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SUMMARY

Social interactions require awareness and understanding of the behavior of others. Mirror neurons, cells rep-
resenting an action by self and others, have been proposed to be integral to the cognitive substrates that
enable such awareness and understanding. Mirror neurons of the primate neocortex represent skilled motor
tasks, but it is unclear if they are critical for the actions they embody, enable social behaviors, or exist in non-
cortical regions. We demonstrate that the activity of individual VMHVIP® neurons in the mouse hypothalamus
represents aggression performed by self and others. We used a genetically encoded mirror-TRAP strategy to
functionally interrogate these aggression-mirroring neurons. We find that their activity is essential for fighting
and that forced activation of these cells triggers aggressive displays by mice, even toward their mirror image.
Together, we have discovered a mirroring center in an evolutionarily ancient region that provides a subcor-

tical cognitive substrate essential for a social behavior.

INTRODUCTION

Observers can acquire meaningful information from the behavior
of others even when these actions are not directed to them. Such
information can provide a survival advantage and, accordingly,
diverse neurons are engaged in perceiving the behavior of
others. Mirror neurons comprise a subset of such neurons that
is active both during enactment and observation of a behavior.
These cells were discovered in neocortical regions of adult pri-
mates, where they are engaged during motor skills such as
reaching for an object.’”” There is a close correspondence be-
tween the activity of mirror neurons when the monkey is
observing a behavior to which the neurons are tuned and when
performing the same behavior. Given that they represent action
by self and others, mirror neurons have been suggested to be
important components of the cognitive substrates that enable
successful social interactions. However, the functional relevance
of mirror neurons in behavioral performance remains unclear.
These cells are embedded within complex cortical regions,
thereby rendering targeted functional interrogation a challenging
proposition, especially in primates. Moreover, whether mamma-
lian mirror neuron systems exist in evolutionarily ancient, non-
cortical brain centers or are enlisted during social behaviors
are open questions.

gt Cell 186, 1195-1211, March 16, 2023 © 2023 The Authors. Published by Elsevier Inc.

The ventromedial hypothalamus (VMH), or the nucleus of Ca-
jal, has been studied ever since its identification in the early 20™
century.® Experimental activation of an “attack center” located
in the caudomedial hypothalamus of diverse species elicits
aggression toward conspecifics, other species, and inanimate
objects, even in the absence of gonadal sex hormones.* '
Work in mice identified the ventrolateral sector of the VMH
(VMHUVI) as the attack center. Targeted ablation or acute chemo-
genetic inhibition of VMHVI"R neurons, which also co-express
the estrogen receptor alpha (ERa or Esr1), reduces male territo-
rial aggression.”'® Conversely, forced activation of male
VMHVIPR, but not neighboring, neurons, elicits aggression. %2
Recent work shows that VMHVIPR neurons evoke aggression in
a social context-sensitive manner, '° indicating that the moniker
“attack center” is simplistic and elides important properties of
this neuronal population.

Given their sensitivity to social context, we wondered whether
VMHVIPR neurons could perceive aggressive encounters be-
tween other mice. We find that these cells are active when a
mouse is fighting and also when it is observing aggression
between other individuals. We employed a TRAP2-based activ-
ity-tagging approach to gain genetic access to these aggres-
sion-mirroring neurons (mirror-TRAP) and interrogate their func-
tional relevance to aggression.'® We find that mirror-TRAPed
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| Imaging activity of VMHVIPR neurons with fiber photometry
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VMHVIPR neurons are necessary and sufficient for fighting.
Together, our findings show that VMHVIP® neurons, rather than
merely constituting an attack center, embody a percept of
aggression that can not only trigger fighting in appropriate con-
texts but also monitors third-party aggressive interactions. More
broadly, we have discovered a non-cortical mirror neuron sys-
tem in a deeply conserved vertebrate brain region that function-
ally represents a social behavior essential for survival.

RESULTS

VMHVIPR neurons are active during aggression by self
and others

We tested whether VMHVIPR neurons were responsive to aggres-
sion between other individuals. We first established the response
of VMHVIP® neurons in mice who were fighting so as to enable
comparison with any potential responses of these cells
when the mouse was witnessing aggression. We expressed
GCaMP6s in VMHVIPR neurons of PR mice by delivering it in a
virally encoded, Cre-dependent form to the VMHvI (Figures 1A,
S1A, and S1B).>'* We used fiber photometry to image activity
of VMHVIPR neurons of singly housed males following insertion
of a male intruder into their cage (Figure 1B).'"° In this setting,
the singly housed resident displayed territorial aggression toward
the intruder. We observed a significant and specific increase in ac-
tivity of VMHVIPR cells (aggressor VMHVIPR neurons) during che-
moinvestigation (both anogenital and rest of the body), grooming,
epochs of physical attack (such as biting or wrestling), and tail-rat-
tling, a display that may serve as a threat signal to the opponent
(Figures 1C, 1D, 1I-1K, and S1C-S1G). Our findings demonstrate
activation of VMHVIPR neurons during two distinct forms of
aggressive displays, attacks, as described before,’” and tail-
rattling.

We devised an experimental setup in which we could image
activity of VMHvIPR neurons in a singly housed male who could
observe, but not participate in, aggression between two males
(demonstrators) (Figures 1E and 1F). Using this setup, we found
that these cells (observer VMHVIP® neurons) were activated
when witnessing attacks and tail-rattles (Figures 1E, 1F, and
S1H). The increase in activity was larger in aggressor than
observer VMHVIPR neurons for attacks but comparable for tail-
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rattling (Figures 1G and 1H). In contrast to the activity of
VMHVIPR aggressor neurons, observer neurons were activated
during aggressive displays but not during other social interac-
tions such as chemoinvestigation or grooming (Figures 11-1N).
Our findings show that VMHvIR neurons are active when a
mouse is fighting and when it witnesses fighting between others.
We wondered whether other centers essential for aggression
also exhibit aggression-mirroring. The male bed nucleus of the
stria terminalis (BNST) recognizes sex of conspecifics and is
required for territorial aggression.'®'® We recently identified ta-
chykinin 1-expressing BNST (BNST™@°") neurons as the tran-
scriptomically defined BNST population in males that regulates
sex recognition and aggression.”® Accordingly, we sought to
test whether BNST™@°" heurons mirror aggression by expressing
GCaMP6s in these cells of Tac1©™ males (Figures S11-S1K and
S1M). BNST™°" neurons were activated both when residents
first encountered an intruder in their cage and when they at-
tacked the intruder (Figures S1J-S1K). However, BNST™#! neu-
rons were not discernibly activated when witnessing aggression
(Figure S1L). Together, our findings show that VMHvI™® neurons
exhibit mirroring properties for aggression and that such mirror-
ing is not a feature of all populations that regulate aggression.

Visual input, but not social experience, is essential for
mirroring by VMHvVIP® neurons

Sensory input and experience powerfully modulate male mouse
territorial aggression.'%?'® We first sought to understand the
nature of sensory cues that elicit aggression-mirroring. Observer
VMHVIPR neurons are not activated during non-aggressive
displays, suggesting that they would not be activated by
locomotor activity of a demonstrator. Indeed, they did not
discernibly respond to running-wheel use by self or demon-
strator (Figures S1N-S1P); importantly, these neurons were
active during enactment or observation of aggression
(Figures 1C-1F), indicating that the lack of response with a
running-wheel reflected specificity for fighting rather than failure
of functional GCaMP6s expression.

We wondered whether activation of observer VMHvIPR neu-
rons during aggressive displays obscured subtler activation dur-
ing non-aggressive displays such as sniffing. Males null for
Trpc2, a cation channel essential for pheromone sensing by

Figure 1. VMHVI® neurons exhibit aggression-mirroring

(A) Strategy to express GCaMP6s in VMHVIPR neurons. GCaMP8s expression in VMHVIPR neurons shown in coronal section (middle), with dashed white lines
outlining VMH and, more laterally on the right, VMHvl, and dashed orange line outlining the fiber optic tract (FT) dorsally. GCaMP6s+ cells express Esr1 (right).
(B) Schematic of fiber photometry setup in freely moving mice.

(C and D) Aggressor VMHVIPR neurons are activated during attack (C) and tail-rattling (D). Dashed vertical line in the peri-event time plot (PETP) shows onset of
behavioral display in all figures. Heatmap above PETPs here and other figures, unless otherwise specified, shows normalized fluorescence signal from a single
representative experimental male during individual sequential epochs of that particular behavior. F,, represents fractional change in fluorescence from baseline
fluorescence preceding the event. Experimental male is shaded gray in schematic panels of all figures.

E and F) Observer VMHVIP® neurons show mirroring activity when witnessing attacks (E) or tail-rattles (F) by demonstrator males.

G) Aggressor VMHVIPR neurons show higher peak activation during attacks than observer VMHvI"® neurons.

H) No difference in peak activation between aggressor and observer VMHVIPR neurons during tail-rattling.

I-K) Aggressor VMHVIPR neurons are activated during investigation (chemoinvestigation of non-anogenital regions) (I), sniffing (anogenital chemoinvestigation)
J), and grooming (K).

L-N) No discernible activation of observer VMHvI"™ neurons during investigation (L), sniffing (M), and grooming (N).

Mean (dark trace) + SEM (lighter shading) of Z-scored activity shown in PETPs of all figures. Mean + SEM, bar graphs.

Base., baseline fluorescence signal; Peak, peak amplitude of fluorescence signal.

Scale bars, 100 pm (A, middle) and 20 um (A, right). n = 14 PR males. ns = not significant, *p < 0.05, ***p < 0.001, ****p < 0.0001.

See also Figure S1.
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vomeronasal organ (VNO) neurons in the nose, are not aggres-
sive but show non-aggressive behaviors such as sniffing.>*?°
We used fiber photometry to image VMHVIPR neurons of PRC™®
males observing interactions between Trpc2~/~ demonstrators.
Observer VMHVIPR cells were not discernibly activated in this
paradigm (Figures S1Q-S1R), further underscoring the speci-
ficity of the response of these neurons to attacks and tail-rattles.

We tested whether activation of observer VMHvIPR neurons re-
flected observers mimicking aggressive displays of demonstra-
tors, in effect with shadow boxing-type movements. However,
observers generated very few tail-rattles (<2/assay) or rapid
movements (< 1/assay) that could be construed as chasing dur-
ing aggression in comparison to the demonstrators (Figures S2A
and S2B). Observers generated comparably few tail-rattles or
rapid movements when they were observing demonstrators fight
or Troc2~/~ demonstrators engage in non-aggressive interac-
tions (Figures S2A and S2B). The few tail-rattles or rapid move-
ments of observers also did not correlate with the increased ac-
tivity of their VMHvIPR neurons, which coincided with aggressive
displays by demonstrators (data not shown). Thus, observers do
not appear to engage in overt aggressive displays themselves
when witnessing those by others.

