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ABSTRACT 1 

The dorsal raphe (DR) is an evolutionarily conserved brain structure that is involved in 2 

aggressive behavior. It projects onto numerous cortical and limbic areas underlying 3 

attack behavior. The specific neurocircuit through which the DR regulates aggression, 4 

however, is largely unclear. In this study we show that DR neurons expressing CaMKII  5 

are activated by attack behavior in mice. These neurons project to the medial aspect of 6 

the orbitofrontal cortex (MeOC) and the medial amygdala (MeA), two key regions within 7 

the neural circuit known to control aggressive behavior. Using an in vivo optogenetic 8 

approach, we show that attack bouts are shortened by inhibiting CaMKII + neurons in 9 

the DR and their axons at the MeOC and prolonged by stimulating the DR-MeOC axons 10 

during an attack. By contrast, stimulating the axons of CaMKII + DR neurons at the 11 

MeA shortens attack. Notably, neither the DR-MeOC or DR-MeA pathway initiates 12 

attack when stimulated. These results indicate that the DR-MeOC and DR-MeA 13 

pathways regulate the duration of attack behavior in opposite directions, revealing a 14 

circuit mechanism for the control of attack by the DR.   15 
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SIGNIFICANCE STATEMENT 16 

The dorsal raphe (DR) is a major node in the brain circuit regulating multiple attack 17 

behaviors. The underlying neurocircuitry through which the DR acts on aggression, 18 

however, remains elusive. Here, we show that the DR regulates the duration of attack 19 

through the medial orbitofrontal cortex (MeOC) and the medial amygdala (MeA), areas 20 

known to play a key role in aggression. While neither pathway is sufficient to initiate an 21 

attack, silencing the DR-MeOC pathway or activating the DR-MeA pathway shortens an 22 

attack, and stimulation of the DR-MeOC circuit prolongs an already occurring attack. 23 

These findings identify two DR-mediated neural circuits that regulate attack behavior.  24 
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INTRODUCTION 25 

The dorsal raphe nucleus (DR) is one of the raphe nuclei located on the midline of the 26 

brainstem. It is a phylogenetically conserved structure and plays a role in various types 27 

of aggressive behaviors, such as maternal and territorial aggression in rodents 28 

(Walletschek and Raab, 1982; Takahashi and Miczek, 2014; Holschbach et al., 2018; 29 

Muroi and Ishii, 2019). The role of the DR in aggression is complex and context 30 

dependent. For example, infusion of glutamate in the DR increases the frequency of 31 

attack bites against a conspecific, but with no effect on threatening behavior (Takahashi 32 

et al., 2015). Conversely, infusion of glutamate receptor agonists increases bite latency 33 

and decreases bite frequency in maternal aggression, with no effect on chasing 34 

behavior (Muroi and Ishii, 2019). Knockdown of tyrosine receptor kinase receptors in 35 

DR neurons decreases latency to attack (Adachi et al., 2017). Prepartum lesion of the 36 

DR decreases the frequency of attack in maternal aggression, while postpartum lesion 37 

of the DR decreases the duration of an individual attack bout (Holschbach et al., 2018).  38 

The DR contains a heterogenous population of neurons that release one or a 39 

combination of the neurotransmitters serotonin (5-hydroxytryptamine or 5-HT), 40 

dopamine, glutamate and Aminobutyric acid (GABA) (Liu et al., 2014; Ren et al., 41 

2018; Huang et al., 2019). Glutamatergic neurons of the DR innervate dopamine 42 

neurons of the ventral tegmental area (VTA) to reinforce instrumental responding and 43 

establish conditioned place preference (Qi et al., 2014). GABAergic interneurons of the 44 

DR mediate the acquisition of avoidance after social defeat, as demonstrated by 45 

optogenetic silencing of the GABAergic input to local 5-HT neurons (Challis et al., 46 

2013). Dopaminergic neurons of the DR are required for rebound sociability after social 47 
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isolation (Matthews et al., 2016). The serotonergic neurons of the DR are involved in 48 

aggressive behavior. In mice with reduced 5-HT release at the DR, defensive but not 49 

offensive aggression increases as determined by counter-attack bites (Chen et al., 50 

1994). In maternal aggression, activation of 5-HT1A somatodendritic autoreceptors in 51 

the DR promotes lateral attacks, but with no effect on threatening behavior (da Veiga et 52 

al., 2011). However, studies linking the DR to aggression are largely confined to the 5-53 

HT neurons (Olivier, 2004; Nelson, 2006; Nelson and Trainor, 2007). The role of other 54 

DR cell types in aggression is unclear. 55 

The prefrontal cortex and amygdala are densely innervated by the DR (Wilson and 56 

Molliver, 1991; Clarke et al., 2007; Ren et al., 2018). The orbitofrontal cortex (OFC) and 57 

medial amygdala (MeA) are subregions within these areas that receive DR inputs 58 

(Cadiz-Moretti et al., 2016; Murphy and Deutch, 2018; Ren et al., 2018) and regulate 59 

intermale aggression (Blair, 2004; Siever, 2008; Rosell et al., 2010; Hong et al., 2014; 60 

Rosell and Siever, 2015; Unger et al., 2015; Buades-Rotger et al., 2017; Haller, 2018). 61 

DR neurons projecting to the OFC and the MeA may control attack behavior in different 62 

ways. In support of this hypothesis, 5-HT signaling, the majority of which derives from 63 

neurons in the raphe, at the OFC and MeA appears to have different effects on attack 64 

behavior. In subsets of individuals with personality disorder that exhibit impulsive 65 

aggression 5-HT2A expression is increased at the OFC, as determined by positron 66 

emission tomography of a 5-HT2AR radioligand, while infusion of agonists of 5-HT1B 67 

autoreceptors, which inhibits 5-HT release, at the OFC suppresses attack behavior in 68 

mice (De Almeida et al., 2006; Rosell et al., 2010). Conversely, stimulation of 5-HT2A 69 

receptors in the MeA suppresses shock-induced attack behavior and muricide, while 70 
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inhibition of 5-HT2 receptors enhances it (Rodgers, 1977; Pucilowski et al., 1985). 71 

