0.227 for K, 3.271 for L; p = 0.006 for I, p < 0.001 1364 

for J, p = 0.798 for K, p = 0.048 for L. For interaction between all groups: F(2,43) = 3.798 1365 

for I, 6.73 for J, 0.737 for K, 23.402 for L; p = 0.03 for I, p = 0.003 for J, p = 0.484 for K, p 1366 

< 0.001 for L. Holm-Sidak was used for post-hoc multiple comparisons between two 1367 

groups. (M–P). The effect of HFPS and HFPS + LFPS at the MPO on aggressive behavior 1368 

(n = 7 ChR2 unstimulated, 7 ChR2 HFPS, 4 ChR2 HFPS + LFPS, 4 GFP unstimulated, 1369 

4 GFP HFPS, 4 GFP HFPS + LFPS mice). Two-way ANOVA was used for statistical 1370 

analysis across groups. For ChR2 vs GFP: F(1,24) = 0.263 for M, 0.439 for N, 1.506 for 1371 

O, 0.271 for P; p = 0.613 for M, p = 0.514 for N, p = 0.232 for O, p = 0.607 for P. For sham 1372 

vs. stimulated mice: F(2,24) = 0.611 for M, 0.128 for N, 0.425 for O, 0.476 for P; p = 0.551 1373 

for M, p = 0.881 for N, p = 0.659 for O, p = 0.627 for P. For interaction between all groups: 1374 

F(2,24) = 0.677 for M, 0.273 for N, 1.306 for O, 0.300 for P; p = 0.518 for M, p = 0.764 for 1375 

N, p = 0.289 for O, p = 0.744 for P. Holm-Sidak was used for post-hoc multiple 1376 

comparisons between two groups. (Q-T) The effect of HFPS and HFPS + LFPS at the LS 1377 

on aggressive behavior (n = 6 ChR2 unstimulated, 7 ChR2 HFPS, 3 ChR2 HFPS + LFPS, 1378 

3 GFP unstimulated, 4 GFP HFPS, 3 GFP HFPS + LFPS mice). Two-way ANOVA was 1379 

used for statistical analysis across groups. For ChR2 vs. GFP: F(1,20) = 0.108 for Q, 1380 
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0.0001 for R, 0.0122 for S, 0.383 for T; p = 0.745 for Q, p = 0.991 for R, p = 0.913 for S, 1381 

p = 0.543 for T. For sham vs stimulated mice: F(2,20) = 0.470 for Q, 0.574 for R, 0.852 1382 

for S, 0.628 for T; p = 0.632 for Q, p = 0.573 for R, p = 0.442 for S, p = 0.544 for T. For 1383 

interaction between all groups: F(2,20) = 0.725 for Q, 1.067 for R, 0.721 for S, 0.476 for 1384 

T; p = 0.497 for Q, p = 0.363 for R, p = 0.498 for S, p = 0.628 for T. Holm-Sidak was used 1385 

for post-hoc multiple comparisons between two groups. Data are presented as mean ± 1386 

SEM; *p < 0.05, **p < 0.01, ***p < 0.001. 1387 

 1388 

Figure 8. Optogenetic stimulation of MeApv projection areas depolarizes the VmH 1389 

and BNST neurons and has no effect on non-aggressive social interaction. (A, F, K, 1390 

P) Illustrations for the viral spread (green areas) and optical fiber placement (blue sticks). 1391 

(B-E, G-J, L-O, Q-T) Analysis of non-aggressive social interaction during the 10-min 1392 

aggression test. (B-E) The effect of HFPS and HFPS + LFPS at the VmH on aggressive 1393 

behavior (n = 12 ChR2 unstimulated, 16 ChR2 HFPS, 13 ChR2 HFPS + LFPS, 5 GFP 1394 

unstimulated, 6 ChR2 HFPS, 5 ChR2 HFPS + LFPS mice). Two-way ANOVA was used 1395 

for statistical analysis across groups. For ChR2 vs GFP: F(1,52) = 0.270 for B, 0.002 for 1396 

