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Highlights
e “CRISPRoscopy” integrates calcium imaging and gene
editing in the same neuronal cell type

e Co-editing of Oxtr and AVPr1a genes in VMH®"" neurons
reduces aggression but not mounting

e A line attractor encoding a scalable, persistent aggressive
internal state is eliminated

e Line attractor implementation in the hypothalamus requires
neuropeptide signaling
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In brief

Oxytocin and vasopressin receptors are
required in the ventromedial
hypothalamus for persistent neural
activity and line attractor dynamics that
encode an aggressive internal state.
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SUMMARY

Internal states drive survival behaviors, but their neural implementation is poorly understood. Recently, we
identified a line attractor in the ventromedial hypothalamus (VMH) that represents a state of aggressiveness.
Line attractors can be implemented by recurrent connectivity or neuromodulatory signaling, but evidence for
the latter is scant. Here, we demonstrate that neuropeptidergic signaling is necessary for line attractor dy-
namics in this system by using cell-type-specific CRISPR-Cas9-based gene editing combined with single-
cell calcium imaging. Co-disruption of receptors for oxytocin and vasopressin in adult VMH Esr1™ neurons
that control aggression diminished attack, reduced persistent neural activity, and eliminated line attractor dy-
namics while only slightly reducing overall neural activity and sex- or behavior-specific tuning. These data
identify a requisite role for neuropeptidergic signaling in implementing a behaviorally relevant line attractor
in mammals. Our approach should facilitate mechanistic studies in neuroscience that bridge different levels
of biological function and abstraction.

INTRODUCTION of cell types and genes. This in turn requires integration of these

two approaches,”® which has been accomplished in very few
24,25

Innate survival behaviors such as aggression, mating, feeding, and
defense are driven by internal motivational or affective states,’™
which are experienced in humans as subjective feelings.*®> How
and where such internal states are encoded in the brain, and
how they are causally related to overt behavior, is emerging as a
major topic in circuit and systems neuroscience.®’

The study of internal states has been pursued via two
approaches that have, until recently, remained relatively sepa-
rate. One, a “bottom-up” approach, employs genetically or
pharmacologically based manipulations of genes and neural cir-
cuits®®? aimed at providing causal explanations for behavioral
and psychological internal states.'®'®> The other, a “top-
down” approach, identifies internal states computationally in
high-dimensional neural population activity.'®'* The latter has
revealed attractors as a mechanism for encoding low-dimen-
sional variables underlying cognitive functions.’>™'® More
recently, such models have been applied in behavioral neurosci-
ence as well.?%?? To test the causal role of such attractors, it is
important to understand their neural implementation at the level
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systems.

Persistent neural activity (on a timescale of seconds to
minutes) is a characteristic feature of neural integrators and
attractor dynamics.'®?%2” Two alternative (but not mutually
exclusive) implementation mechanisms are typically invoked to
explain such persistence: recurrent fast synaptic connectivity
or slow neuromodulation.?® While there is evidence of recurrent
connectivity underlying a ring attractor that encodes head direc-
tion in Drosophila,?**>**° to our knowledge, there is no evidence
of any neuromodulator that controls attractor dynamics in any
system.

Neuropeptides comprise a class of evolutionarily conserved
neuromodulators®*®! that control behavior-specific internal
motive states associated with mating,®>*® aggression,** ¢ so-
cial attachment,®” and other behaviors. Neuropeptides are
well known to modulate synaptic strength and neural circuit
properties such as patterns of oscillation, >~ but their role in im-
plementing neural integrator and attractor dynamics has not
been extensively studied in vertebrates. Experiments in
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C. elegans have identified neuropeptides that control persistent
states of locomotor activity,*'"*? but whether they influence the
dynamical manifolds identified in that system*® is not yet clear.

A powerful approach to this question is to combine cell type-
specific genetic perturbations of neuromodulatory signaling
with simultaneous large-scale recording of neural activity in the
same brain region and genetically defined cell type. While these
experimental modalities have been successfully integrated in
C. elegans,”>** D. melanogaster’>*® and larval zebrafish,*’
they have been difficult to combine in mammalian systems for
technical reasons (Figure S1A).