These findings suggest that the DR input promotes attack at the OFC but suppresses 72 

attack at the MeA. A direct manipulation of the DR projections to the OFC and MeA is 73 

necessary to tease apart their specific roles in aggressive behavior. 74 

Using an in vivo optogenetic approach, we show that CaMKII + neurons in the DR are 75 

activated by attack and that these neurons modulate the duration of attack behavior 76 

towards an intruder through two projection areas. Specifically, the DR-MeOC pathway 77 

prolongs an already occurring attack, while the DR-MeA pathway shortens it. These 78 

findings reveal two DR-mediated neurocircuits that have divergent functions in 79 

aggressive behavior.  80 

 81 

METHODS AND MATERIALS 82 

Animals and reagents 83 

All animal protocols were approved by the Animal Care and Use Committee (ACUC). 5-84 

week-old C57BL/6 male mice were purchased from Charles River and housed under a 85 

12-hour light (9 pm–9 am)/dark (9 am–9 pm) cycle with ad libitum access to water and 86 

food. All mice were individually housed for 3 weeks prior to testing to increase 87 

aggression (Malick, 1979; Valzelli, 1985). Smaller, submissive, male mice group housed 88 

with littermates were used as intruders to promote aggressive behavior in resident mice 89 

(Koolhaas et al., 2013). Intruder mice did not attack during aggression tests in this 90 

study. Reagents are listed in Table 2.   91 
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Surgery 92 

6–7–week old C57BL/6 male mice were anaesthetized with isoflurane (3% for induction 93 

and 1% for maintenance) and then placed onto a stereotaxic frame (David Kopf 94 

Instruments). Craniotomy was made and 500 nl virus (AAV2/9-CaMKII (1.3 kb variant)-95 

ChR2 (E123A)-mCherry, AAV2/9-CaMKII (1.3 kb variant)-ChR2 (E123A)-EYFP, 96 

AAV2/9-CaMKII (1.3 kb variant)-ArchT-EYFP or the lentiviral vector 97 

pRRlsin.CMV:eGFP as control virus) was injected into the center of the DR (beginning 98 

at skull surface, bregma coordinates: –4.3 mm AP, 1.10 mm ML, –2.85 mm DV, 20  ML 99 

angle) using a 5 l gas-tight Hamilton Syringe (33-gauge, beveled needle) at a rate of 100 

75 nl/min. The ChR2 (E123A)-EYFP used in this study is the ultrafast opsin variant 101 

ChETA(A) (Gunaydin et al., 2010; Mattis et al., 2011). After injection, the needle was left 102 

in place for an additional 5 min and then slowly withdrawn. After viral injection, ferrule-103 

terminated optical fibers (100 m in diameter, ThorLabs) were placed 100 m above the 104 

viral injection site at the DR or bilaterally above the MeOC (+2.4 mm AP, +/-1.7 mm ML, 105 

–1.7 mm DV) or the MeA (beginning at skull surface, bregma coordinates: -1.5 mm AP, 106 

+/-2.1 mm ML, -5 mm DV). Optical fibers were secured to the skull using Metabond 107 

(Parkell), stainless steel screws (PlasticsOne) and dental cement (DuraLay). After 108 

surgery, mice recovered on a heated pad until ambulatory and then were returned to 109 

their home cage for 6 weeks prior to optical stimulation.  110 

Resident intruder test 111 

Prior to the resident intruder test (RI test), mice were individually housed for 3 weeks. 112 

All behavioral experiments took place during the dark cycle of the day, as this is the 113 
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main activity phase of the mouse (Koolhaas et al., 2013). On the day of testing, mice 114 

were transferred in their home cage to a behavioral test room and allowed to acclimate 115 

for at least 1 hour. Younger, group-housed target conspecific males were placed into 116 

the home cage of the resident mouse and the two were allowed to freely interact for 10 117 

min. All animals were allowed to habituate to the patch cord for 20 min before 118 

introduction of the conspecific. Baseline aggression was tested at 1-4 days before the 119 

RI test. Animal behavior was captured with a video camera. If excessive tissue damage 120 

occurred, the test was prematurely terminated and not analyzed. Excessively 121 

aggressive mice, as determined by total attack time > 40% during the RI test, were 122 

eliminated from further analysis (Hong et al., 2014; Nordman et al., 2020b). Videos of 123 

behavioral tests were reviewed and hand scored by a researcher blind to the 124 

experimental conditions using a bin size of 0.5 s. Aggressive behaviors were identified 125 

as chasing, boxing, pinning, biting and wrestling (Blanchard and Blanchard, 1977; Lin et 126 

al., 2011; Koolhaas et al., 2013; Hong et al., 2014; Golden et al., 2016).  127 

In vivo optogenetic stimulation 128 

Optogenetic stimulation was performed via an optical fiber (ferrule fiber, ThorLabs) 129 

connected through a zirconia split sleeve and patch cord to a 473-nm laser (Coherent) 130 

or a 561-nm laser (CrystaLaser) under the control of an Optogenetics TTL Pulse 131 

Generator (Doric Lenses). Mice expressing ChR2 were stimulated for 5 ms using 1–3 132 

mW 473-nm light pulsed at 10 Hz for 10 s. Mice expressing ArchT were delivered a 1–3 133 

mW continuous 10-s 561-nm light pulse. Laser was manually turned on and the 134 

frequency and duration of light pulses were controlled by Doric Studio software (Doric). 135 
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Immunohistochemistry 136 

Mice were transcardially perfused with 4% paraformaldehyde in phosphate buffered 137 

saline solution (PBS). Brains were removed and post-fixed at 4°C overnight, then 138 

cryoprotected overnight in 15% sucrose (in PBS) followed by 30% sucrose in PBS. 139 

Brains were cut into 30- m thick sections using a cryostat (Leica CM3050-S), then 140 

either mounted onto silanized slides (KD Medical) or stored in PBS as floating sections 141 

for immunohistochemistry or confirming the location of viral injection and implantation. 142 

For immunohistochemistry, free floating brain sections were heated to 80°C for 30 min 143 

in citrate buffer for antigen retrieval (Jiao et al., 1999) and then blocked with 10% goat 144 

serum and 1% bovine serum albumin in PBS-T (PBS with 0.03% Triton X-100) for 3 145 

hours at room temperature. Sections were then stained for primary antibodies overnight 146 

at 4°C, followed by incubation with secondary antibodies for 1 hr at room temperature. 147 