C, 1.741 for D, 1.143 for E; p = 0.606 for B, p = 0.963 for C, p = 0.193 for D, p = 0.290 for 1397 

E. For sham vs. stimulated mice: F(2,52) = 0.242 for B, 1.615 for C, 2.610 for D, 1.435 1398 

for E; p = 0.786 for B, p = 0.209 for C, p = 0.083 for D, p = 0.247 for E. For interaction 1399 

between all groups: F(2,52) = 3.020 for B, 0.046 for C, 3.116 for D, 0.309 for E; p = 0.057 1400 

for B, p = 0.955 for C, p = 0.053 for D, p = 0.735 for E. Holm-Sidak was used for post-hoc 1401 

multiple comparisons between groups. (G-J) The effect of HFPS and HFPS + LFPS at 1402 
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the BNST on aggressive behavior (n = 10 ChR2 unstimulated, 11 ChR2 HFPS, 10 ChR2 1403 

HFPS + LFPS, 6 GFP unstimulated, 6 GFP HFPS, 6 GFP HFPS + LFPS mice). Two-way 1404 

ANOVA was used for statistical analysis across groups. For ChR2 vs GFP: F(1,43) = 1405 

1.420 for G, 3.978 for H, 1.624 for I, 0.780 for J; p = 0.240 for G, p = 0.052 for H, p = 1406 

0.209 for I, p = 0.382 for J. For sham vs stimulated mice: F(2,43) = 1.407 for G, 0.165 for 1407 

H, 0.298 for I, 3.214 for J; p = 0.256 for G, p = 0.848 for H, p = 0.744 for I, p = 0.052 for 1408 

J. For interaction between all groups: F(2,43) = 3.567 for G, 0.150 for H, 2.156 for I, 0.133 1409 

for J; p = 0.037 for G, p = 0.861 for H, p = 0.128 for I, p = 0.876 for J. Holm-Sidak was 1410 

used for post-hoc multiple comparisons between two groups. (L-O). The effect of HFPS 1411 

and HFPS + LFPS at the MPO on aggressive behavior (n = 7 ChR2 unstimulated, 7 ChR2 1412 

HFPS, 4 ChR2 HFPS + LFPS, 4 GFP unstimulated, 4 GFP HFPS, 4 GFP HFPS + LFPS 1413 

mice). Two-way ANOVA was used for statistical analysis across groups. For ChR2 vs. 1414 

GFP: F(1,24) = 0.212 for L, 4.039 for M, 1.288 for N, 3.254 for O; p = 0.649 for L, p = 1415 

0.056 for M, p = 0.268 for N, p = 0.084 for O. For sham vs. stimulated mice: F(2,24) = 1416 

1.158 for L, 0.622 for M, 0.192 for N, 1.417 for O; p = 0.331 for L, p = 0.545 for M, p = 1417 

0.827 for N, p = 0.262 for O. For interaction between all groups: F(2,24) = 0.206 for L, 1418 

0.995 for M, 0.286 for N, 0.656 for O; p = 0.816 for L, p = 0.384 for M, p = 0.754 for N, p 1419 

= 0.528 for O. Holm-Sidak was used for post-hoc multiple comparisons between two 1420 

groups. (Q-T) The effect of HFPS and HFPS + LFPS at the LS on aggressive behavior (n 1421 

= 6 ChR2 unstimulated, 7 ChR2 HFPS, 3 ChR2 HFPS + LFPS, 3 GFP unstimulated, 4 1422 

GFP HFPS, 3 GFP HFPS + LFPS mice). Two-way ANOVA was used for statistical 1423 

analysis across groups. For ChR2 vs. GFP: F(1,20) = 2.578 for Q, 0.336 for R, 0.378 for 1424 

S, 0.591 for T; p = .124 for Q, p = 0.569 for R, p = 0.545 for S, p = 0.451 for T. For sham 1425 
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vs. stimulated mice: F(2,20) = 0.155 for Q, 0.471 for R, 0.382 for S, 1.207 for T; p = 0.857 1426 

for Q, p = 0.631 for R, p = 0.688 for S, p = 0.32 for T. For interaction between all groups: 1427 