Here we describe a viral-based strategy that integrates cell-
type-specific, regionally restricted CRISPR-Cas9-based multi-
plex gene editing*®“° with single-unit-resolution calcium imag-
ing of neural dynamics in freely behaving adult animals,®® which
we call “CRISPRoscopy.” This method, when combined with
dynamical systems modeling,’'>? allows investigation of the ef-
fects of local inactivation of different neuromodulatory receptors
on neural population coding, dynamics, and behavior in the
same brain region and cell type during naturalistic behaviors.

As a proof-of-concept application of this approach, we have
examined the role of oxytocin (OXT) and arginine vasopressin
(AVP) signaling in a population of neurons in the ventromedial hy-
pothalamus (VMH) that controls aggression.”®** We chose
these peptides for several reasons. First, they have been widely
implicated in the control of social behaviors®’**° (although the
role of OXT in aggression has been controversial®®*~%). Second,
VMH neurons are known to express receptors for OXT and
AVP,%%%% and infusion of the latter into VMH can enhance
aggression in hamsters.®” Third, aggression is an instinctive
and phylogenetically widespread social behavior that expresses
an internal affective state.°>®® Finally, dynamical systems
modeling®’>® of population activity from estrogen receptor-1
(Esr1)-expressing neurons in the ventrolateral subdivision of
the VMH (VMHVIES)®* has revealed an approximate line attrac-
tor (or leaky integrator). This attractor is intrinsic to VMHvI®® and
represents a scalable, persistent aggressive internal state.”’

Here, we show that genetic perturbation of OXT and AVP re-
ceptors in VMHVIF™" neurons disrupts aggressive behavior,
persistent activity, and line attractor dynamics while only
modestly affecting overall neuronal activity and population cod-
ing of behavior or intruder sex.®® These data provide evidence of
a requirement for neuropeptides in line attractor dynamics and
strengthen the link between such dynamics and an internal af-
fective state.

RESULTS

Most Esr1* neurons co-express OXT and vasopressin
receptors and respond to these peptides ex vivo

To determine whether Oxtr and Avpria receptors are co-ex-
pressed in individual VMH neurons, we examined a single-cell
RNA-seq (scRNA-seq)-based atlas of VMHuvl transcriptomic
cell types®” anatomically validated by smFISH.®® We observed
co-expression of Oxtr and Avpr1a mRNA transcripts (but not of
Avprip or Avp2r transcripts) within individual neurons belonging
to several Esr1* transcriptomic clusters (Figures 1B, S1B, and
S1E). All Esr1* VMHUVI clusters contained cells expressing Oxtr,
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with most clusters (5/8) containing cells that co-expressed Av-
pria transcripts (Figures 1C, 1D, and S1C). Overall, ~78% of
Esr1* cells in VMHvI expressed Oxtr mRNA, and ~61% of these
cells also expressed Avpria mRNAs (Figure 1E). However, none
of the VMHUvI clusters expressed Oxt or Avp transcripts, indi-
cating that the source(s) of the peptides must be extrinsic to
the nucleus® (Figure S1D).

To explore the effect of OXT and AVP on the physiological activ-
ity of VMHvI neurons, we used 2-photon imaging of acute VMH
slice preparations (Figure 1Fi). This system enabled us to record
Ca?* traces in brain slices from ESR1-2A-CRE animals®” express-
ing a CRE-dependent Ca®* indicator (GCaMP71).”? Perfusing a
mixture of 400 nM (each) OXT plus AVP or individually adminis-
tering these peptides elicited strong (AF/F ~500%-600%) re-
sponses in VMHVIES™ cells (Figures 1Fii, S1F, and S1G). These
findings demonstrated the presence of functional AVP and OXT
receptorsin VMH neurons, consistent with prior electrophysiolog-
ical studies.®®">"* Furthermore, it established a high-yield system
for evaluating cellular responses to OXT and AVP following
CRISPR-Cas9-based mutations of their receptors.

Oxtr/Avpria-mediated neuropeptidergic signaling in
VMH is required for male territorial aggression

The likelihood of functional redundancy or developmental
compensation between OXTR and AVPR1a in mediating re-
sponses to OXT and/or AVP"*"® prompted us to design a multi-
plex viral CRISPR-Cas9 approach to concurrently target both re-
ceptors in the same cells. To do this, we modified previously
described vectors’® to express two different gRNAs targeting
Oxtr and Avpr1a from four distinct RNA polymerase Il promoters
in either a lentiviral (LV) or an adeno-associated virus (AAV) vec-
tor (Figure 2A; see STAR Methods). We used two different
gRNAs for each receptor gene since this approach has been re-
ported to significantly increase in vivo gene editing efficiency in
the mammalian nervous system.’” Each gRNA was designed
to target either the Oxtr or the Avpria coding region, and this
specificity was confirmed using the T7 endonuclease assay’®
(Figure S2A). Editing efficiency as measured by sequence
trace decomposition’® varied from 32%-81%, depending on
the gRNA.