Sections were mounted to slides with Vectashield HardSet Antifade Mounting Medium 148 

containing DAPI.  149 

Image acquisition and image analysis 150 

Brain slices were imaged with a multi-slide fluorescent microscope (Zeiss Axio Scan) 151 

with a 10x (NA 0.45) objective to locate the areas with fluorescence signals, and then a 152 

laser scanning confocal microscope (Zeiss LSM510 and LSM780) with a 40x (NA 1.3 oil 153 

immersion) objective for high-magnification imaging in the region of interest. Z-stack 154 

confocal images were collapsed and analyzed with ImageJ by a researcher blind to the 155 

experimental conditions. c-Fos positive cells were identified using the “Analyze 156 

Particles” function of ImageJ and validated as cells by their overlap with DAPI. Cells co-157 
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labeled for DAPI and CaMKII  and/or c-Fos were manually counted by a researcher 158 

blind to the experimental conditions.  159 

Statistical analysis  160 

All data were presented as individual data points and mean ± SEM. SigmaPlot software 161 

was used for statistical analysis. Data was tested for normality and equal variance. 162 

Student’s T-test (for data that satisfied normal distribution and equal variance) and 163 

Mann-Whitney U-test (for data that did not satisfy normal distribution and equal 164 

variance) were used to compare two groups and One-way ANOVA was used to test for 165 

differences among 3 groups. Tukey’s test was used for post hoc multiple comparisons 166 

to identify groups that were significantly different. P < 0.05 was considered significant 167 

and all tests were two tailed. All statistical data can be found in Table 1. 168 

 169 

RESULTS 170 

Excitatory neurons have been found in the DR (Commons, 2009; Qi et al., 2014; Zhou 171 

et al., 2015; Ren et al., 2018; Huang et al., 2019) and implicated in aggression (Chen et 172 

al., 1994). To better assess their function in aggressive behavior, we exposed C57BL/6 173 

mice (male, 10 weeks of age) to the RI test and stained brain sections of the resident 174 

mice with antibodies against c-fos, which labels activated neurons, and CaMKII , a 175 

protein primarily expressed by excitatory neurons but not GABAergic neurons in many 176 

brain regions (Benson et al., 1992; Jones et al., 1994; Liu and Jones, 1996). The 177 

number of cells within the DR that were doubly positive for CaMKII  and c-Fos 178 

significantly increased after the RI test, suggesting that CaMKII + cells are activated by 179 
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attack behavior (Fig. 1A-D). The total number of CaMKII + and DAPI+ cells within the 180 

DR was comparable in resident and control mice (Fig. 1E-F). Because many DR cells 181 

co-release 5-HT and glutamate (Liu et al., 2014; Ren et al., 2018; Huang et al., 2019), 182 

we co-stained the DR sections for CaMKII  and the 5-HT cell marker tryptophan 183 

hydroxylase type 2 (TpH2). No CaMKII + cells co-localized with TpH2 throughout the 184 

DR, indicating that CaMKII + neurons in the DR are not serotonergic (Fig. 1G-I). 185 

To determine the function of CaMKII + DR neurons in aggressive behavior, we opted 186 

for an optogenetic approach to alter their activities. 8-week-old mice were injected with 187 

AAV expressing ChR2-mCherry (for neural activation) and ArchT-EYFP (for neural 188 

inhibition) under the CaMKII  promoter into the DR for use in the RI test 3 weeks later. 189 

Overlapping expression of ChR2 and ArchT was detected in the DR (Fig. 2A). 190 

Photostimulation of the DR using 473-nm light (5-ms light pulsed at 10-Hz for 10 s) 191 

activated the DR neurons transduced with ChR2-EYFP as determined by c-Fos staining 192 

(Fig. 2B-D), indicating that photostimulation is effective. Previous studies have found 193 

that the CaMKII  promoter in AAV vectors drives protein expression primarily in 194 

excitatory cells but in a few inhibitory neurons as well (Scheyltjens et al., 2015; 195 

Watakabe et al., 2015). We detected few cells transduced with ChR2 or ArchT under 196 

the CaMKII  promoter that were TpH2+ (Fig. 2E-G), consistent with our finding that the 197 

CaMKII + cells of the DR are not serotonergic (Fig. 1G-I).  198 

We first assessed baseline aggression in mice expressing ChR2 and ArchT or GFP 199 

control virus without light stimulation. Attack duration was comparable in ChR2/AchT 200 

and GFP mice, suggesting that expression of ChR2 and ArchT has no effect on 201 
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baseline aggression (Fig. 2H-K). To test the effect of light stimulation on aggression, 202 

light pulses were delivered to the DR. 473-nm light stimulation applied when the animal 203 

was not attacking did not increase attack behavior for the duration of the light pulse (Fig. 204 

2L-O). However, 561-nm light stimulation (10 s constant light) delivered after attack had 205 

begun significantly reduced attack duration during the light pulse (Fig. 2P-S). Attack 206 

behavior during the 10-s pre-stimulation period did not differ between opsin and control 207 

mice (Fig. 2M-O and 2Q-S). These results indicate that inhibition of CaMKII + DR 208 

neurons suppress ongoing attack. 209 

CaMKII + DR Neurons Project to the MeOC and MeA to Regulate Aggression 210 

To investigate the circuit mechanism by which CaMKII + DR neurons regulate attack 211 

behavior, we stimulated the DR axons in the OFC and MeA, two DR projection areas 212 

(Cadiz-Moretti et al., 2016; Murphy and Deutch, 2018; Ren et al., 2018) involved in 213 

aggressive behavior (Blair, 2004; Siever, 2008; Rosell et al., 2010; Hong et al., 2014; 214 

Rosell and Siever, 2015; Unger et al., 2015; Buades-Rotger et al., 2017; Haller, 2018). 215 

Mice were injected with AAV expressing ChR2-EYFP into the DR (Fig. 3A-B and Fig. 216 