F(2,20) = 0.153 for Q, 0.598 for R, 0.215 for S, 0.437 for T; p = 0.859 for Q, p = 0.56 for 1428 

R, p = 0.808 for S, p = 0.652 for T. Holm-Sidak was used for post-hoc multiple 1429 

comparisons between two groups. (U-Z) 6–7-week-old mice were injected with ChR2 1430 

AAV into the MeApv. Brain slices containing the VmH (W and X) or BNST (Y and Z) were 1431 

prepared from injected mice 8 weeks later. Neurons in brain slices were recorded with 1432 

whole-cell patch-clamp. (W) Responses of VmH neurons to injection of 1-s depolarizing 1433 

and hyperpolarizing currents. (X) EPSCs and EPSPs induced by 2-ms,15 mw/mm2 473-1434 

nm light pulses delivered at 10-Hz to VmH neurons. (Y) Responses of BNST neurons to 1435 

injection of 1-s depolarizing and hyperpolarizing currents. (Z) EPSCs and EPSPs induced 1436 

by 2-ms,15 mw/mm2 473-nm light pulses delivered at 10-Hz to BNST neurons. Data are 1437 

presented as mean ± SEM. 1438 

Figure 9. MeApv projections to the VmH and BNST are required for HFPS at the 1439 

MeApv to enhance aggression. (A) Experimental schedule. 6–7-week-old mice were 1440 

injected with AAV into the MeApv and then pair-housed for 8 weeks before 1441 

electrophysiological recordings (D-F) or aggression testing (G-X). Mice were given HFPS 1442 

at the MeApv and 561-nm light pulses (1s per pulse, overlapping with each train of HFPS) 1443 

at the VmH or BNST, 30 minutes before aggression testing. In the two diagrams on the 1444 

left, the green area in the MeApv indicates the viral spread and the blue stick indicates 1445 

the location of optical fibers.  (B-C) Representative images of ChR2E123A-mCherry and 1446 

ArchT-GFP terminal expression at the VmH (B) and BNST (C); Scale bar is 100 m, 1447 

applies to B and C. (D-F) Illustrations of sites of recordings and optical stimulation and 1448 
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representative traces of suppression of action potentials in MeApv, VmH, and BNST 1449 

neurons. (D) MeApv neurons were delivered 1-s, 15 mw/mm2 561-nm light pulses during 1450 

current injection. (E and F) EPSPs from VmH (E) and BNST (F) neurons were induced 1451 

by 2-ms,15 mw/mm2 473-nm light pulses delivered at 10-Hz with an overlapping light 1452 

pulse of 1-s, 15 mw/mm2, and 561 nm. (G-J) The effect of HFPS at the MeApv and 1453 

optogenetic inhibition at VmH on aggressive behavior. One-way ANOVA was used for 1454 

statistical analysis across groups: F(3,30) = 7.454 for G, 5.449 for H, 3.780 for I, 8.537 1455 

for J; p < 0.001 for G, p = 0.004 for H, p = 0.021 for I, p < 0.001 for J; n = 12 (ChR2 + 1456 

ArchT), 8 (GFP + ArchT), 6 (ChR2 + GFP), 8 (GFP) mice. Holm-Sidak was used for post 1457 

hoc multiple comparisons between two groups. (K-N) The effect of HFPS at the MeApv 1458 

and optogenetic inhibition at BNST on aggressive behavior. One-way ANOVA was used 1459 

for statistical analysis across groups: F(3,34) = 22.597 for K, 19.508 for L, 12.582 for M, 1460 

10.126 for N; p < 0.001 for K, p < 0.001 for L, p < 0.001 for M, p < 0.001 for N; n = 12 1461 