The observer paradigm we had designed allowed mice to ac-
cess at least visual and chemosensory cues emanating from
demonstrators through a transparent, perforated partition.
Male pheromones detected by chemosensory neurons in the
VNO and main olfactory epithelium (MOE) are essential for trig-
gering aggression from other males.?*2” We imaged VMHvIFR
neurons of Trpc2 ™/~ males while they were observing demon-
strators fight (Figure 2A). Similar to Trpc2** observer VMHvIPR
neurons, Trpc2 '~ observer VMHVIPR cells responded to bouts
of attacks and tail-rattling (Figures 2B and 2C). The peak ampli-
tude of this activity appeared comparable to that seen in wild-
type (WT) VMHVIP® observer neurons (Physical attack: WT
8.6 + 1.8 and Trch’/’ 48 +1.6,n > 9, p = 0.14; Tail-rattle:
WT 7.2 +1.5and Troc2/~ 5.1 £1.7,n > 9, p = 0.38; Z-scored
AF/F, mean + SEM). Troc2~/~ males are not aggressive, but their
VMHVIPR neurons responded to chemoinvestigation of male in-
truders similar to Trpc2*/* aggressor VMHVIPR cells (Figures 11,
1J, and S2C-S2E). The response of Trpc2~'~ VMHvIPR neurons
during chemoinvestigation was smaller than their WT counter-
parts, in accord with an important role for Trpc2 in pheromone
signal transduction. The perforated partition of the testing area
enables observers access to volatile cues, which can be sensed
by both VNO and MOE neurons. Males genetically disabled for
MOE signaling are smaller than WT siblings, making it chal-
lenging to perform Ca** imaging. As an alternative, we replaced
the perforated partition with a solid, transparent partition and
mounted a solid, transparent ceiling over the demonstrators.
We reasoned that this setup would likely minimize access of
demonstrator pheromones to the observers. Nevertheless, we
observed activation of observer VMHVIPR neurons at levels that
appeared similar to those across a perforated partition (Physical
attack: perforated 8.6 + 1.8 and solid 6.2 + 0.6, n > 6, p = 0.35;
Tail-rattle: perforated 7.2 + 1.5 and solid 3.8 + 1.4,n > 6, p =
0.21; Z-scored AF/F, mean + SEM) (Figures S2F-S2I). Although
we cannot exclude the possibility that observers could access
pheromonal cues in this setup, our findings indicate that phero-
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mone sensing may not be essential for aggression-mirroring by
VMHVIPR neurons.

The testing arena we had designed was illuminated and we
wondered whether visual input was required for aggression-mir-
roring. Accordingly, we used an arena with a perforated partition
and illuminated it in the infrared spectrum (850 nm, <1 lux) to
which mice are insensitive (Figure 2D). In this setting, observer
VMHVIPR neurons showed no discernible activation to physical
attacks or tail-rattles. (Figures 2E and 2F). The absence of activa-
tion of observer neurons under infrared illumination does not
reflect lack of functional GCaMP6s expression because these
cells were activated when the males were used as aggressors
(Figures S2J-S2L). We reasoned that if visual cues play a critical
role in aggression-mirroring then VMHVIPR neurons would not be
activated when the observer faced away from demonstrators.
Indeed, we found that, even under regular lighting, observer
VMHVIPR neurons were not activated when the male was
facing away from demonstrators engaged in aggression
(Figures S2M—S2N). Together, our findings demonstrate a crit-
ical role for visual input in aggression-mirroring by VMHvIPR
neurons.

Previous studies have identified mirror neurons in the context
of learned motor displays, leading to the notion that these cells
may have evolved to acquire skilled behaviors.”® Here, we
have identified mirror neurons for male territorial aggression in
mice, an innate behavior that can be displayed without prior
experience. We cannot exclude the possibility that aggression-
mirroring by VMHVIPR neurons emerges following social experi-
ence because observers had previously mated and fought.
Accordingly, we imaged GCaMP6s-expressing VMHVIPR neu-
rons in observers who were socially naive for sexual behavior
and territorial aggression. Socially naive observer VMHVIP® neu-
rons responded to aggressive displays between demonstrators
as well as in subsequent assays when these males were
first used as aggressors (Figures 2G-21 and S20-S2Q). The
response of naive observer neurons was similar to that of
observer neurons in socially experienced males (Attack: naive,
6.5 = 0.9 and experienced, 8.6 + 1.8, p = 0.41; Tail-rattle: naive,
9.3 + 2 and experienced, 7.2 £ 1.5, p =0.42; n > 8; Z-scored AF/
F mean + SEM). The mirroring response of VMHVIPR neurons in
experienced males preceded the actual onset of fighting,
whereas that in naive males appeared at the onset of aggression
(Figures 1E, 1F, and 2H-2I), suggesting that fighting experience
modulates the mirroring activity of these cells. Nevertheless,
VMHVIPR neurons exhibit aggression-mirroring in males not pre-
viously tested in aggression assays. Together, our findings show
that visual input, but not prior experience, is critical for aggres-
sion-mirroring by VMHvIFR cells.

Individual VMHVIPR neurons are co-activated when
males fight or observe aggression

We next determined whether individual VMHvI™™ neurons were
active during enactment and observation of aggressive displays.
Fiber photometry provides a readout of ensemble activity and
cannot distinguish whether the same, distinct, or overlapping
subsets of cells are activated in aggressors and observers (Fig-
ure 3A). We performed miniscope imaging to follow individual
GCaMP6s-labeled VMHVIPR neurons of singly housed males
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| Activation of Trpc2™~ observer VMHVIPR neurons during aggressive displays |
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Figure 2. Aggression-mirroring by VMHVI® neurons requires visual input

(A-C) Imaging observer VMHvI"® neurons of Trpc2 null males witnessing aggression.(A) Schematic of behavioral paradigm.
(B and C) Activation of observer VMHvIP® neurons during attacks (B) and tail-rattling (C).

D-F) Imaging observer VMHvI"® neurons witnessing aggression under infrared illumination.

D) Schematic of behavioral paradigm.

E and F) No discernible activation of observer VMHVIPR neurons during attacks (E) or tail-rattling (F).

G-Il) Imaging observer VMHVIPR neurons of socially naive males witnessing aggression.

(G) Schematic of behavioral paradigm.

(H and 1) Activation of observer VMHVIPR neurons during attacks (H) and tail-rattling ().

Mean + SEM n = 9 PRC™®;Trpc2~/~ (B) and (C), 6 PRC™ (E) and (F), 7 PR°™ (H) and (I) males. *p < 0.05, **p < 0.01, ****p < 0.0001.
See also Figure S2.
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‘ Distribution of aggressor and observer cells in the VMHVIPR population ‘
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Figure 3. Individual aggressor and observer VMHVIP® neurons are activated during attacks and tail-rattles

(A) There could be complete, partial, or no overlap between aggressor and observer VMHVIFR neurons.

(B) Strategy to express GCaMP®6s in VMHVIPR neurons (left). Coronal section through the VMH with GRIN lens track (GT) visible dorsal to the GCaMP6s+ cells in
the VMHVI (right). Dashed white lines outline VMH and VMHvI and dashed orange lines outline the GT.

(legend continued on next page)
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deployed as aggressors and observers in separate assays
(Figures 3B-3L).29°" Using stringent noise reduction and seg-
mentation pipelin(—:‘s,32 we identified 152 and 88 neurons with reli-
able GCaMP6s fluorescence in aggressors and observers,
respectively (n = 5 males).

We first characterized these cells separately in aggressors and
observers. We found that most (61%-78%) VMHVIP® neurons
were activated in aggressors and observers during attacks and
tail-rattling (Figures 3D-3K and S3A-S3D). Peak activation of in-
dividual neurons was comparable during performance or obser-
vation of attacks or tail-rattles (Figure 3L). A small subset of neu-
rons (16%-34%) was inhibited during attacks or tail-rattles in
aggressors and observers, and a minority of cells (5%-11%)
showed no discernible changes in fluorescence (Figures S3A-
S3M), consistent with prior work showing that some VMHuvI
neurons were inhibited or quiescent in aggressors.”'” As with
activated neurons, the maximal inhibition of individual VMHvI"®
neurons was similar between participants and witnesses (Fig-
ure S3M). To test whether individual neurons alternated between
being activated and inhibited during different epochs of attacks
or tail-rattling, we shuffled the GCaMP6s signal of individual cells
for the entire period of behavioral testing. A comparison of shuf-
fled and unmanipulated datasets showed that individual
VMHVIPR neurons in both aggressors and observers were reliably
either activated or inhibited (Figure S3N).

Although fiber photometry showed increased activation during
attack compared to observing attack, this difference was not
apparent with miniscope imaging. This likely reflects the fact
that fiber photometry captures fluorescence changes from mul-
tiple cellular compartments whereas our miniscope analysis
pipeline reveals activity restricted to the soma.** Miniscope im-
aging revealed VMHVIP® neurons that were inhibited during at-
tacks, a feature that could not have been predicted from fiber
photometry but is consistent with prior studies of VMHvI neurons
during aggression.”'” Averaging the response of all aggressor or
observer VMHVIPR neurons showed a net activation of these cells
during attack or tail-rattle, consistent with findings from fiber
photometry (Figures S31-S3M). Together, we can reliably image
activity of individual VMHvVIP® neurons in aggressors and
observers.

We determined whether individual neurons were co-activated
in aggressors and observers during an aggressive display.
Accordingly, we identified 69 VMHvIP® neurons that were reliably
visualized during both aggressor and observer sessions (Fig-
ure S4A). In principle, identical, overlapping, or completely
distinct sets of these VMHVIPF neurons could be activated in ag-
gressors and observers (Figure 3A). We found that overlapping
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sets of VMHVIP® neurons were activated during performance or
observation of physical attacks (Figures 4A-4D, S4B, and
Table S1). Peak activation of the population was higher when
observing rather than performing physical attacks, a difference
that could reflect higher net activation during observation or dif-
ferences in activation dynamics between these two paradigms.
The peak as well as net activation of individual VMHvIP® cells
were comparable between participants and witnesses during
physical attacks, suggesting that this shared neuronal popula-
tion exhibited different dynamics between mirroring and per-
forming attacks. Overlapping sets of VMHVIP® neurons were
also activated when the mouse was performing or observing
tail-rattles, with activation dynamics and peak as well as net acti-
vation of individual cells being comparable in participants and
witnesses (Figures 4E-4H and S4B). Our findings show that indi-
vidual VMHVIPR neurons are co-activated during performance
and observation of attacks or tail-rattles.