4A-B) and then examined for YFP expression in the OFC and MeA. YFP+ DR axons 217 

were found throughout the MeA and in the MeOC (Fig. 3C-E and Fig. 4C-E). 218 

Photostimulation of the DR using 473-nm light (5-ms pulsed at 10 Hz for 10 s) activated 219 

cells within both regions as determined by c-Fos staining (Fig. 3F-M and Fig. 4F-U). The 220 

MeA can be divided into 3 main subdivisions: the anterior MeA (MeAa), the 221 

posteriordorsal MeA (MeApd), and the posteriorventral MeA (MeApv), all of which are 222 

involved in aggressive behavior (Kollack-Walker and Newman, 1995; Lin et al., 2011; 223 
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Hong et al., 2014; Miller et al., 2019; Nordman et al., 2020b). Analysis of c-Fos 224 

expression in the MeA revealed that all 3 regions are activated by photostimulation of 225 

the DR (Fig. 4L-U). 226 

DR neurons were injected with ChR2-mCherry and ArchT-EYFP virus and then 227 

implanted with optical fibers into the MeOC or MeA (Fig. 5A, 5E, 5I, 6A, 6E and 6I). The 228 

RI test was performed 8 weeks later. Baseline attacks in opsin and GFP mice were 229 

comparable (Fig. 5B-D and Fig. 6B-D). During the RI test, mice were stimulated with 230 

473-nm light when not attacking or 561-nm light after attack had begun. As with the DR, 231 

473-nm light stimulation at the MeOC or MeA did not increase attack behavior (Fig. 5E-232 

H and Fig. 6E-H). While 561-nm light had no effect on attack behavior when applied to 233 

the MeA, it shortened attack time when applied to the MeOC (Fig. 5I-L and Fig. 6I-L). 234 

The ChR2/ArchT and GFP control groups had comparable attack behavior before light 235 

stimulation (Fig. 5F-H, Fig. 5J-L, Fig. 6F-H, Fig. 6J-L). These results suggest that the 236 

input from DR CaMKII + neurons to the MeOC is required for attack to continue. 237 

Furthermore, stimulating the DR axons at the MeOC during an attack with 473-nm light 238 

pulses significantly increased attack duration, again with no differences in baseline 239 

attacks or in attack behavior during the pre-light stimulation period (Fig. 7A-H). These 240 

results indicate that the DR-MeOC pathway can prolong an already occurring attack. 241 

Stimulation of the MeA has been shown to suppress aggression (Rodgers, 1977; 242 

Pucilowski et al., 1985; Hong et al., 2014). To assess whether stimulation of the MeA 243 

projections of CaMKII + DR neurons may inhibit ongoing attack, we stimulated the MeA 244 

of mice injected with AAV ChR2 into the DR at the onset of an attack (Fig. 7M). 473-nm 245 
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photostimulation of the MeA significantly shortened the duration of an attack during 246 

illumination. Baseline and pre-stimulation attack behaviors were comparable in ChR2 247 

and GFP control mice (Fig. 7I-P). These results suggest that the input to the MeA from 248 

the CaMKII + DR neurons facilitates the termination of attack.  249 

Taken together, these findings indicate that the projections from the CaMKII + DR 250 

neurons to the MeOC and MeA have opposite effects on attack behavior, with the DR-251 

MeOC inputs sustaining attack while the DR-MeA inputs shorten attack. 252 

DISCUSSION 253 

The DR modulates attack behavior during aggressive encounters in rodents (Chen et 254 

al., 1994; Takahashi et al., 2010; da Veiga et al., 2011; Takahashi et al., 2015; Adachi 255 

et al., 2017; Balazsfi et al., 2018; Muroi and Ishii, 2019). The DR contains a 256 

heterogenous population of neurons that project to various brain regions to control 257 

social behavior and emotion (Challis et al., 2013; Qi et al., 2014; Matthews et al., 2016; 258 

Ren et al., 2018; Huang et al., 2019). However, the role of specific DR projections in 259 

aggressive behavior is incompletely understood. Here we show that the DR-MeOC and 260 

DR-MeA pathways control attack duration in opposite directions. 261 

The MeOC and MeA are subregions of densely innervated areas by the DR (Cadiz-262 

Moretti et al., 2016; Murphy and Deutch, 2018; Ren et al., 2018) and are key nodes in 263 

the processing of social interaction including aggression (Blair, 2004; Siever, 2008; 264 

Rosell et al., 2010; Hong et al., 2014; Rosell and Siever, 2015; Unger et al., 2015; 265 

Buades-Rotger et al., 2017; Haller, 2018). Activity within the OFC is negatively 266 

correlated with aggression and chronic inactivation or lesioning in this area heightens 267 
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aggression in mice and humans (Anderson et al., 1999; Blair, 2004; Siever, 2008; 268 

Rosell et al., 2010; Beyer et al., 2015; Rosell and Siever, 2015; Kuniishi et al., 2016). 269 

The role of the MeA in aggression is better characterized. Within the MeA, activation of 270 

GABAergic neurons in the MeApd promote attack, while activation of glutamatergic 271 

neurons suppress it (Hong et al., 2014; Padilla et al., 2016). Stimulation of dopamine D1 272 

receptor (D1R)-expressing neurons within the MeApv projecting to the bed nucleus of 273 

the stria terminalis increases aggression, while stimulation of those projecting to the 274 

ventromedial hypothalamus decreases aggression (Miller et al., 2019). Potentiation of 275 

synapses between the MeApv and the ventromedial hypothalamus and bed nucleus of 276 

the stria terminalis underlies aggression priming and heightened aggression induced by 277 

traumatic stress (Nordman et al., 2020a; Nordman et al., 2020b). Notably, dysfunction 278 

within the OFC and MeA is associated with excessive and impulsive aggression in mice 279 

and humans (Grafman et al., 1996; Blair, 2004; New et al., 2004; Shalom et al., 2004; 280 

Coccaro et al., 2007; Mpakopoulou et al., 2008; Buades-Rotger et al., 2017; Herpertz et 281 

al., 2017). In this study, we chose to stimulate the axons of the CaMKII + DR neurons at 282 

the MeOC and MeA to discriminate the effects of different pathways on attack behavior. 283 