(ChR2 + ArchT), 8 (GFP + ArchT), 11 (ChR2 + GFP), 7 (GFP) mice. Holm-Sidak was 1462 

used for post hoc multiple comparisons between two groups. (O-R) The effect of HFPS 1463 

at the MeApv and optogenetic inhibition at VmH on non-aggressive social behavior. One-1464 

way ANOVA was used for statistical analysis across groups: F(3,30) = 1.509 for O, 1.200 1465 

for P, 1.992 for Q, 2.403 for R; p = 0.232 for O, p = 0.327 for P, p = 0.136 for Q, p = 0.087 1466 

for R; n = 12 (ChR2 + ArchT), 8 (GFP + ArchT), 6 (ChR2 + GFP), 8 (GFP) mice. Holm-1467 

Sidak was used for post hoc multiple comparisons between two groups. (S-V) The effect 1468 

of HFPS at the MeApv and optogenetic inhibition at BNST on non-aggressive social 1469 

behavior. One-way ANOVA was used for statistical analysis across groups: F(3,34) = 1470 

1.908 for S, 0.182 for T, 1.682 for U, 0.853 for V; p = 0.147 for S, p = 0.908 for T, p = 1471 
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0.189 for U, p = 0.475 for V; n = 12 (ChR2 + ArchT), 8 (GFP + ArchT), 11 (ChR2 + GFP), 1472 

7 (GFP) mice. Holm-Sidak was used for post hoc multiple comparisons between two 1473 

groups. For Data are presented as mean ± SEM; *p < 0.05; **p < 0.01; ***p < 0.001.  1474 

 1475 

Figure 10. Attack priming and HFPS potentiate MeApv–VmH and MeApv–BNST 1476 

synapses. (A and B) Excitatory postsynaptic currents (EPSC) evoked by light pulses 1477 

were recorded at VmH (A) or BNST (B) in brain slices from mice injected with virus in the 1478 

MeApv; n indicates the number of slices (one slice per animal). Repeated Measures 1479 

ANOVA was used for statistical analysis across time points under the same experimental 1480 

condition. F(5,34) = 1.644, p < 0.022 for A; F(6,34) = 2.008, p = 0.002 for B. Holm-Sidak 1481 

was used for post hoc multiple comparisons between two groups. (C-H) ChR2 virus was 1482 

injected into the MeApv and optrodes were implanted into the VmH or BNST 6 weeks 1483 

later and 2 weeks before recording. Local field potentials were evoked by stimulating at 1484 

the VmH or BNST with 1 ms, 0.05 Hz light pulses before and after HFPS or a 10 min 1485 

aggression test. (C and D) Illustrations for the viral spread (green areas) and optrode 1486 

placement (pink bars), and representative images of ChR2 expression at the MeApv 1487 

(middle) and projections of MeApv neurons at the VmH (C) or BNST (D) (right). Optrode 1488 

tract is indicated in images. Scale bars in C are 2 mm for the left and 200 m for the right 1489 

image, and apply to D. (E and F) Normalized slopes of light-evoked fEPSPs recorded at 1490 

the VmH (E) and BNST (F) before and after light stimulation. MK-801 (150 g/kg) was 1491 

injected before the onset of recording. Insets are of representative traces. Each data point 1492 

represents the average slope of the late component of 9 evoked fEPSPs. Repeated 1493 
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Measures ANOVA was used for statistical analysis across time points under the same 1494 

experimental condition. For fEPSPs at the VmH: HFPS, F(31,403) = 4.236, p < 0.001; 1495 

HFPS + LFPS, F(31,341) = 0.907, p = 0.614; HFPS + MK-801, F(31,155) = 0.772, p = 1496 

0.799; two-tailed paired Student’s t-test was used to identify time points significantly 1497 

different from baseline. For fEPSPs at the BNST: HFPS, F(31,341) = 3.788, p < 0.001; 1498 

HFPS + LFPS, F(31,279) = 0.907, p = 0.613; HFPS + MK-801, F(30,180) = 0.732, p = 1499 

0.843; two-tailed paired Student’s t-test was used to identify time points significantly 1500 

different from baseline. (G and H) Normalized slopes of light-evoked fEPSPs recorded at 1501 

the VmH (G) or BNST (H) before and after the onset of first attack in aggressive mice 1502 