In primates, at least two classes of mirror neurons have been
described, those whose activity represents identical movements
(strictly congruent) or movements directed toward the same goal
(broadly congruent) during observation and performance of a
behavior.** We wished to determine whether aggression-mirror-
ing VMHVIPR neurons were narrowly or broadly tuned to attacks
and tail-rattles. We first tested whether activity of individual neu-
rons could even represent both attacks and tail-rattles in aggres-
sors or observers. We found that single aggressor or observer
VMHVIPR neurons were activated during both physical attacks
and tail-rattles, with comparable dynamics, peak activation of in-
dividual cells, and net activation (Figures S4C-S4J). Thus, at-
tacks and tail-rattles, routines with distinct motor actions, were
reflected in activation of individual VMHVIPR neurons of aggres-
sors or observers. We next tested whether single neurons could
represent attacks and observing tail-rattles or vice versa. Over-
lapping sets of VMHvIFR cells were activated during performance
and observation of attacks and tail-rattles, respectively, and vice
versa (Figures 41-4P and Table S1). Although activation dy-
namics differed subtly between participants and witnesses, the
peak and net activation of individual VMHVIPR neurons were
similar in both comparisons. Together, our findings demonstrate
that individual VMHVIP® neurons can represent distinct aggres-
sive motor actions, and, in this sense, they show broadly
congruent mirroring properties.

Finally, we tested whether there were VMHvI"™ neurons whose
activity during attacks or tail-rattles was restricted to aggressors
or observers. We found 2 VMHVI”R neurons whose activity re-
flected performance but was unchanged during observation of
attacks or tail-rattles. In other words, ~3% (2/69) of VMHvI?R

IPR

(C) Setup for miniscope imaging of VMHVIPR neurons in freely moving mice. Inset shows raw GCaMP6s fluorescence overlaid with contours of segmented cells

that were significantly active during behavioral testing.

(D-G) Individual aggressor or observer VMHVIPR neurons are activated, inhibited, or silent during attacks (D) and (F) or tail-rattles (E) and (G). Raster of mean
activity of individual neurons from 5 males shown as heatmap. Cells are ordered starting with most activated on top and most inhibited at the bottom, and row
numbers do not correspond to the same cells across panels. Peaks and troughs of GCaMP6s fluorescence of neurons classified as activated or inhibited
corresponded to Z scores >1.5 and <—1.5, respectively, in these and subsequent panels of Figures 3, S3, 4, and S4.

(H-K) Population dynamics of activated aggressor and observer VMHVIPR neurons, with inset pie-charts showing percent of activated cells for attacks (H) and

(J) and tail-rattles (l) and (K).

(L) No difference in peak amplitude of activity of activated VMHvI?®

neurons between aggressors and observers for either attacks or tail-rattles.

Mean + SEM n = 152 aggressor and 88 observer VMHvI"® neurons from 5 PR males. Scale bar, 200 pm.

See also Figure S3.
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neurons appeared to be “pure” action neurons. However, we did
not find cells whose activity changed exclusively during observa-
tion of aggressive displays. In summary, we find that overlapping
sets of VMHVIPR neurons are activated during performance and
observation of attacks and tail-rattles.

An aggression mirror-TRAP strategy to capture
observer VMHvIP® neurons

We wished to test the functional relevance of observer VMHv
neurons in territorial aggression. Given the heterogeneity of the
VMHVI,2%%5%5 we first needed to establish a genetic means to
specifically interrogate observer cells. Accordingly, we tested
whether TRAP2 would enable genetic access to this population.
In TRAP2, a neuronal population that expresses Fos —a surrogate
for neuronal activation—co-expresses Cret""™2, and CrefR'2
switches on expression of Cre-dependent transgenes following
provision of the ligand 4-hydroxytamoxifen (AOHT) ">’ (Figure 5A).
Aggression induces Fos in VMHVIPR neurons, and we tagged
aggression-activated VMHvI neurons of TRAP2;Ai14 males with
tdTomato”*® (Figure 5B, left). We allowed these males to view
demonstrators fighting and immunolabeled observation-activated
neurons for Fos (Figure 5B, right). In accord with our miniscope re-
sults, we found that most aggression-TRAPed (tdTomato+)
VMHUvI neurons expressed Fos upon observing aggression (Fig-
ure 5C). The fact that not all tdTomato+ cells were Fos+ is in
agreement with prior work showing that TRAP2 captures a subset
of Fos+ neurons."®*’ Indeed, an indistinguishable percent of
tdTomato+ neurons was Fos+ following observation of aggres-
sion or performing another round of aggression (Figures 5B and
5C). By contrast, far fewer neurons tagged with tdTomato in their
home cage without social interactions expressed Fos induced by
observing aggression (Figure S5A). Together, these results further
validate our miniscope findings and provide a genetic strategy to
interrogate observer neurons.

We employed an aggression mirror-TRAP strategy to express
GCaMP6s in observer VMHvI neurons and tested whether this
would yield sufficient GCaMP6s+ cells for fiber photometry dur-
ing performance or observation of aggression (Figure 5D). We
found that mirror-TRAPed cells were activated when males at-
tacked or tail-rattled toward an intruder male (Figures S5B and
S5C). These GCaMP6s+ VMHvI neurons were also specifically
activated when males observed aggressive displays between
demonstrators (Figures 5E, 5F, S5D, and S5E). These findings

IPR
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indicate a close correspondence between TRAP2-tagged VMHvI
and VMHVIP® mirror neurons. Within the VMH, only VMHvIPR
neurons, which also co-express Esr1, appear to be critical for
territorial aggression.®'%'2?° The aggression-mirror TRAP strat-
egy is not contingent on PR expression, leaving open the possi-
bility that we were genetically tagging a different VMHvI popula-
tion. To exclude this, we co-labeled tdTomato+, mirror-TRAPed
observer VMHvI neurons with Esr1. We found that most tdTo-
mato+ VMHuvI neurons are Esr1+ (Figure S5F). Together, our find-
ings show that our aggression mirror-TRAP strategy can be used
to express transgenes of choice in VMHVIPR mirror neurons.

Aggression-mirroring VMHvI neurons are essential for
male territorial aggression
The overlap of neurons active when witnessing and performing
aggression suggested the possibility that these cells were func-
tionally relevant for fighting. We tested this hypothesis, using
aggression mirror-TRAP to inhibit aggression-mirroring neurons.
We delivered a virally encoded, Cre-dependent inhibitory che-
mogenetic actuator,>® DREADDI, to the VMHvl and captured
neurons activated in observer TRAP2 males using 40HT
(Figures 6A and S6B). We tested these males as residents
following administration of Clozapine-N-oxide (CNO) or vehicle
in a resident-intruder territorial aggression assay (Figure 6B). An-
imals given CNO showed a ~3-fold reduction in the likelihood of
initiating attacks or tail-rattles (Figures 6C and 6D). Furthermore,
they fought less intensely, with a >10-fold reduction in time spent
attacking the intruder (Figures 6E-6G). CNO administration did
not reduce sniffing or other non-aggressive social interactions
(Figure S6A and data not shown), indicating that the diminution
in aggression did not reflect a pervasive attenuation of social in-
teractions. Targeted ablation or acute inhibition of VMHvI"® neu-
rons leads to a subtle reduction in male sexual behavior.”'° We
tested whether inhibiting aggression mirror-TRAPed VMHvI neu-
rons would also suppress mating (Figure S6C). CNO-adminis-
tered residents performed comparably to control residents in
mating with female intruders, both in the likelihood to initiate
mating routines and patterning of sexual behavior (Fig-
ures S6D-S6H). In summary, aggression-mirroring VMHvI neu-
rons play a specific and essential role in the display of male
territorial aggression.

To test the specificity of our aggression mirror-TRAP strategy,
we delivered the Cre-dependent DREADDI to the VMHvI and

Figure 4. Individual VMHVIP® neurons are co-activated during aggressor and observer paradigms
(A-D) Co-activation of individual neurons during attacks in aggressor and observer paradigms. Segmented cells during representative imaging sessions of a male

tested as aggressor or observer (A). Overlapping sets of VMHvIPR

few time points (C), but comparable peak amplitude of, or net, activation (D).

neurons are co-activated in participants and witnesses (B), with distinct activation dynamics ata

(E-H) Co-activation of individual neurons during tail-rattles in aggressor and observer paradigms. Segmented cells during representative imaging sessions of a

male tested as aggressor or observer (E). Overlapping sets of VMHvIPR

neurons are co-activated in participants and witnesses during tail-rattles (F), with

comparable activation dynamics (G) and peak amplitude of, or net, activation (H).
(I-L) Co-activation of individual neurons during attacks and observation of tail-rattles. Segmented cells during representative imaging sessions of a male tested as

aggressor or observer (I). Overlapping sets of VMHvI?®

points (K), but comparable peak amplitude of, or net, activation (L).

neurons are co-activated in participants and witnesses (J), with distinct activation dynamics at a few time

(M-P) Co-activation of individual neurons during tail-rattles and observation of attacks. Segmented cells during representative imaging sessions of a male tested

as aggressor or observer (M). Overlapping sets of VMHvIP?

time points (O), but comparable peak amplitude of, or net, activation (P).

neurons are co-activated in participants and witnesses (N), with distinct activation dynamics at a few

Mean + SEM AUC, area under the curve. n = 5 PR males. #, significant difference at multiple time points.

See also Figure S4 and Table S1.
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Figure 5. An aggression mirror-TRAP strategy indelibly tags observer VMHvI neurons

(A) Schematic of FosTRAP2 strategy to genetically tag activated, Fos-expressing neurons.

(B and C) Aggression-activated, FosTRAP2-tagged neurons (Aggression-TRAP, tdTomato+, red) show comparable Fos induction (green) following performance
or observation of aggression. Asterisks (B) label tdTomato+ and Fos— cells. For all TRAPing studies in this and subsequent figures, mice were subjected to two
rounds of the behavior being tested and provision of 4OHT to maximize number of neurons expressing the Cre-dependent transgene.

(D) Schematic of aggression mirror-TRAP strategy to express GCaMP6s in VMHvI neurons for fiber photometry.

(E and F) Significant activation of aggression mirror-TRAPed, GCaMP6s+ VMHvI neurons when the male is observing attacks (E) or tail-rattles (F).

Mean + SEM n = 4 (B) and (C) Fos"“"®*c"72;Ai14 and 8 (E) and (F) Fos"“"®*5"72 males. *p < 0.05, ***p < 0.001. Scale bar, 50 pm.

See also Figure S5.
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Figure 6. Activity of aggression-mirroring VMHvI neurons is essential for territorial aggression

(A) Schematic of aggression mirror-TRAP strategy to express the inhibitory chemogenetic actuator DREADDi in VMHvI neurons.

(B) Schematic of resident-intruder test of territorial aggression, with the aggression mirror-TRAPed resident male expressing DREADDI in VMHUvI cells.