We show that optogenetic silencing of CaMKII + neurons in the DR and their 284 

projections to the MeOC reduces the duration of an attack while optogenetic activation 285 

of the DR-MeOC prolongs it. Conversely, activation of the DR-MeA projections reduces 286 

attack duration. These results raise the possibility that distinct groups of CaMKII + DR 287 

neurons project to the MeOC and MeA. It is interesting that stimulating the DR-MeOC 288 

pathway mimics the effect of stimulating the DR on aggression, suggesting that the DR-289 

MeOC pathway predominates over the DR-MeA pathway. It is noted that the MeA 290 
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receives direct inputs from the OFC (Siever, 2008; Marquez et al., 2013; Cadiz-Moretti 291 

et al., 2016), leaving open the possibility that the DR-MeA pathway is suppressed by the 292 

OFC input when the DR-MeOC pathway is activated.  293 

The CaMKII  promoter has been extensively used to drive gene expression in 294 

excitatory neurons, though it is also active in a small number of inhibitory neurons in the 295 

cortex (Scheyltjens et al., 2015; Watakabe et al., 2015). In addition, many glutamatergic 296 

cells of the DR co-release serotonin (Liu et al., 2014; Ren et al., 2018; Huang et al., 297 

2019). Thus, one limitation of our study is that our AAV with the CaMKII  promoter may 298 

transduce non-excitatory neurons in the DR. It is noted that in a previous study 299 

stimulation of DR neurons that were transduced with AAV expressing ChR2 under the 300 

pan neuronal promoter synapsin lead to a decrease in aggression and an increase in 5-301 

HT and GABA release at the PFC (Balazsfi et al., 2018). These synapsin promoter 302 

targeted neurons likely overlap with the CaMKII + promoter targeted neurons in this 303 

study. This raises an intriguing possibility that the CaMKII + DR neurons may release 304 

neurotransmitters other than glutamate to regulate aggressive behavior. Our finding that 305 

the CaMKII + DR neurons do not overlap with the serotonergic cell marker TpH2 would 306 

suggest that the CaMKII + cells are non-serotonergic (Fig. 1G-I and 2E-G). The release 307 

of other neurotransmitters, however, cannot be ruled out.  308 

The three main MeA subregions, MeAa, MeApd, and MeApv, are all involved in 309 

aggressive behavior (Kollack-Walker and Newman, 1995; Lin et al., 2011; Hong et al., 310 

2014; Miller et al., 2019; Nordman et al., 2020b). While we observed that 311 

photostimulation of the DR can activate all three subregions, since the MeApd and 312 
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MeApv have different effects on aggression (Kollack-Walker and Newman, 1995; Lin et 313 

al., 2011; Hong et al., 2014; Miller et al., 2019; Nordman et al., 2020b), it is worth 314 

considering that the DR may be shortening an attack through a specific subregion of the 315 

MeA. The photostimulation protocol used in this study does not allow for discrimination 316 

of these subregions due to their anatomical clustering.  317 

Aggression is an adaptive behavior with the intention of preserving resources or 318 

protecting oneself from harm. Excessive aggression, however, is energetically 319 

unfavorable (Maynard Smith and Price, 1973; Haller, 1995; Miczek et al., 2013). In 320 

mice, prolonged attack is an indicator of excessive aggression (Miczek et al., 321 

2013). The neural circuits that underlie prolonged aggression are poorly defined. Our 322 

study demonstrates that while neither the DR-MeOC or DR-MeA pathway can initiate an 323 

attack, both pathways regulate the duration of an already occurring attack. 324 

These findings suggest an intriguing possibility that dysfunction within these DR 325 

pathways may play a role in excessive aggression.   326 

  327 
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FIGURE LEGENDS 531 

Figure 1. CaMKII  neurons of the DR are activated by attack. (A-F) Mice (10 weeks 532 

of age) were examined for aggression using the resident intruder (RI) assay. Mice were 533 

perfused 60 min after the assay for immunostaining. (A) Representative images of brain 534 

sections stained for c-Fos and CaMKII  in the DR from resident or control animals 1 hr 535 

after the RI test. (B) Representative high-magnification images of CaMKII + cells in the 536 

DR that were positive for c-Fos. (C-D) Percentage of c-Fos+ cells that colocalize with 537 

CaMKII + and DAPI+ cells in resident and control mice for A. (E-F) Quantification of 538 

CaMKII + (E) and DAPI+ (F) cells in the DR in resident and control mice. (G) 539 

Representative images of brain sections stained for CaMKII  and TpH2 throughout the 540 

DR (Bregma -4.34 mm to -4.84 mm). High magnification image of the DR is taken from 541 

a brain slice at Bregma position -4.84, as this is where the majority of TpH2 cell can be 542 

found. (H) Quantification of total number of CaMKII + and TpH2+ cells in the DR. 543 

Asterisks indicate statistical significance of CaMKII  (green) or TpH2 (red) from merged 544 

set at the specified coordinate. One slice was quantified per area per animal. Animal 545 

number is indicated in parentheses. (I) Percentage of DAPI+ cells in the DR that co-label 546 

for CaMKII  and TpH2. Asterisks indicate statistical significance of CaMKII  (green) or 547 

TpH2 (red) from merged set at the specified coordinate. Only cells within the DR were 548 

counted. Scale bar:  200 m in A and G and 25 m in B. Data are presented as mean ± 549 

SEM; *p < 0.05, **p < 0.01. Statistics can be found in Table 1. 550 

 551 
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Figure 2. Inhibition of CaMKII + DR neurons shortens attack. (A) Representative 552 

high and low magnification images of ChR2-mCherry and ArchT-EYFP expression in 553 

the DR 3 weeks after viral injection. (B) Representative images of brain sections stained 554 

for c-Fos in the DR of mice injected with ChR2-EYFP or GFP and photostimulated with 555 

473-nm light (pulsed at 10 Hz for 10 s). (C-D) Percentage of YFP/GFP+ cells that 556 

colocalize with c-Fos (C) and quantification of total DAPI+ cells (D) in the DR after 557 

photostimulation for B. Only cells within the DR were counted. (E-F) Representative 558 

images of brain sections expressing ChR2 (E) or ArchT (F) under the CaMKII  559 

promoter and co-stained for TpH2 in the DR. (G) Quantification of ChR2 or ArchT 560 