While OXT, AVP, and their receptors have been studied exten-
sively in rodent aggression using pharmacologic reagents and
zygotic gene knockouts,**°%8%-83 there are no reports of a spe-
cific requirement in offensive aggression for either Oxtr or Avpria
in murine VMHvI. Because local infusion of pharmacological
blockers cannot currently be combined with microendoscope
imaging,®*®* we initially sought to use CRISPR-Cas9-mediated
gene editing to evaluate whether these receptors are functionally
relevant to this behavior in VMH in vivo. Generating viruses with
the high titers necessary for in vivo applications (see STAR
Methods) precluded the inclusion of a Cas9 cDNA in the same
vector that encoded two different gRNAs, each against Oxtr
and Avpria. Therefore, Cas9 was delivered by co-injection of a
separate AAV (Figure 2Aii). To target VMHvI neurons broadly
for this initial experiment, we employed a constitutive version
of the system. We used an LV-based vector to express the 4
different gRNAs because we found that their anatomical spread
is more restricted than that of AAVs.
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Figure 1. VMHVI™! neurons co-express oxytocin and vasopressin receptors and respond to these peptides ex vivo
(A) Schematic illustrating resident-intruder (RI) behavioral assay and anatomy of VMH, with dorsomedial (dm), central (c), and ventrolateral (vl) subdivisions
indicated. Esr1* neurons in VMHuvl respond specifically to intruder males (red), females (green), or to both (gray).®® Male- vs. female-tuned neurons control male-

vs. female-directed aggression and mating behaviors, respectively.®*"%""

(B) Violin plots illustrating expression of Esr1, Avpr1a, and Oxtr mRNAs in VMH single-cell transcriptomic clusters® (top, colored boxes) and super-types (shaded

regions). CPMM, maximum counts per million reads.

(C) t-SNE plots illustrating the expression of Avpria and Oxtr mRNAs in single VMH cells (dots). Inset, cluster of Esr1* cells (see also Figure S1C).

(D) Levels of Esr1, Avpria, and Oxtr mRNA expression in ~50 VMH cells.

(E) Venn diagram of Esr1, Avpria, and Oxtr mRNA-expressing VMHvI neurons. Circle sizes represent relative number of neurons.
(F) lllustration of two-photon ex vivo calcium imaging preparation showing (i) perfusion of brain slices with peptides (400 nM each AVP plus OXT) and (ji) average
calcium responses in Esr1* cells (n = 124 cells, 4 = mice). Gray shaded box depicts peptide perfusion period.

Statistics: values plotted as mean + SEM. ***p < 0.0001, Mann-Whitney test.

See also Figure S1.

Immunohistochemistry of brain sections from animals co-in-
jected with the gRNA-dsRed LV and the Cas9 AAV indicated
that ~80% of Cas9* cells were co-infected with the gRNA virus
(Figures 2C and 2D). Assessing the efficiency of co-disrupting
both receptors in vivo at the protein level was not feasible since
staining with available antibodies to OXTR or AVPR1a yielded no
signal even in control sections. mRNA levels are not necessarily
reduced by CRISPR-Cas9 indels.®° Therefore, we used calcium
imaging in acute VMH brain slices perfused with OXT + AVP to
confirm that physiological responses to the peptides were
strongly reduced by co-editing of their receptors (see below;
Figures 2E and S3B).

We investigated the effect of Oxtr/Avpria co-editing on social
behaviors in mice injected in VMH bilaterally with the OAR-gRNA
LV and a Cas9 AAV (experimental group) using a standard resi-
dent intruder (RIl) assay (Figure 1A). We used single-housed,
sexually experienced wild-type C57BL/6N resident males pre-
selected for adequate aggressiveness (Figure 2F; see STAR
Methods). Control animals were co-injected bilaterally with the
scrambled gRNA (Scr gRNA) and Cas9 viruses (control group).