(C) Rasters of individual resident males showing reduced aggression upon inhibition of aggression-mirroring VMHvI neurons. In this and subsequent figures, each
consecutive pair of vehicle and CNO rasters, starting from the top row, represents behavioral displays of a resident encountering an unfamiliar intruder on different
days in his cage. Rasters in this and subsequent figures are only shown for males displaying behaviors being tested in at least one condition (vehicle or CNO).
(D-G) Inhibition of aggression-mirroring VMHvI neurons reduces the likelihood that males attack or tail-rattle (D), increases the latency to initiate either of these
two behaviors (E), and reduces the number and duration of aggressive events (F) and (G).

Mean + SEM n = 10 Fos'®®Ef72 males. *p < 0.05, **p < 0.01.

See also Figure S6.
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TRAPed neurons in observers viewing non-aggressive social in-
teractions between Trpc.2’/ ~ demonstrators (Figures S61-S6J).
We tested these observers as residents in assays of territorial
aggression and mating. We found that CNO had no discernible
effect on aggression and mating routines with males and fe-
males, respectively (Figures S6K-S6T). We conclude that our
aggression mirror-TRAP strategy effectively captures aggres-
sion-mirroring VMHVIPR neurons and that these cells are essen-
tial for the WT display of territorial fighting.

Aggression-mirroring VMHvI neurons are sufficient to
elicit male aggressive displays

Forced activation of VMHvIP® neurons triggers or intensifies
aggression,'>'? and we tested whether activating aggression-
mirroring VMHvI neurons would lead to similar outcomes. We ex-
pressed the excitatory chemogenetic actuator DREADDq in
VMHUvI cells of TRAP2 males using aggression mirror-TRAP
and tested them subsequently as single-housed residents in as-
says of territorial aggression and mating (Figures 7A, 7B, S7B,
and S7C). Residents administered CNO were significantly
more aggressive toward intruder males (Figures 7C-7G). Resi-
dents showed a ~3-fold increase in attack number, an increase
that cannot be accounted for simply by the shorter latency to
initiate attacks. Activation of aggression mirror-TRAPed VMHuvI
neurons also reduced chemoinvestigation of intruders (Fig-
ure S7A). This suggests that activation of VMHvI mirror cells
reduced the need for pheromone sensing, which is otherwise
essential for aggression. Activating male VMHvIPR neurons also
bypasses pheromonal cues emanating from females such that
these males attack females rather than mating with them.'%'?
We therefore tested whether activating aggression-mirroring
VMHUvI neurons would alter sexual behavior with females (Fig-
ure S7C). Forced activation of these cells reduced both the prob-
ability and intensity of male sexual behavior (Figure S7D). There
was a >4-fold diminution in percent of males who mounted fe-
males, loss of intromission (penetration), and reduction in
mounting episodes (Figures S7E-S7H). Rather than mating
with females, CNO-administered males attacked them and tail-
rattled in a manner reminiscent of territorial aggression toward
males (Figures S7D-S7H). Our findings demonstrate that acti-
vating aggression-mirroring VMHvI neurons intensifies male ter-
ritorial aggression and supplants male sexual behavior with
aggression.

Given the critical role of visual input in the mirroring properties
of VMHvI neurons, we tested whether forced activation of these
cells would elicit aggressive displays by mice toward their own
image in a mirror. We expressed DREADDq in observer VMHvI
neurons using aggression mirror-TRAP and tested the males
as singly housed residents with a mirror (Figures 7H and S7I).
Males administered CNO showed heightened aggressivity to
the mirror, with a ~3-fold increase in the likelihood of tail-rattling
and a ~10-fold increase in the number of tail-rattles (Figure 71).
These males did not attack the mirror, indicating that other sen-
sory or contextual cues are required to trigger physical attacks,
in accord with our previous findings.'® Together, our findings
demonstrate that aggression-mirroring VMHvI neurons can drive
aggressive displays toward males, females, and the mouse’s
own mirror image.
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DISCUSSION

We have identified mirror neurons for aggression. These cells
reside in the nucleus of Cajal, a hypothalamic region referred
to as an “attack center” for the past several decades. We
demonstrate that this center represents a more abstract percept
of aggression, one that evokes an aggressive state in self and re-
flects such a state in others. This region has been referred to as
an attack center in large part because, with rare exceptions, the
activity of these neurons, as well as their function, has been stud-
ied in a context in which the animal is able to initiate offensive
aggression. Our study demonstrates that it is critical to record
activity and perform functional interrogation of neurons in
diverse settings to understand how they contribute to behavioral
output. More broadly, our work answers long-standing ques-
tions about the functional contribution of mirror neurons to
ongoing behavior.?®“° We find that aggression-mirroring neu-
rons are essential for naturally occurring territorial aggression
and sufficient to elicit aggression more intensely toward males
and toward atypical targets such as females and inanimate ob-
jects. Our genetic platform sets the stage for gaining molecular
and cellular insights into how individual neurons co-represent
higher cognitive functions such as mirroring an action and per-
formance of that action by self.

VMHVIPR neurons as mirroring neurons

The caudomedial hypothalamus has long been considered to be
an attack center in diverse species, ranging from mice to hu-
mans.*>*' Genetically targeted gain- and loss-of-function studies
in mice have pinpointed VMHVIR neurons as constituting the
attack center in this hypothalamic region.” "> We show that
VMHVIPR neurons play a more general role in aggression than
previously imagined. Rather than merely modulating aggressive
displays by self, these cells also appear to provide a report to self
about fights between other individuals. Diverse functions,
including action-understanding, sensorimotor learning such as
occurs in mimicking, social cognition, cultural evolution, and
art appreciation have been proposed for human mirror neuron
systems.?®4%2751 |t has been challenging to precisely test the
role of mirror neurons in non-human primates, let alone humans,
because they are inter-mingled with other cells and their molec-
ular identity remains unknown. Their specific functional contribu-
tions to behavior therefore remain to be characterized in pri-
mates. The genetic tractability of the mouse has enabled us to
uncover mirror neurons for aggression and show that they regu-
late aggression. We speculate that aggression-mirroring in mice
could potentially serve one or more additional roles in the wild.
Rodents exhibit empathy or consolation-type behavior toward
conspecifics.””>* Aggressive interactions are stressful, and
VMHVIPR observer neurons may modulate displays of empathy
or consolation-type behaviors, for example, by inhibiting them
if the self is threatened or allowing them otherwise. Alternatively,
aggression-mirroring may enable observers to make transitive
inferences about dominance hierarchies among conspecifics.
Such deductive reasoning is used by male cichlids to choose
to be in proximity with weaker, lower-ranked males over domi-
nant ones.*® This is presumably adaptive because the observer
is unlikely to be attacked by, or lose an aggressive interaction
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with, the weaker male. Given the immense popularity of violent
video games and competitive fighting events, it appears that
aggression, even if experienced vicariously, may be rewarding.
Indeed, aggression is rewarding to mice, and VMHvI neurons
enable operant learning for aggression-seeking behavior.*® It
will be interesting to test whether VMHvI"® observer neurons
are essential for aggression-related reward. Such a function
might potentially underpin active seeking of vicarious aggressive
experiences through gaming or spectatorship. Mice and other
animals get better at fighting with prior experience or
training,”’®* but the underlying sensorimotor mechanisms
remain poorly understood. It is possible that aggression-mirror-
ing improves performance in subsequent fights or may even
enable the observer to be more aggressive subsequent to wit-
nessing a fight. Consistent with this notion, boxers may be
able to better anticipate moves by opponents after viewing
videos of their opponents fighting.°” Beyond such speculation,
the experimental tractability of VMHVI?® neurons should
enable determinination of how aggression-mirroring modulates
behavior.

Consistent with the idea that aggression-mirroring VMHvIPR
neurons may regulate diverse behavioral outcomes, the overlap
between observer and aggressor neurons is not complete. We
intuit this to mean that observer neurons may overlap with other
VMHVIPR neurons that are activated in different contexts, such as
when the mouse is the recipient of attacks by, or taking evasive
action from, dominant males.'®°®°° In other words, VMHvIP?
neurons may be functionally heterogeneous with regards
to aggression-related behaviors and contexts, a notion consis-
tent with the considerable molecular heterogeneity of this popu-
lation.?%%>  Alternatively, the incomplete overlap between
observer and aggressor neurons may reflect stochastic or
more complex activation patterns of this population. We note
that the activity of observer and aggressor neurons exhibits
distinct dynamics during attacks. Each attack episode usually
consists of a unique mix of differently evolving motor actions.
One potential mechanism underlying the distinct dynamics of
aggressor and observer neurons could be that the activity of
the former reflects attack episodes with greater fidelity than
that of the latter. For example, the activity of observer neurons
may not distinguish differences in motor actions or their evolu-
tion across attack episodes such that observation effectively re-
flects a simplified version of the reality. Consistent with this
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notion, observer neurons do not appear to report non-aggres-
sive interactions such as sniffing or grooming, behaviors that
elicit reliable responses in aggressor neurons. How aggres-
sion-mirroring properties arise in VMHvIP® neurons and guide
behavior will be greatly informed by understanding their presyn-
aptic partners and projection targets. BNST neurons are essen-
tial for fighting and they project to the VMHuI, '®"9€° put they do
not mirror aggression. Thus, observer cells for fighting are not
present at all nodes within neural circuits that modulate this
behavior. Although visual input is essential for aggression-mir-
roring by VMHvIPR neurons, these cells do not appear to receive
direct inputs from classically defined visual centers, indicating
that such input occurs via a multi-synaptic relay.

In summary, we find that VMHVIP® neurons constitute much
more than an attack center. Our current findings with more
recent work suggest a model in which VMHVIP® neurons encode
an agonistic state that, depending on prior experience, current
social context, physiological state, and sensory cues, enables
offensive or defensive aggressive responses'®°%°% further-
more, aggression-mirroring may endow VMHVIP® neurons with
additional behavioral functions as discussed above (Figure 7J).
In such a model, the activity of VMHvI"R neurons may not always
provide a direct readout of the likelihood to initiate aggression,
but rather provides a measure of an agonistic state that modu-
lates behavioral output in an internal and external state-contin-
gent manner.

Evolution of mirror neurons

Mirror neurons have largely been studied in the context of
acquisition and improvement of learned motor skills. In contrast
to such cells, the aggression-mirroring neurons we have
discovered represent an innate behavioral program, and they
are located in a brain region conserved across vertebrates.
This suggests an ancient evolutionary origin of mirror neurons
such that their original role may have been to enhance territorial
defense and, ultimately, reproductive success. Our discovery
of aggression-mirroring neurons raises the possibility that mir-
roring is also built-in into neural circuits underlying other primal
behaviors such as mating and parenting. This would be consis-
tent with the notion that one function of mirror neurons may be
to support social cognition. Such a wide-ranging social mirror
network could potentially provide an animal with invaluable in-
sights into traits such as fitness, vulnerability, and social and

Figure 7. Activation of aggression-mirroring VMHvI neurons increases aggressivity

(A) Schematic of aggression mirror-TRAP strategy to express the excitatory chemogenetic actuator DREADDq in VMHVI neurons.