(opsin) expressing cells that were stained positive for TpH2. Only cells within the DR 561 

were counted. One slice was quantified per area per animal. Animal number is indicated 562 

in parentheses. (H, L and P) Schematic drawing of viral injection (AAV expressing ChR2 563 

and ArchT or GFP control virus), placement of optic fiber, and stimulation procedure. 564 

Opsin expressing mice in A-D and opsin stimulated mice in L-S were injected with ChR2 565 

virus and ArchT virus. The same mice were stimulated with 473-nm or 561-nm light on 566 

separate days. (I) Raster plots of attack events during each interaction episode (rows) 567 

for each mouse. All attack events during the testing period are shown. (J) % of episodes 568 

(row in the raster plot, defined as the period from 20 seconds before to 20 seconds after 569 

the onset of a spontaneous attack) in which mice attacked at each time point in I; red 570 

and dark lines indicate the mean, pink and grey areas indicate SEM. (K) Quantification 571 

of average attack time per mouse during the 10 seconds after the onset of a 572 

spontaneous attack, as represented in the boxed area in J. (M) Raster plots of trials 573 

(rows) of mice photostimulated with 473-nm light at the DR when the mouse was not 574 
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attacking. All trials are aligned to the onset of light. (N) % of trials in which mice attacked 575 

at each time point in M; red and dark lines indicate the mean, pink and grey areas 576 

indicate SEM. (O) Quantification of attack time per mouse before and during light 577 

stimulation for M. (Q) Raster plots of trials (rows) of mice photostimulated with 561-nm 578 

light at the DR  during an attack. All trials are aligned to onset of light. (R) % of trials in 579 

which mice attacked at each time point in Q; red and dark lines indicate the mean, pink 580 

and grey areas indicate SEM. (S) Quantification of attack time per mouse before and 581 

during light stimulation for Q. Scale bars in A, E and F: 200 m in low-magnification 582 

image (top) and 50 m in high-magnification image (bottom). Scale bar in B is 10 m. 583 

Data are presented as mean ± SEM; ***p < 0.001. Statistics can be found in Table 1. 584 

 585 

Figure 3. The DR neurons project to and activate the MeOC. (A-E) Schematic 586 

drawing of ChR2-EYFP viral injection and representative images of ChR2 expression in 587 

DR neurons (B) and DR projections at the MeOC (C-E) 3 weeks later. (F-K) c-Fos 588 

labeling of mice photostimulated at the DR-MeOC. (L-M) Quantification of total number 589 

of cells and percentage of c-Fos+ cells in the MeOC for D-K. Only cells within the MeOC 590 

were counted. One slice was quantified per area per animal. Animal number is indicated 591 

in parentheses.  Scale bars: 200 m in A and B and low magnification images in C and 592 

D; 50 m for high magnification images in C and D. Data are presented as mean ± 593 

SEM; **p < 0.01, ***p < 0.001. Statistics can be found in Table 1. 594 

 595 



 

 32 

Figure 4. The DR neurons project to and activate the MeA. (A-E) Schematic drawing 596 

of ChR2-EYPF injections into the DR and representative images of ChR2 expression in 597 

DR neurons (B) and axons at the MeA (C-E) 3 weeks later. (F-K) c-Fos labeling of mice 598 

photostimulated at the DR-MeA. (L-U) Quantification of total number of cells and 599 

percentage of c-Fos+ cells in the MeA (MeAa, anterior MeA; MeApd, posteriordorsal 600 

MeA; MeApv, posteriorventral MeA) for D-K. Only cells within the MeA were counted. 601 

One slice was quantified per area per animal. Animal number is indicated in bars of bar 602 

graphs. Scale bars: 200 m in A; 200 m in low magnification images of B-D and low 603 

magnification images of F-K; 50 m for high magnification images of F-K. Data are 604 

presented as mean ± SEM; *p < 0.05, **p < 0.01. Statistics can be found in Table 1. 605 

 606 

Figure 5. Inhibition of CaMKII + DR input to the MeOC shortens attack. (A, E, and 607 

I) Schematic drawing of viral injection (AAV expressing ChR2 and ArchT or GFP control 608 

virus), placement of optic fiber, and stimulation procedure. Opsin expressing mice in A-609 

D and opsin stimulated mice in E-L were injected with ChR2 virus and ArchT virus. The 610 

same mice were stimulated with 473-nm or 561-nm light on separate days. (B) Raster 611 

plots of attack events during each interaction episode (rows) for each mouse. All attack 612 

events during the testing period are shown. (C) % of episodes (row in raster plot, 613 

defined as the period from 20 seconds before to 20 seconds after the onset of a 614 

spontaneous attack) in which mice attacked at each time point in B; red and dark lines 615 

indicate the mean, pink and grey areas indicate SEM. (D) Quantification of average 616 

attack time per mouse during the 10 seconds after the onset of a spontaneous attack, 617 
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as represented in the boxed area in C. (F) Raster plots of trials (rows) of mice 618 

photostimulated with 473-nm light at the DR-MeOC when the mouse was not attacking. 619 

(G) % of trials in which mice attacked at each time point in F; red and dark lines indicate 620 

the mean, pink and grey areas indicate SEM. (H) Quantification of attack time per 621 

mouse before and during light stimulation for F. (J) Raster plots of trials (rows) of mice 622 

photostimulated with 561-nm light at the DR-MeOC  during an attack. (K) % of trials in 623 

which mice attacked at each time point in J; red and dark lines indicate the mean, pink 624 

and grey areas indicate SEM. (L) Quantification of attack time per mouse before and 625 

during light stimulation for J. Data are presented as mean ± SEM; **p < 0.01. Statistics 626 

can be found in Table 1. 627 

 628 

Figure 6. Effects on attack of CaMKII + DR input to the MeA. (A, E, and I) 629 

Schematic drawing of viral injection (AAV expressing ChR2 and ArchT or GFP control 630 

virus), placement of optic fiber, and stimulation procedure. Opsin expressing mice in A-631 