6000 Cell 787, 5998-6015, October 17, 2024

Experimental mice displayed a notable reduction in aggression
toward male intruders, as evidenced by significant decreases in
the number and time-varying probability of attack bouts, the total
time spent attacking, and the average duration of each attack
bout. In addition, the latency to the 1st attack bout was signifi-
cantly increased (Figures 2Gi, 2Gii, S2B, S2Ci, and S2Cii). These
behavioral effects were not due to defects in locomotor activity
since average velocity during attack episodes was similar be-
tween experimental and control mice (Figure S2Ciii). By contrast,
the time spent in close investigation (sniffing) of male intruders did
not differ significantly between experimental and control male
residents (Figure 2Giii). Experimental males also did not differ
significantly from controls in their sniffing or mounting behavior
toward female intruders (Figures 2H and S2D).

These data suggest that Oxtr and/or Avpria expressed in
VMHvI neurons play a requisite and selective role in aggressive
behavior. Furthermore, they motivated us to analyze next how
disrupting these receptors specifically in Esr1 neurons affects
behavior, neural activity, population coding, and network dy-
namics in vivo.
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Figure 2. CRISPR-Cas9-based co-perturbation of Oxtr and Avpria reduces territorial aggression in males
(A) Schematic illustrating viral constructs for region-restricted multiplex CRISPR-Cas9 gene editing in vivo, using (i) a gRNA-dsRed LV and (ii) Cas9 AAV (see STAR
Methods). Inset, males were co-injected bilaterally in VMH with the OAR gRNAs + Cas9 (experimental) or Scr gRNA + Cas9 (control) viral mixtures.

(B) Two different gRNAs each target Oxtr and Avpria.

(C) Immunostaining for dsRed (red) and Cas9 (green) in coronal VMH sections from co-injected animals. Sections are counterstained with DAPI (blue). Note high-

magnification inset in “Merged” panel, lower left.
(D) Fraction of Cas9* cells expressing dsRed (QRNA virus); n = 3 mice.

(E) Fraction of Esr1* neurons responding to 400 nM AVP+ OXT in VMH slices from ESR1-2A-CRE mice co-injected with Cas9 AAV plus Cre-dependent OAR
gRNAs-GCaMP8s or Scr-GCaMP8s AAVs (see Figure 3Ai). Datapoints represent brain slices. n = 2 Scr RNA (control) and n = 3 OARs (experimental) mice.

(F) Flow diagram illustrating experimental paradigm.

(G) Male-directed behaviors in experimental (red bars) and control (gray bars) males. n = 11 mice per group.
(H) Female-directed behaviors in experimental and control males. n = 11 mice per group.
Statistics: values plotted as mean + SEM. **p < 0.01,"p < 0.001; Mann-Whitney test was performed in (E), (G), and (H).

See also Figure S2.

Altered VMHVIES™! neural activity during social
interactions in mice with disrupted OXT and AVP
receptors

Male VMHVIES™ neural activity normally increases during sniffing
and attack toward an intruder male.®®® We therefore sought to
analyze the activity of these neurons via calcium imaging in mice
with or without co-disruption of Oxtr and Avpria. To restrict
CRISPR-based gene editing to the same cell population that

we wished to image, we constructed an AAV vector that encodes
both the gRNAs and a Cre-dependent GCaMP8s®’ (Figure 3A,
upper). In mice co-injected with a Cre-dependent Cas9 AAV,
cells co-infected with both viruses are expected to undergo
gene editing. The use of Cre-dependent AAVs in these experi-
ments yields higher levels of expression than LVs as well as
cell type specificity. Double-labeling with antibodies to GFP
(GCaMP8s) and Cas9 in mice co-injected with the two
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Figure 3. Co-disruption of OXT/AVP signaling alters VMHvI®*" bulk calcium activity

(A) Cre-dependent AAV constructs for combining multiplex CRISPR-Cas9 gene editing and calcium imaging in vivo.

(B) Left, schematic of experimental design combining bilateral gene editing of Oxtr/Avpria with unilateral fiber photometry. Right, GCaMP8s expression (green) in
a coronal VMHvI section, counterstained with DAPI (blue).

(C) Male-directed behaviors in experimental and control males (n = 16 control and n = 13 experimental mice).

(D) Female-directed behaviors (n = 15 control and n = 13 experimental mice).