(B) Schematic of resident-intruder test of territorial aggression, with the aggression mirror-TRAPed resident male expressing DREADDq in VMHuvI cells.
(C) Rasters of individual resident males exhibiting increased aggressivity upon chemogenetic activation of aggression-mirroring VMHvI neurons.

(D-G) Activation of aggression-mirroring VMHvI neurons did not significantly increase likelihood of initiating attacks or tail-rattles (D), but it reduced the latency to
start attacking (E) and increased the number of attacks inflicted upon the intruder male (F). Other parameters of attack and tail-rattles were unaltered (E)—(G).
(H and I) Activation of aggression-mirroring VMHvI neurons increases tail-rattling to a mirror. Schematic of aggression mirror-TRAPed resident male expressing
DREADDq in VMHvI neurons with a mirror in his cage (H). Activation of aggression-mirroring VMHVI neurons increased the likelihood of tail-rattling ~3-fold and the
number of tail-rattles ~10-fold (1).

(J) Schematic of working model of how the activity of VMHVI"® neurons may reflect agonistic states. VMHvI"® neurons are sensitive to inputs from diverse,
potentially inter-related sources of information, and their activity can drive physical acts of aggression (offensive or defensive) or reflect aggression-mirroring.
Dashed arrows indicate that input to or output from VMHVIP® neurons may occur via a multi-synaptic relay, and curved dashed arrow depicts the possibility that
there may be cross-talk between VMHVIP® neurons directly or via local interneurons.

Mean + SEM n = 12 (B)~(G) and 6 (H) and (I) Fos'°®5"2 males. *p < 0.05, **p < 0.01.

See also Figure S7.
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reproductive status of conspecifics in its vicinity. Intriguingly,
virgin females can learn parenting from co-habiting dams,®’
although it is unclear whether such learning is supported by a
corresponding mirror pathway for nursing. Invertebrate species
also engage in highly elaborate social interactions, and mirror
neuron systems for aggression and other social behaviors
may well exist in these animals. In summary, we have discov-
ered mirror neurons for aggression in a deeply conserved verte-
brate brain region that are necessary and sufficient to elicit
male territorial aggression.

Limitations of the study

We have suggested some additional roles for aggression-mirror-
ing neurons, but it is possible that these cells do not serve other
functions beyond mirroring or modulating aggression. VMHvIPR
neurons of males who were not previously tested for mating or
territorial aggression mirror aggression. Given that these males
were raised with other males post-weaning, we cannot exclude
the possibility that they had fought with cage-mates or observed
them fighting. We did not observe overt aggressive displays in
observers that would match those being played out by demon-
strators. However, observers may experience other behavioral
or physiological changes, such as changes in muscle tone or ti-
ters of adrenaline or stress hormones, when viewing aggression.
We have provided multiple lines of evidence showing a critical
role for visual input in eliciting mirroring activity of VMHVIPF neu-
rons (Figures 2D-2F, S2M—S2N, and 7H-71). Additional studies
will reveal whether visual cues alone are sufficient to evoke mir-
roring. TRAP labels a subset of activated or Fos-expressing neu-
rons following behavior.®*” Such under-sampling can limit full
delineation of the functionality of aggression-mirroring neurons.
We have used a calcium sensor to discover and characterize
aggression-mirroring activity. Recording electrical activity of
such aggression-mirroring neurons will afford a higher temporal
resolution of the activation of these cells.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Sheep anti-GFP Biorad Cat # 4745-1051; RRID: AB_619712
Rat anti-RFP Chromotek Cat # 5f8-100; RRID: AB_2336064
Rabbit anti-Fos EMD Millipore Cat # PC38; RRID: AB_2106755
Rabbit anti-Esr1 Millipore Cat #: 06-935; RRID: AB_310305

Donkey anti-sheep, Alexa 488 Conjugate
Donkey anti-rat, Cy3 conjugate
Donkey anti-rabbit, Cy3 conjugate

Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch

Cat # 713-545-147; RRID: AB_2340745
Cat # 712-165-150; RRID: AB_2340666
Cat # 711-165-152; RRID: AB_2307443

Bacterial and virus strains

Recombinant adeno-associated virus:
AAV1-Syn-FLEX-GCaMP6s
Recombinant adeno-associated virus:
AAV1-CAG-FLEX-eGFP

Recombinant adeno-associated virus:
AAVDJ-EF1a-DIO-hM4D(GI )-mCherry
Recombinant adeno-associated virus:
AAVDJ-EF1a-DIO-hM3D(Gq)-mCherry

Penn Vector Core

Penn Vector Core

UNC Vector Core

UNC Vector Core

Addgene number: 100845

Addgene number: 59331

Addgene number: 50461

Addgene number: 50460

Chemicals, peptides, and recombinant proteins

DAPI

Clozapine-N-oxide (CNO)
4-Hydroxytamoxifen
Estradiol

Progesterone

Castor oll

Sunflower seed oil
Sesame oil

Sigma-Aldrich
Enzo Life Sciences
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Cat #D9542; CAS 28718-90-3
Cat # BML-NS105-0005

Cat #H6278; CAS 68392-35-8
Cat #E8875; CAS 50-28-2

Cat #P0130; CAS 57-83-0
Cat # 259853; CAS 8001-79-4
Cat #S5007; CAS 8001-21-6
Cat #53547; CAS 8008-74-0

Experimental models: Organisms/strains

Mouse: C57BL/6J
Mouse: 129/SvEvTac
Mouse: PRC™®

Mouse: FOsiCreERTZ

Mouse: Tac1¢™®
Mouse: Ai14

Mouse: Trpc2*~

The Jackson Laboratory
Taconic Biosciences
Jackson Laboratories
Jackson Laboratories
Jackson Laboratories
Jackson Laboratories
Leypold et al.**

Stock # 000664; RRID: IMSR_JAX:000,664
Stock # 129SVE-M

Stock # 017915; RRID:IMSR_JAX:017,915
Stock # 030323; RRID:IMSR_JAX:030,323
Stock No: 021,877; RRID:IMSR_JAX:021,877
Stock No: 007,914; RRID:IMSR_JAX:007,914
N/A

Software and algorithms

ImagedJ

MATLAB

GraphPad Prism 6

Inscopix Data Processing Software

NIH

MathWorks

GraphPad Software

Inscopix Inc.

https://imagej.nih.gov/ij/index.html;

RRID: SCR_003070
https://www.mathworks.com/products.html;
RRID: SCR_001622
https://www.graphpad.com/scientific-software/
prism/; RRID: SCR_002798
https://www.inscopix.com/software-analysis-
miniscope-imaging#software_idps
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Nirao
M. Shah (nirao@stanford.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
o Data reported in this paper will be shared by the lead contact upon request.
o All MATLAB scripts used in this manuscript are available from the lead contact upon reasonable request.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

All mice were bred in our colony (Ai14, Fos'®®ER72 PRC™® Tac1°"®, Trpe2~'*) or purchased from Jax (C57BL/6J, used as stimulus
females in mating assays) and Taconic (129/SvEvTac, used as WT intruder males).®'32437:38:62 Al experiments were performed
on adult mice ranging from ~10 to ~20 weeks of age. Fos’°*t772 mice of mixed C57BL/6J and 129; FVB background were back-
crossed into C57BL/6J background in the lab >2 times prior to being used for mirror-TRAP studies. This mixed background likely
resulted in differences in various behavioral parameters between experimental cohorts. Importantly, for our chemogenetic studies,
vehicle and CNO were provided in a randomized manner to individual mice, thereby enabling rigorous comparison of behavioral
performance + CNO. Mice were housed under a reverse 12:12 h light:dark cycle (lights off at 1p.m.) with controlled air, temperature,
and humidity, and food and water were provided ad libitum. All animal studies were in compliance with Institutional Animal Care and
Use Committee guidelines and protocols approved by Stanford University’s Administrative Panel on Laboratory Animal Care and
Administrative Panel of Biosafety.

Viruses

AAV-hSyn-Flex-GCaMP6s (serotype 1) was purchased from Addgene or Penn Vector Core. AAV-EF1a-Flex-hM3Dqg:mCherry (sero-
type DJ, encoding DREADDQ) and AAV-EF1a-Flex-hM4Di:mCherry (serotype DJ, encoding DREADDI) were custom packaged by the
UNC Vector Core with plasmid DNA that was originally purchased from Addgene. All virus titers were > 10'2 genomic copies/mL. For
miniscope calcium imaging, following optimization of GCaMP6s expression in soma but not nucleus with a series of virus dilutions,
we used 1:20 dilution of virus stock in sterile PBS.

METHOD DETAILS

Stereotaxic surgeries

Virus was delivered to the brains of male mice at 9-16 weeks of age, using a Kopf stereotaxic alignment system (model 1900), as
described previously.'® The exposed skull was leveled anteroposteriorly between bregma and Lambda and mediolaterally between
the left and right hemispheres. To deliver AAV-encoded DREADD bilaterally, a custom-prepared 33G stainless hypodermic cannula
connected to a Hamilton syringe via polyethylene tubing was loaded with 1 pL of virus and infused at 100 nL/min using a syringe pump
(Harvard Apparatus). To deliver AAV-encoded GCaMP6s unilaterally, a NanoFil syringe (World Precision Instruments, WPI) with a
26G beveled needle was loaded with 200 nL (miniscope) or 600 nL (fiber photometry) of virus and infused at 30 or 50 nL/min using
a microinjection syringe pump (WPI). For most unilateral injections, the same hemisphere was selected per cohort of
animals for the sake of consistency in surgery. When the injection was completed, the needle was left for an additional 10 min
and withdrawn at 1 min/mm. To deliver viruses to the VMHvI, we used the following stereotaxic coordinates relative to bregma:
anteroposterior —1.4 mm, lateral +0.78 mm, dorsoventral —5.8 mm. To deliver viruses to the BNST, we used the following stereotaxic
coordinates relative to bregma: anteroposterior —0.2 mm, lateral +£0.85 mm, dorsoventral —4.3 mm. When the distance between
bregma and Lambda (BL) was larger than 4 mm, the anteroposterior coordinate was adjusted based on the fact that the BL distance
is 3.8 mm in a standard adult mouse brain atlas.