D and opsin stimulated mice in E-L were injected with ChR2 virus and ArchT virus. The 632 

same mice were stimulated with 473-nm or 561-nm light on separate days. (B) Raster 633 

plots of attack events during each interaction episode (rows) for each mouse. All attack 634 

events during the testing period are shown. (C) % of episodes (row in raster plot, 635 

defined as the period  from 20 seconds before to 20 seconds after the onset of a 636 

spontaneous attack) in which mice attacked at each time point in B; red and dark lines 637 

indicate the mean, pink and grey areas indicate SEM. (D) Quantification of average 638 

attack time per mouse for the 10 seconds after the onset of a spontaneous attack, as 639 

represented in the boxed area in C. (F) Raster plots of trials (rows) of mice 640 
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photostimulated with 473-nm light at the DR-MeA when the mouse was not attacking. 641 

(G) % of trials in which mice attacked at each time point in F; red and dark lines indicate 642 

the mean, pink and grey areas indicate SEM. (H) Quantification of attack time per 643 

mouse before and during light stimulation for F. (J) Raster plots of trials (rows) of mice 644 

photostimulated with 561-nm light at the DR-MeA  during an attack. (K) % of trials in 645 

which mice attacked at each time point in J; red and dark lines indicate the mean, pink 646 

and grey areas indicate SEM. (L) Quantification of attack time per mouse before and 647 

during light stimulation for J. Data are presented as mean ± SEM. Statistics can be 648 

found in Table 1. 649 

 650 

Figure 7. Activation of the DR-MeOC prolongs attack, and of the DR-MeA input - 651 

shortens attack. Mice were injected with ChR2 virus or GFP virus into the DR and 652 

optical fibers were placed into the MeOC (A and E) or the MeA (I and M). RI tests were 653 

performed 8 weeks later. Separate groups of mice were used for A-H and I-P. (B) 654 

Raster plots of attack events during each interaction episode (rows) for each mouse. All 655 

attack events during the testing period are shown. (C) % of episodes (row in raster plot, 656 

defined as the period from 20 seconds before to 20 seconds after the onset of a 657 

spontaneous attack) in which mice attacked at each time point in B; red and dark lines 658 

indicate the mean, pink and grey areas indicate SEM. (D) Quantification of average 659 

attack time per mouse for the 10 seconds after the onset of a spontaneous attack, as 660 

represented in the boxed area in C. (F) Raster plots of trials (rows) of mice 661 

photostimulated with 473-nm light at the DR-MeOC during an attack. (G) % of trials in 662 

which mice attacked at each time point in F; red and dark lines indicate the mean, pink 663 
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and grey areas indicate SEM. (H) Quantification of attack time per mouse before and 664 

during light stimulation for F. (J) Raster plots of attack events during each interaction 665 

episode (rows) for each mouse. All attack events during the testing period are shown. 666 

(K) % of episodes (row in raster plot, defined as the period from 20 seconds before and 667 

20 seconds after the onset of a spontaneous attack) in which mice attacked at each 668 

time point in J; red and dark lines indicate the mean, pink and grey areas indicate SEM. 669 

(L) Quantification of average attack time per mouse for the 10 seconds after the onset 670 

of a spontaneous attack, as represented in the boxed area in J. (N) Raster plots of trials 671 

(rows) of mice photostimulated with 473-nm light at the DR-MeA during an attack. (O) % 672 

of trials in which mice attacked at each time point in N; red and dark lines indicate the 673 

mean, pink and grey areas indicate SEM. (P) Quantification of attack time per mouse 674 

before and during light stimulation for N. Data are presented as mean ± SEM; ***p < 675 

0.001. Statistics can be found in Table 1. 676 
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Table 1: Statistical Table 691 

Data Method Factor n T, U or F stat p-value Post-hoc 
correction 

Fig. 1C Mann-Whitney Resident vs control 6, 7 U = 2 0.008  

Fig. 1D Mann-Whitney Resident vs control 6, 7 U = 5 0.027  

Fig. 1E Student’s T-test Resident vs control 6, 7 T(11) = 0.164 0.872  

Fig. 1F Student’s T-test Resident vs control 6, 7 T(11) = 0.062 0.952  

Fig. 1H One-way ANOVA # of cells at Bregma 
-4.84 

5, 5 F(2,14) = 13.339 <0.001 Tukey’s 

 One-way ANOVA # of cells at Bregma 
-4.60 

5, 5 F(2,14) = 6.357 0.013 Tukey’s 

 One-way ANOVA # of cells at Bregma 
-4.34 

5, 5 F(2,14) = 168.490 <0.001 Tukey’s 

Fig. 1I One-way ANOVA % of DAPI at 
Bregma -4.84 

5, 5 F(2,14) = 13.859 <0.001 Tukey’s 

 One-way ANOVA % of cells at Bregma 
-4.60 

5, 5 F(2,14) = 4.493 0.035 Tukey’s 

 One-way ANOVA % of cells at Bregma 
-4.34 

5, 5 F(2,14) = 20.455 <0.001 Tukey’s 

Fig. 2C Mann-Whitney ChR2 vs GFP 6, 6 U = 0 0.005  

Fig. 2D Student’s T-test ChR2 vs GFP 6, 6 T(10) = 0.203 0.843  

Fig. 2G One-way ANOVA TpH2 vs ChR2 5, 5 F(2,17) = 13.714 <0.001 Tukey’s 

 One-way ANOVA TpH2 vs ArchT 5, 5 F(2,17) = 20.868 <0.001 Tukey’s 

Fig. 2K Student’s T-test Opsin vs GFP 5, 4 
 

T(7) = 0.793 0.454  

Fig. 2O Student’s T-test Before light onset 
(10 s) 

5, 4 T(7) = -0.607 0.563  

 Student’s T-test During light (10 s) 5, 4 T(7) = 0.882 0.407  

Fig. 2S Student’s T-test Before light onset 
(10 s) 

5, 3 T(6) = 0.136 0.896  

 Student’s T-test During light (10 s) 5, 3 T(6) = -10.784 <0.001  

Fig. 3L Student’s T-test ChR2 vs GFP at 
Bregma 2.68 

6, 6 T(10) = 0.325 0.752  
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 Student’s T-test ChR2 vs GFP at 
Bregma 2.68 