(AGG), or the onset of first social interaction in non-aggressive mice (NON). LFPS was 1503 

administered immediately upon removal of conspecific. Insets are of representative 1504 

traces. Each data point represents the average slope of the late component of 9 evoked 1505 

fEPSPs. Animal number is indicated in each panel in parentheses. Repeated Measures 1506 

ANOVA was used for statistical analysis across time points under the same experimental 1507 

condition. For fEPSPs at the VmH: AGG, F(26,351) = 2.830, p < 0.001; NON, F(28,319) 1508 

= 0.945, p = 0.548; AGG+LFPS, F(27,140) = 0.579, p = 0.951; two-tailed paired Student’s 1509 

t-test was used to identify time points significantly different from baseline. For fEPSPs at 1510 

the BNST: AGG, F(25,286) = 3.555, p < 0.001; F(26,243) = 0.950, p = 0.538; AGG+LFPS, 1511 

F(25,156) = 0.645, p = 0.901; two-tailed paired Student’s t-test was used to identify time 1512 

points significantly different from baseline. Data are presented as mean ± SEM; *p < 0.05; 1513 

**p < 0.01; ***p < 0.001. 1514 

 1515 
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Figure 11. Traumatic stress induces attack behavior and potentiation of MeApv–1516 

VmH and MeApv–BNST synapses. (A) Experimental protocol for behavioral testing after 1517 

foot shock. Baseline behavior was obtained prior to foot shock. Separate groups of mice 1518 

were used for different behavior testing. (B and C) 15-foot shocks enhance fear memory 1519 

(B) and induce long-lasting fear memory (C). (B) Analysis of freezing behavior in Context 1520 

B for mice before foot shock and after receiving no, 1, 10, or 15-foot shocks in Context A 1521 

followed by 1-foot shock in Context B. One-way ANOVA was used for statistical analysis 1522 

across groups: F(4,53) = 41.560, p < 0.001, n = 24 (baseline shocks), 5 (0 shocks), 6 (1 1523 

shocks), 6 (10 shocks), 7 (15 shocks). Holm-Sidak was used for post hoc multiple 1524 

comparisons between groups. (C) Analysis of freezing behavior across days in Context 1525 

A for mice before foot shock and after receiving no, 1, 10, or 15-foot shocks in Context A 1526 

on day 1. One-way ANOVA was used for statistical analysis across days for each 1527 

condition: F(4,25) = 0.845 for 0 shocks, 6.292 for 1 shock, 16.325 for 10 shocks, 56.447 1528 

for 15 shocks; p = 0.510 for 0 shocks, p < 0.001 for 1 shock, p < 0.001 for 10 shocks, p < 1529 

0.001 for 15 shocks; n = 6 mice for each condition. One-way ANOVA was used for 1530 

analysis of group differences on day 5: F = 14.257, p < 0.001. # (p < 0.05) indicates 1531 

statistical significance within group, and * indicates statistical significance between groups 1532 

on Day 5. (D-G) Analysis of aggressive behavior for mice receiving no or 15-foot shocks. 1533 

One-way ANOVA was used for statistical analysis before and after no or 15 foot shocks. 1534 

(H, J) Illustration for the viral spread (green areas) and optrode placement (pink bars). (I 1535 

and K) Normalized slopes of light-evoked fEPSPs recorded at the VmH (I) or BNST (K) 1536 

before and after foot shock. Each data point represents the average slope of the late 1537 

component of 9 evoked fEPSPs. Repeated Measures ANOVA was used for statistical 1538 
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analysis across time points:  F(24,200) = 2.622, p < 0.001 (VmH); F(24,150) = 1.638, p = 1539 

0.04 (BNST). Two-tailed paired Student’s t-test was used to identify time points 1540 

significantly different from baseline. Animal number is indicated in each panel in 1541 

parentheses. Data are presented as mean ± SEM; *p < 0.05; **p < 0.01; ***p < 0.001.  1542 

 1543 

Figure 12. LFPS ameliorates traumatic stress-induced aggression elevation. (A) 1544 

Experimental schedule for aggression testing. The viral spread (green areas) and optic 1545 

fiber placement (blue sticks) were illustrated in the left diagram. Mice were delivered 1546 