To prepare for optic fiber or gradient refractive index (GRIN) lens implantation, the surface of the skull was scored with a standard
21G hypodermic needle and treated with 0.3% hydrogen peroxide. For fiber photometry imaging, a custom-made fiber optic
cannula was lowered at 1 mm/min immediately after withdrawing the injection needle and placed 300 to 400 um above the dorso-
ventral coordinate used for viral delivery. For miniscope imaging, a 0.6 x 7.3 mm (diameter x length) GRIN lens (Inscopix) was im-
planted 3 weeks after viral injection. The GRIN lens was connected to a miniscope imaging system (nVista, Inscopix), lowered
at 0.5 mm/min while monitoring fluorescence, and placed between 150 and 250 um dorsal and 90 pm medial to the coordinates
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used for vial delivery. The GRIN lens was capped with a small piece of parafilm and silicon adhesive (Kwik-Sil, WPI) prior to closing the
skin incision. The silicon cover was removed 10 days after GRIN lens implantation and a baseplate (Inscopix) was installed above the
GRIN lens. The baseplate was connected to the miniscope, lowered until clear cellular morphology was detected across the imaging
plane, anchored to the skull with adhesive, and covered with a baseplate cover (Inscopix). The cannula, GRIN lens, and baseplate
were secured to the skull using adhesive dental cement (C&B Metabond, Parkell).

Histology

Expression of GCaMP6s or DREADD (mCherry-conjugated) was quantified for all experimental animals, as previously
described. %8293 Mice were anesthetized with 2.5% avertin and perfused with HBS followed by 4% paraformaldehyde (PFA).
Brains were dissected, post-fixed in 4% PFA overnight, sectioned at 65um thickness with a vibratome (Leica VT1000S), and immu-
nolabeled and counter-stained with DAPI (0.2 ng/mL) as previously described.’® Primary antisera were rat anti-RFP (Chromotek;
1:2000), sheep anti-GFP (BioRad; 1:2000), rabbit anti-Fos (Santa Cruz Biotechnology; 1:1000), and rabbit anti-Esr1 (Millipore;
1:10,000). Secondary antisera were Cy3 donkey anti-rat (Jackson ImmunoResearch; 1:800), Alexa Fluor 488 donkey anti-rabbit
(Invitrogen; 1:300), and Alex Fluor 488 donkey anti-sheep (Jackson ImmunoResearch; 1:300). To label activated neurons during
aggression or observation of aggression, brain sections were immunolabeled for Fos, as described previously.'®'®%® In brief,
following 15 min of behavioral testing (as aggressors or observers), males were returned to the home cage and perfused with 4%
PFA 1 h later. We verified that CNO activated DREADDg+ neurons in a subset of experimental males because Fos was induced
in these males with CNO, which was administered 1 h prior to perfusion and histological analysis. Sections were imaged using
confocal microscopy (LSM800, Zeiss) and quantified using ImageJ software (NIH) as described previously. '8

Drugs

40OHT (Sigma, cat# H6278) was prepared as previously described. '’ In brief, the stock solution was prepared by dissolving 40HT in
ethanol at 20 mg/mL by shaking and brief incubation at 55°C, and then aliquots were sealed with parafilm and stored at —20°C until
use. To prepare a working solution, 40HT in a stock aliquot was redissolved by shaking and brief incubation at 55°C and an equal
volume of Chen Oil (a 1:4 mixture of castor oil: sunflower seed oil; Sigma, cat# 259853 and S5007, respectively) was added. The
40HT-oil mixture was vortexed, briefly spun down, and incubated at 55°C on a heat block with a cap opened under a light-protective
cover for about 2-3 h until ethanol had evaporated. An equal volume of Chen Qil was added to make a final, working solution of 10 mg/
mL 40HT, which was stored at 4°C and used only on the day of preparation.

CNO solution was prepared as previously described.'® In brief, CNO (Enzo) was dissolved in sterile saline at 5 mg/mL, aliquots
were frozen, and each aliquot was freshly diluted with sterile saline prior to intra-peritoneal (ip) administration. The final dose of
CNO for chemogenetic studies was 3 mg/kg unless otherwise mentioned.

Females were hormonally primed as described before.'® In brief, we injected subcutaneously 17-p-estradiol benzoate (Sigma, cat#
E8515) at 10 ng in 100 pL sesame oil on day —2, 5 ng in 50 pL sesame oil on day —1, and progesterone (Sigma, cat# P0130) at 50 pg in
50 pL sesame oil on day 0, the day of the mating test. Females were used for mating 4-6 h after administration of progesterone.

TRAP2 studies

Adult Fos™“®*ER™2 males were injected with a Cre-dependent AAV virus encoding DREADD or GCaMP6s, singly housed for a week;
these males were provided with mating experience (with a WT, receptive female) and aggression toward a WT intruder males, unless
stated otherwise. For aggression-TRAP or aggression mirror-TRAP, these experimental males were allowed to attack a WT intruder
in their home cage for 15 min or witness aggression between unfamiliar demonstrator males for 15 min in the observation setup. For
non-aggressive interaction mirror-TRAP, experimental males witnessed interactions between Trpc2 null sibling males for 15 min in
the observation setup. Observer males were then returned to their home cage. Aggressor or observer males were administered 40OHT
at 50 mg/kg ip 1 h after the behavioral testing was concluded. These males were TRAPed once more 2-3 days following the first
TRAPIng session to maximize the number of genetically tagged neurons. Histological or behavioral studies were done 10 days after
the second TRAPing procedure, whereas fiber photometry was done 3 weeks following TRAPing to ensure functional expression of
GCaMP6s.

Behavioral assays

Behavioral assays were performed > 1 h after onset of the dark cycle and recorded using either a web camera (an infrared filter manu-
ally removed) or a camcorder (Sony) under infrared illumination unless mentioned otherwise. Experimental males were group housed
after weaning, underwent stereotaxic surgery, and were singly housed >10 days prior to behavioral testing. Behavioral assays were
performed >10 days or >3 weeks after viral injection of DREADD or GCaMP6s, respectively, for optimal expression. Mice were never
tested more than once/day, with sequential behavioral tests separated by > 2 days, and experimental animals were always pre-
sented with an unfamiliar intruder in their home cage or unfamiliar demonstrators separated by a partition. Male mice were tested
for mating for 30 min with a group-housed WT female (C57BL/6J) that was hormonally primed to be receptive. Subsequently, males
were tested for aggression with a socially housed stimulus male (129/SvEvTac) for 15 min. For DREADD experiments, mice were
tested 30 min after ip administration of either sterile vehicle (saline) or CNO. Mice were tested two days apart once each with saline
and CNO, with vehicle and drug counterbalanced across animals.
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An observation chamber was built using a conventional rat cage (45 x 25 x 20 cm, LxWxH), which was divided into two compart-
ments (1:2) by inserting a perforated light-weight transparent plastic panel parallel to the short axis of the cage. Perforations were
1.27 cm diameter and spread evenly throughout the bottom third of the panel. An enclosed observation chamber was built in a similar
way, except that the divider was not perforated, and the ceiling of the larger compartment was completely covered with a transparent
plastic panel. Before initiation of the assay, the smaller compartment was scattered with clean bedding and the larger compartment
was scattered with soiled bedding from the cage of the aggressive demonstrator. For observation of aggressive encounters between
two male demonstrators, an observer was first allowed to explore the small compartment 5 min later. Then, a singly housed male
demonstrator was introduced into the larger compartment, followed 5 min later with the insertion of a socially housed stimulus
male (129/SvEvTac) in the same compartment. The observation of aggressive encounters persisted for 15 min. Unless otherwise
mentioned, observation assays were conducted under white light illumination (~90 lux; cf. the average ambient brightness of the an-
imal room was 290 lux during lights-on). For experiments shown in Figures 2D-2F where the observation assay was conducted with
red light, we used LED bulbs (emitting 850 nm, <1 lux) pointed at the ceiling of the behavioral chamber such that the observation
setup in which the animals were housed was illuminated with diffuse, reflected 850 nm light. For experiments with a running wheel,
we allowed the experimental observer male to explore the smaller compartment of the observer setup for 5 min, inserted a horizon-
tally spinning plastic wheel (18 cm diameter) into the larger compartment, and, 5 min later, placed a singly housed demonstrator male
on the wheel; the assay was terminated 5 min following insertion of the demonstrator.

To ensure reliable and comparable aggression between demonstrators across multiple assays, we used two sets of demonstra-
tors. One set of demonstrators comprised of group-housed adult WT males (129/SvEvTac) that would be reliably submissive.
The other set of demonstrators comprised of singly housed adult PR males that expressed DREADDq in VMHvIPR neurons.
DREADDg was encoded in a Cre-contingent AAV format and stereotaxically delivered, using coordinates described
earlier, > 10 days prior to using the male as a demonstrator. These males were administered CNO ip (0.3 mg/kg) 30 min prior to inser-
tion into the demonstrator compartment. As shown before, such PRC™ males are reliably aggressive toward other males.’®

We used ovariectomized, hormonally primed, and sexually experienced females for mating assays to ensure that they were reliably
receptive to mating attempts by experimental males. Adult females were ovariectomized, allowed to recover from surgery
for >4 weeks, primed to be in estrus, and mated twice (separated by a week) with a sexually experienced WT male. These females
were subsequently used in mating assays no more than once/week.

Fiber photometry

Fiber photometry calcium imaging was conducted as previously described.'*®® To make a fiber optic cannula, a 400 um core, 0.5 NA
multimode optical fiber (Thorlabs, FT400URT) was stripped (Thorlabs, T18S25), lightly scored at 2 cm from the end of fiber with a
carbide fiber scribe (Thorlabs, S90C), and pulled horizontally by hand. The surface at the tip of each fiber was inspected using a fiber
inspection scope (Thorlabs, FS200), and each fiber with a >95% mirror-like smooth surface was inserted into a ceramic ferrule (Thor-
labs, CF440) such that 8 mm of fiber with the smooth end protruded out of the ferrule. Fiber optic epoxy (Thorlabs, F120) was used to
glue both ends of the ferrule to the optic fiber. The assembled cannula was cured overnight and any extra epoxy on the ferrule was
removed with arazor blade. The other, non-mirrored, end of the optical fiber was cut with a fiber scribe, polished sequentially with a 3
and 0.3 um grit lapping sheet (Thorlabs, LF3P, LFO3P, D50-FC), and then inspected with a scope. Cannulas with >95% smooth sur-
face on both ends were implanted after GCaMP6s was virally delivered. The top surface of the implanted cannula was cleaned with
fiber connector cleaning fluid and stick (Thorlabs, FCS3, MCC25) and was jointed with a patch cable (home-made or purchased from
RWD Life Science) via a ceramic mating sleeve (Thorlabs, ADAF1). The other side of the patch cable was connected to a custom-built
fiber photometry setup, as previously described.'®® The excitation light emitted from a 473 nm diode laser (Omicron LuxX) passed
through an optic chopper (Thorlabs, MC2000) running at 400 Hz, neutral density filters (Thorlabs NE10B-A, NE30B-A, NE50B-A), a
GFP excitation filter (Thorlabs, MF369-35), a dichroic mirror (Semrock, FF495-Di03-25x36), and a fiber collimator (Thorlabs, F240FC)
before being directed to a patch cable. The emitted light from GCaMP6s passed through a fiber collimator, a GFP emission filter
(Thorlabs, MF525-39), and a dichroic mirror, and was focused by a plano-convex lens (Thorlabs, LA1255-A) onto a femtowatt photo-
receiver (Newport, 2151). The signal from the photoreceiver was relayed to a lock-in amplifier (Stanford Research System, SR810),
which also received a phase lock-in signal from the optic chopper. The output signal from the amplifier was recorded on a computer
via a data acquisition device (LabJack, U6-Pro) at a 250 Hz sampling rate.