6, 6 T(10) = 0.890 0.346  

 Student’s T-test ChR2 vs GFP at 
Bregma 2.34 

6, 6 T(10) = 0.396 0.701  

Fig. 3M Student’s T-test ChR2 vs GFP at 
Bregma 2.34 

6, 6 T(10) = 8.033 <0.001  

 Student’s T-test ChR2 vs GFP at 
Bregma 2.10 

6, 6 T(10) = 3.850 0.003  

 Student’s T-test ChR2 vs GFP at 
Bregma 2.10 

6, 6 T(10) = 7.965 <0.001  

Fig. 4L 
 

Student’s T-test ChR2 vs GFP 6, 6 T(10) = 0.474 0.646 
 

 

Fig. 4M 
 

Student’s T-test ChR2 vs GFP 6, 6 T(10) = 0.558 0.589  

Fig. 4N 
 

Student’s T-test ChR2 vs GFP 6, 6 T(10) = 0.258 0.801  

Fig. 4O 
 

Student’s T-test ChR2 vs GFP 6, 6 T(10) = 1.100 0.297  

Fig. 4P 
 

Student’s T-test ChR2 vs GFP 6, 6 T(10) = 1.203 0.257  

Fig. 4Q 
 

Student’s T-test ChR2 vs GFP 6, 6 T(10) = 4.693 <0.001 
 

 

Fig. 4R 
 

Student’s T-test ChR2 vs GFP 6, 6 T(10) = 2.745 0.021  

Fig. 4S 
 

Student’s T-test ChR2 vs GFP 6, 6 T(10) = 3.104 0.011  

Fig. 4T 
 

Student’s T-test ChR2 vs GFP 6, 6 T(10) = 1.597 0.141  

Fig. 4U 
 

Student’s T-test ChR2 vs GFP 6, 6 T(10) = 2.525 0.030  

Fig. 5D Student’s T-test Opsin vs GFP 4, 3 T(5) = 1.101 0.321  

Fig. 5H Student’s T-test Before light onset 
(10 s) 

4, 3 T(5) = 0.845 0.437  

 Mann-Whitney During light (10 s) 4, 3 U = 28 0.952  

Fig. 5L Student’s T-test Before light onset 
(10 s) 

4, 3 T(5) = 0.632 0.555  

 Student’s T-test During light (10 s) 4, 3 T(5) = -6.606 <0.001  

Fig. 6D Student’s T-test Opsin vs GFP 5, 4 T(7) = 0.137 0.895  

Fig. 6H Student’s T-test Before light onset 
(10 s) 

4, 3 T(5) = 0.845 0.437  
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 Mann-Whitney During light (10 s) 4, 3 T(5) = 0 1.000  

Fig. 6L Student’s T-test Before light onset 
(10 s) 

6, 4  T(8) = -1.217 0.278  

 Student’s T-test During light (10 s) 6, 4 T(8) = 0.743 0.491  

Fig. 7D Student’s T-test Opsin vs GFP 4, 3 T(5) = 1.130 0.310  

Fig. 7H Student’s T-test Before light onset 
(10 s) 

4, 3 T(5) = 1.425 0.214  

 Student’s T-test During light (10 s) 4, 3 T(5) = 8.871 <0.001  

Fig. 7L Student’s T-test Opsin vs GFP 6, 4  T(8) = 1.010 0.342  

Fig. 7P Student’s T-test Before light onset 
(10 s) 

6, 4  T(8) = 0.229 0.826  

 Student’s T-test During light (10 s) 6, 4  T(8) = -12.538 <0.001  

 692 
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 Table 2: Key resources table 694 

 695 

Resource Type Specific Reagent or 
Resource 

Source or 
Reference 

Identifiers Dilution or 
concentrati
on 

Organism/Strain C57BL/6J Charles River Strain code: 556   

Antibody CaMKIIa (Cba-2) 
mouse monoclonal 
antibody 

Abcam 
 

Cat# 137300 
 

1:250 
dilution 

Antibody c-Fos rabbit polyclonal 
antibody 

Abcam 
 

Cat# ab190289 
 

1:2000 
dilution 

Antibody GFP polyclonal 
antibody 

MBL Cat# 598 
 

1:1000 
dilution 

Antibody Anti-TpH2 antibody Abcam 
 

Cat#: ab184505 1:500 
dilution 

Antibody Alexa Fluor 488 goat 
anti-mouse IgG 

ThermoFisher 
 

Cat# A-10680 
 

1:200 
dilution 

Antibody Alexa Fluor 555 goat 
anti-mouse IgG 

ThermoFisher 
 

Cat# A-21422 
 

1:200 
dilution 

Antibody Alexa Fluor 488 goat 
anti-rabbit IgG 

ThermoFisher 
 

Cat# A-11034 
 

1:200 
dilution 

Antibody Alexa Fluor 555 goat 
anti-rabbit IgG 

ThermoFisher 
 

Cat# A-21428 
 

1:200 
dilution 

Bacterial or Viral 
Strain 

AAV2/9.CaMKIIa 
(1.3kb).hChR2 
(E123A)-
mCherry.WPRE.hGH 

Addgene Cat# 35505-AAV9 
 

≥ 1×10¹³ 
vg/mL, 500 
nl injected 

Bacterial or Viral 
Strain 

AAV2/9.CaMKIIa 
(1.3kb).hChR2 
(E123A)-
eYFP.WPRE.hGH 

Addgene Cat# 35506-AAV9 ≥ 1×10¹³ 
vg/mL, 500 
nl injected 

Bacterial or Viral 
Strain 

AAV2/9.CaMKIIa 
(1.3kb).ArchT 3.0-
eYFP.WPRE.hGH 

Addgene Cat# 99039-AAV9 
 

≥ 1×10¹³ 
vg/mL, 500 
nl injected 

Bacterial or Viral 
Strain 

pRRlsin.eGFP In house     

Commercial Assay 
Or Kit 

Metabond Parkell Cat# S380   

Commercial Assay 
Or Kit 

Dental cement DuraLay Cat# 602-7395   

Commercial Assay 
Or Kit 

Vectashield HardSet 
Antifade Mounting 
Medium with DAPI 

Vector 
Laboratories 

Cat# H-1500   

Software; Algorithm SigmaPlot IBM https://www.ibm.com   