LFPS 10 minutes after removal from fear conditioning box. Controls were left in the fear 1547 

conditioning box for same amount of time without foot shocks. Separate groups of mice 1548 

were used for different behavior testing. (B) Freezing behavior in Context B (n = 8 ChR2 1549 

+ shocks, 11 GFP + shocks, 9 GFP mice). Two-way ANOVA was used for statistical 1550 

analysis across groups in context B test: F(1,25) = 0.379; p = 0.543 (ChR2 vs GFP); 1551 

F(1,25) = 19.721, p < 0.001 (15 shocks vs. no shock). Holm-Sidak was used for post hoc 1552 

multiple comparisons between two groups. (C) Extinction of fear memory in context A. 1553 

One-way ANOVA was used for statistical analysis of freezing behavior across days: 1554 

F(3,44) = 1.199, p = 0.321, for ChR2 + shock; F(3,44) = 2.190, p = 0.103, for GFP + shock; 1555 

F(3,44) = 1.928, p = 0.139, for GFP + no shock. Two-way ANOVA was used for statistical 1556 

analysis across groups (n = 12 ChR2 + shocks, 12 GFP + shocks, 12 GFP mice): F(1,33) 1557 

= 0.0339, p = 0.855 (ChR2 vs GFP); F(1,33) = 69.725, p < 0.001 (15 shocks vs. no shock); 1558 

Holm-Sidak was used for post hoc multiple comparisons between two groups on day 5. 1559 

(D-K) Analysis of attack (D-G) and non-aggressive social behavior (H-K) during the 1560 

aggression test for mice receiving LFPS to the MeApv after foot shocks (n = 7 ChR2 + 1561 
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shocks, 7 GFP + shocks, 5 GFP mice). Two-way ANOVA was used for statistical analysis 1562 

across groups: (D) for virus, F(1,16) = 13.908, p = 0.002; for shocks, F(1,16) = 14.956, p 1563 

= 0.001; (E) for virus, F(1,16) = 8.455, p = 0.01; for shocks, F(1,16) = 11.111, p = 0.004; 1564 

(F) for virus, F(1,16) = 7.599, p = 0.014; for shocks, F(1,16) = 7.968, p = 0.012; (G) for 1565 

virus, F(1,16) = 7.203, p = 0.016; for shocks, F(1,16) = 6.986, p = 0.018. H) for virus, 1566 

F(1,16) = 0.238, p = 0.632; for shocks, F(1,16) = 1.108, p = 0.308; (I) for virus, F(1,16) = 1567 

0.0494, p = 0.827; for shocks, F(1,16) = 0.089, p = 0.770; (J) for virus, F(1,16) = 0.072, p 1568 

= 0.792; for shocks, F(1,16) = 0.0002, p = 0.989; (K) for virus, F(1,16) = 0.188, p = 0.671; 1569 

for shocks, F(1,16) = 0.014, p = 0.909.Holm-Sidak was used for post-hoc multiple 1570 

comparisons between two groups. (L) Experimental schedule for behavioral testing after 1571 

foot shock; the viral spread (green areas) and optic fiber placement (blue sticks) were 1572 

illustrated in the left diagram. (M and N) Analysis of sociability (M) and distance traveled 1573 

in the open field test (N) after receiving no or 15-foot shocks, followed by LFPS. Two-way 1574 

ANOVA was used for statistical analysis across groups: (M) for virus, F(1,19) = 0.247, p 1575 

= 0.625; for shocks, F(1,19) = 0.293, p = 0.594; (N) for virus, F(1,18) = 4.285, p = 0.053; 1576 

for shocks, F(1,18) = 0.462, p = 0.505; SI during aggression test, n = 8 (ChR2 + shocks), 1577 

7 (GFP + shocks), 7 (GFP) mice; open field, n = 7 (ChR2 + shocks), 7 (GFP + shocks), 6 1578 

(GFP) mice. Holm-Sidak was used for post-hoc analysis of multiple comparisons between 1579 

two groups. Data are presented as mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001. 1580 

 1581 


