At the beginning of a photometry imaging session, a flashing red light generated by a TTL pulse generator (doric, OPTG-4) was
used to synchronize annotated behaviors with fluorescence signal. Fluorescence was recorded for 5 min before introducing a stim-
ulus in the home cage or demonstrators in the larger compartment of the observation setup. A custom code written in MATLAB and
described previously was used to synchronize fluorescence signal with manually annotated behavior epochs. 5

All raw fluorescence signals obtained during behavioral testing were first normalized to the median fluorescence during the 5 min
period preceding the behavioral test (referred to as raw signals hereafter), and these raw signals were further processed using a mov-
ing average filter prior to any additional analysis. To visualize neuronal activity during individual behavior epochs as a heatmap, the
onset of each behavior epoch was set as zero and signals between —10 and 10 s (F;, where t denotes each time frame) were
normalized to the median value (Fo) between —10 s and —5 s, such that the relative fluorescence change was calculated as AF,, =
(F¢ - Fo)/Fo. We excluded data from analysis if there was an overlap of behaviors within this time window. To generate a peri-event
time plot (PETP), fluorescence signals were converted into Z score. Mean (1) and SD(c) calculated from fluorescence signals
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between —10 s and —5 s of the onset of a behavioral epoch were used to derive Z scores {Z score = (F; - n)/c}. These Z scores were
averaged across all epochs per animal. The values between —10 s and —5 s of the onset of the same class of behavioral epoch from
all animals were used to determine the mean and SD of baseline activity, which were then used to calculate Z scores to reflect the
variation between individual animals. The corresponding Z-scored trace was used to depict the PETP. We used the mean fluores-
cence value between —10 s and —5 s as baseline (Base., in Figure panels) signal preceding onset of a behavioral event and 95% peak
fluorescence value between 0 and 10 s was used as peak signal for that event.

Miniscope calcium imaging

We employed a miniaturized fluorescence microscopy setup (nVista, Inscopix) to perform miniscope calcium imaging. The baseplate
cover was removed and a miniscope was mounted and secured with a side screw. To synchronize fluorescence signals with anno-
tated behaviors, we used an excitation LED-triggered TTL signal generated by a data acquisition device or a camera that captured
the excitation LED flash. To try to ensure reproducible imaging across sessions, we used identical LED power, lens focus, digital gain,
exposure time, and recording frame rate for all sessions for the same animal.

Imaging data was loaded on Inscopix data processing software (IDPS, Inscopix) and the size of the image was cropped in a rect-
angular shape to cover the area of the GRIN lens. The cropped data was processed to rectify defective pixels, spatially down-
sampled by a factor of two to reduce data size, filtered with a spatial bandpass to remove low and high spatial frequency content,
and corrected for motion so that each pixel corresponded to the same location in imaging area across all frames. To identify the
spatial locations of neurons {spatial masks of identified regions of interest (ROls)} and its associated fluorescence signal from the
processed imaging data, a constrained nonnegative matrix factorization-extended (CNMF-E) algorithm was applied in MATLAB
along with IDPS.%? We used raw rather than deconvoluted signals for subsequent analyses since they displayed higher dynamics
and non-artificial changes in calcium activity. Identified ROIs were further screened based on all pixels being singly connected,
morphology, location in imaging field, size, dynamics of associated raw calcium signal, and signal:noise of calcium signal. Calcium
signals associated with each identified ROI (neuron) were synchronized with annotated behaviors, Z-scored for all behavioral epochs
of the same class for each ROI, using values of Fy, Fo, 1, and o as defined for fiber photometry. To determine whether an identified ROI
generated a significant response during behavior epochs, the cumulative distribution of Z scores between —10 and 0 s to the onset of
the behavior epoch was compared with that between 0 and 10 s using Kolmogorov-Smirnov (KS) test. When the p value from the KS
test was <0.05, the corresponding ROl was considered significantly responsive for a given behavior. To further understand the detail
of calcium dynamics during behavior, all significantly responsive traces were grouped by the k-means clustering algorithm using a
correlation distance metric, and this clustering process was repeated 6 times. In general, the traces for the analyzed behaviors,
including attack, tail-rattle, observing attack, and observing tail-rattle, were categorized into four patterns, such as persistent acti-
vation, immediately transient activation, delayed activation, and persistent inhibition. For further analysis, these four classes of ac-
tivity were grouped as either activated (including persistent, immediately transient, and delayed activation) or inhibited ROIs (KS test
for activated ROls, p = 0.0011 + 0.0003; KS test for inhibited ROls, p = 0.0005 + 0.0004; mean + SEM). These values corresponded to
a Z score >1.5 and < —1.5 for all activated and inhibited ROIs shown in Figures 4, S4, 5, and S5.

To determine whether a given ROI was reliably activated or inhibited during a given behavioral class, we devised a reliability index
for the two general classes of responses (activation and inhibition) described above, as follows. For a given behavioral class, reliability
index = (# epochs showing activation/total # of epochs) for activation, and reliability index = (# epochs showing inhibition/total # of
epochs) for inhibition. To obtain chance levels of reliability index, we shuffled the entire set of fluorescence signals per ROI using
permutated time points for the duration of the behavioral assay.

Identical ROIs between imaging sessions were determined with a custom code written in MATLAB. For every animal, a reference
session was selected and alignment between references and remaining sessions was done using spatial masks obtained from
CNMF-E single ROI extraction. The alignment is based on a stepwise registration approach, where consecutive refined alignments
between two sessions are done iteratively using thresholded ROI masks and centroid coordinates, based on previous iteration re-
sults. Reference centroid coordinates are then used as seeds for finding matching cells across registered sessions. Validation was
done by setting a Euclidean distance threshold between centroids and manual inspection of spatial masks.

QUANTIFICATION AND STATISTICAL ANALYSIS

Behaviors were annotated using a software package in MATLAB as previously described. '*®* Behavioral events scored during mat-
ing include grooming, investigation (close contact of non-anogenital regions by the nose), sniff (anogenital investigation), mounting
(short, rapid thrusts), intromission (longer, slower thrusts), and ejaculation. Behavioral events scored during aggression include
grooming, investigation, sniff, attack (biting, wrestling, boxing, and chasing if flanked by biting, wrestling, or boxing), and tail-rattle.
We annotated mating-specific (mount, intromission, ejaculation) and aggression-specific (attack, tail-rattle) behavioral events for
both mating and aggression assays. For observers (Figures S2A and S2B), we also annotated tail-rattles or sudden, rapid movements
(“running events”) that could conceivably be construed as the rapid movements that naturally occur during aggression, such as
chasing, when they were watching demonstrators. We annotated time points at which the observer was facing the demonstrators,
and fluorescence signals for both fiber photometry and miniscope imaging were analyzed only when the observer was facing the
demonstrators. In separate analyses (for Figures S2M—S2N), we analyzed fluorescence signals for fiber photometry only when
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the observer was facing 180° away from the demonstrators. This allowed us to determine whether cues from other sensory modalities
such as audition or chemosensation were sufficient to evoke mirroring in the absence of visual cues of aggression. Experimenters
were blinded to relevant variables (including identity of administered solution, genotype, and genotype of virally encoded transgenes)
during behavioral annotation and only unblinded for statistical analysis.

Statistical analysis was performed using GraphPad PRISM (GraphPad Software) or MATLAB. To compare categorical data,
including the percentage of animals displaying behaviors, a two-tailed Fisher exact test was performed from a 2x2 contingency table.
In the case of a male attacking a female, a one-tailed Fisher exact test was used since a male did not display attacks toward a female
in a control condition. Non-categorical data, such as behavioral parameters, including the number of events, latency to the first event,
and total duration of the event, or calcium signals, including mean basal activity and 95% peak amplitude after the onset of the event,
were analyzed to determine if the data were normally distributed using D’Agostino-Pearson omnibus normality test. In experiments
when samples were paired, a paired t test and Wilcoxon matched-pairs signed rank test were used for parametric and non-para-
metric data, respectively. In all other experiments, a t test, t test with Welch’s correction for unequal SD were used for parametric
data, and a Mann-Whitney test was used for non-parametric data. We compared activation dynamics of ROIls shown in
Figures 4C, 4G, 4K, and 40 using a repeated measures-ANOVA with Sidak’s multiple comparisons test.
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Figure S1. Specificity of activation of observer VMHvIPF neurons by aggressive displays, related to Figure 1

(A) The majority of GCaMP6s+ VMHvI neurons expresses Esr1 and therefore corresponds to VMHVIPR neurons.

(B) No difference in number of GCaMP6s+ VMHvI neurons between males used as aggressors and observers.

(C-F) Fluorescence intensity changes in VMHvI"® neurons do not reflect motion artifacts. Schematic of strategy to express GFP in VMHyv
discernible change in GFP fluorescence during attacks (D) or tail-rattles (E). GFP expression in VMHvIP® neurons (F).

(G-H) Representative activity trace of VMHvI”® neurons from an aggressor (G) or observer (H) witnessing demonstrators fight.

(I-M) BNST"®" neurons do not exhibit aggression-mirroring. Strategy to express GCaMP6s in BNST'°" neurons (I). Activation of aggressor BNST'#°" neurons
upon entry of the intruder in the home cage (J) and during attacks but not tail-rattles (K). No discernible activation of observer BNST™" neurons during attacks or
tail-rattles (L). GCaMP6s expression in BSNT™°" neurons (M).

(N-P) No discernible activation of VMHVIP® neurons in mice who are using (N) or observing another mouse use (O) a running wheel despite expression of
GCaMP6s+ in these cells (P).

(Q-R) No discernible activation of VMHVIP® neurons in mice who are observing Trpc2 null demonstrators. Mean + SEM n = 5 (A, C-F), 14 (B), 7 (N-P), 6 (Q and R)
PRC"™ males, and 4 (-M) Tac7™® males. *p < 0.05, **p < 0.001, ***p < 0.0001. Scale bar, 100 pm.
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Figure S2. Sensory and experiential modulation of activity of observer VMHVIP® neurons, related to Figure 2

(A and B) Observers show minimal and comparable tail-rattling when watching aggression between demonstrators or non-aggressive interactions between
Troc2~/~ demonstrators (A). Despite the large number of attacks between aggressive demonstrators WT for Trpc2, observers show few to no sudden, rapid
movements that could be construed as chasing during an aggressive bout (denoted by “# running events”). Observers showed comparably few to no sudden,
rapid movements even when watching non-aggressive interactions between Trpc2’/ ~ demonstrators (B).

(C-E) Trpc2 null males do not fight but their VMHVIPR neurons are still activated during investigation (C) and sniffing (D) of the intruder male. GCaMP6s expression
in VMHVIPR cells (E).

(F-1) Observer VMHVIPR neurons are activated during aggression even when separated from demonstrators by solid partitions. Schematic of behavioral paradigm
(F). Observer cells are activated during attacks (G) and tail-rattles (H). GCaMP6s expression in VMHVIPR cells (I).

(J-L) Although observer VMHVIP® neurons are not activated when witnessing aggression under infrared illumination (Figures 2D-2F), the same population of cells
is activated subsequently as aggressor VMHVIFR cells when attacking (J) and tail-rattling (K) to a WT male intruder. GCaMP8s expression in VMHvIP® neurons of
these mice (L).

(M and N) No discernible activation of observer VMHvI™" neurons during attacks (M) or tail-rattles (N) by aggressive demonstrators when the experimental male is
facing away from the demonstrators. These findings are from analyses performed on observer VMHVIP® neurons from the same mice shown in Figures 1E, 1F, and
1L-1N.

(0-Q) Observer VMHVIP® neurons of socially naive male mice are activated subsequently as aggressor neurons when attacking (O) or tail-rattling (P) to a WT male
intruder. GCaMP6s expression in VMHVIPR neurons of these mice (Q). Mean + SEM n = 9 Trpc2~/~;PR®™ (C-E), 13 PR®™ (A and B, assays with Trpc2 WT
demonstrators), 6 PR (A and B, assays with Trpc2 null demonstrators), 6 PR (F-l), 8 PR (J-L), 13 PR®™® (M—N), and 8 PR®® (O-Q) males. Scale
bars, 100 pm.
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Figure S3. Activity of individual aggressor and observer VMHvIP® neurons, related to Figure 3

(A-D) Fluorescence change of individual aggressor or observer VMHvIP® neurons during multiple, consecutive epochs of attacks (A, C) and tail-rattles (B,D).
(E-M) Mean fluorescence changes in inhibited (E-H) or all segmented VMHVIFF (I-L) neurons during attacks or tail-rattles in aggressor and observer paradigms.
Inset pie-charts show percent of inhibited (blue), activated (pink), or silent (gray) VMHVIPR neurons during these behaviors. For inhibited neurons (blue), no

(legend continued on next page)
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difference in peak reduction in fluorescence between aggressors and observers for either attacks or tail-rattles (M). Mean fluorescence of all segmented VMHvI?®
neurons (yellow/red) shows that this population is activated in aggressors (1,J) and observers (K,L) during attacks and tail-rattles in a comparable manner (M).
(N) Activation or inhibition of individual aggressor and observer VMHVIPR neurons during an aggressive epoch (of attack or tail-rattle) are significantly more likely to

be repeated, respectively, during successive epochs of that display compared to activity patterns obtained by chance, as determined by shuffling fluorescence
signals across the behavioral assay. Mean + SEM n = 5 PR males. {p < 0.0001.
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| Activity types of individual VMHVIPR neurons in aggressors and observers |
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Figure S4. Co-activation of individual VMHVIP® neurons during aggressive displays, related to Figure 4 and Table S1

(A) Distribution of VMHVIP® neurons between aggressor and observer paradigms, with 69 cells imaged in both assays. Inset shows segmented VMHvIPR cells in
representative imaging plane.

(B) Activity traces of individual VMHVI® neurons co-activated in aggressor as well as observer paradigms during attacks (cell 43) or tail-rattles (cell 44) or both
(cell 19).

(C-F) Co-activation of individual aggressor neurons during attacks and tail-rattles. Segmented cells during representative imaging sessions of an aggressor (C).
Overlapping sets of aggressor VMHVIPR neurons are co-activated during attacks and tail-rattles (D), with comparable activation dynamics (E) and peak amplitude
of, or net, activation (F).

(G-J) Co-activation of individual observer neurons during attacks and tail-rattles. Segmented cells during representative imaging sessions of an observer (G).
Overlapping sets of observer VMHVIPR neurons are co-activated during attacks and tail-rattles (H), with comparable activation dynamics (l) and peak amplitude of,
or net, activation (J). n = 5 PR males (A-F).
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| Observer VMHUVI neurons are specifically co-activated during aggression |

A
| TRAPed neurons | | Fos immunolabeling
Aggression —
g
) 100
Observing aggression § 2 80
=1 o *%
=)
2< 60
38
Home cage #40HT ; J L5 40 "
Rd [ TOER.
o ‘w& =8 2 i
0
F Q @
= s
T @ <@
y o o8
Fos iCreERTZ.AI-14
[Rosa @) —  [Rosa)[EIFEY
------- 0
| Aggression mirror-TRAPed VMHvI neurons are active during aggressive interactions with intruder males |
= AF
B S, — Cc 015
=]
:: R=S B o
2010 5 0 5 10 10 5 0 5 10 -0.05
Ti ) Ti
Attack 10 me ® Tail-rattle 10 me =) .
' 201 i 20
o 5 4 o 5 3}
8 810 ] 810
[} ! @« 1 @D ! a
N0 ! N ] N0 ! N |l|
! 0 | 0
05 0 5 10 SF 05 0 5 10 &F
Time (s) & Time (s) F&
| Aggression mirror-TRAPed VMHvI neurons are not active during non-aggressive interactions between demonstrators |
| Observing male demonstrators Aggression mirror-TRAPped GCaMP6s
D in VMHvI neurons
Investigating male Grooming male E
. 10 5 ' 10 o 200
ns =
1 ! " ® 3 150
i o5 o 3 o5 g T <
) aQ 15} 15} »
PN & s AR i
' N o) e N N &)
‘ 0 " 1 o o § %0
i i o
| i #* 0
54 5 51
0 5 0 5 10 S&F 40 5 0 5 10 SF
Time (s) o Time (s) @Q
| A majority of VMHvI observer neurons is VMHVIPR neurons
F 2
| Aggression mirror-TRAP | | tdTomato || Esr || Merged oo £
= o
gy & 2 &
Observing aggressive displays 34 G0
So 60 0 8 60
< c ®©
= S o o0
£8 40 gs ®
S8 3
29 2 8 2
bﬂ& = g°
‘ 0 L 0

Fos iCreERT2. pj14

(legend on next page)



Cell ¢ CelPress

OPEN ACCESS

Figure S5. Characterizing VMHvI neurons tagged with aggression mirror-TRAP, related to Figure 5

(A) Greater overlap of Fos labeled observer VMHvI neurons with aggression-activated, FosTRAP2-tagged neurons (Aggression-TRAP) compared to home cage-
activated FosTRAP2 tagged cells. Note that aggression-TRAPed mice are identical to those in Figures 5B and 5C.

(B and C) Aggression mirror-TRAPed VMHvI neurons are not only activated when observing aggression (Figures 5E and 5F) but also during intruder-directed
displays of attack (B) or tail-rattle (C) by self. Same experimental males as used in Figures 5E and 5F.

(D and E) Aggression mirror-TRAPed VMHvI neurons in observers show no discernible activation during investigation or grooming between demonstrators (D).
GCaMP6s expression in aggression mirror-TRAPed VMHvI neurons (E).

(F) Aggression mirror-TRAPed VMHvI neurons are largely a subset of VMHvIP® neurons (which also co-express Esr1). Mean + SEM n = 4 (A, aggression-TRAP), 6
(A, home cage TRAP) Fos'®"®ER72;Aj14 males; 8 (B-E) Fos'“"®Ff"2 males; 5 (F) Fos'®"®E"2;Ai14 males. *p < 0.05, **p < 0.01. Scale bars, 50 um (A,F) and 100 um (E).
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Figure S6. Activity of aggression mirror-TRAPed VMHVvI neurons is not essential for mating, related to Figure 6

(A and B) Inhibition of aggression mirror-TRAPed VMHvI neurons does not alter sniffing of male intruder (A). Expression of DREADDI in aggression mirror-TRAPed
VMHUVI cells (B).

(C) Schematic of mating assay with the aggression mirror-TRAPed resident male expressing DREADDi in VMHVI cells.

(D) Rasters of individual resident males showing no alteration of sexual displays (mount, intromission) upon inhibition of aggression-mirroring VMHvI neurons.
(E-H) Inhibition of aggression-mirroring VMHVI neurons does not alter likelihood (E), latency (F), number (G), or duration (H) of male-initiated interactions during
mating.

(land J) Schematic of strategy to express DREADD:i in VMHuvI neurons of observers watching interactions between Trpc2 null demonstrators (I) and quantitation of
DREADD:I expression in VMHVI cells (J).

(K-0O) Provision of vehicle (saline) or CNO to experimental resident males followed by introduction of WT intruder males (K) does not alter probability of initiating
aggression (L) or other behavioral parameters of fighting such as latency (M), number of events (N), or duration (O).

(P-T) Provision of vehicle (saline) or CNO to experimental resident males followed by introduction of WT receptive females (P) does not alter probability of initiating
mating (Q) or other behavioral parameters of mating such as latency (R), number of events (S), or duration (T). Mean + SEM Fos'®®ERT2 males, 10 (A-H, identical to
males of Figure 6) and 7 (J-T). Scale bar, 100 pm.
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Figure S7. Activation of aggression mirror-TRAPed VMHVvI neurons triggers aggression toward females, related to Figure 7
(A and B) Activation of aggression mirror-TRAPed VMHUvI neurons reduces number and duration of sniffing of the male intruder (A). Expression of DREADDq in

aggression mirror-TRAPed VMHVI cells (B).

(C) Schematic of mating assay with the aggression mirror-TRAPed resident male expressing DREADDq in VMHUVI cells.
(D) Rasters of individual resident males show that activation of VMHvI neurons with CNO elicits aggressive displays toward females.

(legend continued on next page)
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(E-H) Activation of aggression mirror-TRAPed VMHvI neurons reduces the likelihood of mating and increases that of aggression toward WT female intruders (E).
There was also a decreased latency to fight (F), fewer mounts and intromissions and greater attacks and tail-rattles (G), reduced duration of sniffing, mounting,
and intromission (H), and longer duration of attacks (H).

(I) Expression of DREADDq in aggression mirror-TRAPed VMHvI neurons in males tested with a mirror in their home cage (Figures 7H and 71). Mean + SEM n =12
Fos'®*ERT2 males, identical to those of Figure 7 (A-l), and 6 Fos’°®E"2 males. *p < 0.05, **p < 0.01. Scale bars, 100 pm.
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