(E) Examples of fiber photometry traces from control (gray trace) and experimental (red trace) mice during male-directed sniffing bouts (behavior raster at top).
(F) Z scored behavior-triggered average (BTA) of bulk calcium activity in VMHVIES™ neurons during male-directed sniffing as a peri-event time histogram (PETH). (i)
AUC (area under the curve) and (i) peak PETH signal (first 1 min). Each datapoint represents a sniff bout. n = 5 mice per group.

(G) Examples of fiber photometry traces from control and experimental mice during attack.

(H) Z scored BTA of VMHVI®™ activity; (i) AUC and (ii) peak PETH during attack. n = 5 per group.

Statistics: values plotted as mean + SEM. *p < 0.05, **p < 0.01, Mann-Whitney test was used in (C), (D), (F), and (H).

See also Figure S3.
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Cre-dependent AAVs (Figure 3A) indicated that ~66% of
GCaMP8s-expressing Esr1 neurons were Cas9* (Figures S3Ai
and S3Aii).

As mentioned above, to verify the disruption of normal
signaling responses to OXT and AVP in Esr1 neurons with co-tar-
geting of Oxtr and Avpr1a, we performed ex vivo calcium imaging
of VMH slices (Figure 1Fi) from ESR1-2A-CRE mice co-injected
with the Cas9 and Cre-dependent gRNAs-GCaMP8s viruses
(Figure 3Ai). The fraction of GCaMP8s-expressing cells respon-
sive to mixed AVP and OXT peptides was reduced from
42.6% + 3% in Scr gRNA controls to 13% =+ 3.3% (~70% reduc-
tion) in Oxtr/Avpria gRNAs (Figure 2E). In addition, the few
responsive cells in experimental slices were less activated by
the peptides than cells in controls (Figure S3B). Thus, co-disrup-
tion of Oxtr/Avpria using our dual viral-based CRISPR-Cas9
system can reduce physiological responses to OXT and AVP in
VMHVIES™" neurons, although they do not eliminate such re-
sponses completely.

We next used the Cre-dependent gene editing and GCaMP
imaging systems to test whether Oxtr/Avpria-mediated
signaling is required selectively in Esr1 neurons for aggressive
behavior and to examine simultaneously how neural activity in
these cells is affected. Bilateral co-disruption of Oxtr/Avpria in
VMHVIES" neurons significantly reduced most metrics of
aggression toward male intruders compared with control mice,
although to a somewhat lower extent than observed with the
Cre-independent system (Figures 3Ci, 3Cii, and S3C). Using fi-
ber photometry®® to measure bulk calcium signals (Figure 3B),
we observed a partial but statistically significant reduction in
overall VMHVIES™ neuronal activity during the infrequent attack
bouts exhibited by experimental mice (Figures 3G, compare
red vs. gray rasters, and 3H). A reduction in VMHVI®S™ activity
during sniffing episodes was also observed in these mice
(Figures 3E and 3F), even though the duration of sniffing behavior
remained unaffected (Figure 3Ciii). By contrast, during male-fe-
male interactions, calcium signals in experimental males were
not significantly different from controls (Figures S3E and S3F),
consistent with the lack of an effect on mounting behavior
(Figures 3D and S3D). Thus, males with bilateral co-disruption
of Oxtr/Avpria-mediated signaling in VMHVIES™ neurons ex-
hibited a reduction in both aggression and in Esr1* neural activ-
ity. However, these data did not distinguish whether the reduced
activity was a cause or a consequence of the diminished aggres-
sive behavior.

Single-cell CRISPRoscopy imaging of VMHVIES"! neurons
with co-disruption of Oxtr/Avpria

To investigate how co-editing of Oxtr/Avpria affects activity in
individual VMHVI®*™ neurons, we imaged Ca?* activity using a
miniature head-mounted microscope50 in Esr1-2A-CRE males
co-injected with the experimental or control virus pairs. We call
this approach CRISPRoscopy. To avoid reducing aggressive
behavior, we performed calcium imaging and Oxtr/Avpria co-
disruption unilaterally (Figure 4A). Because there are virtually
no commissural connections between VMHuvI, unilateral loss-
of-function manipulations are typically compensated by the un-
manipulated side.”®®® Indeed, unilateral injected experimental
animals displayed no deficits in sniffing or aggression compared
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with controls (Figure S4A). This design allowed us to determine
the effects of Oxtr/Avpria co-disruption on neural activity and
dynamics in behaviorally normal animals.

Effect of Oxtr/Avpria co-editing on VMHvIES™ activity
and intruder sex representations

Our previous single-unit calcium imaging studies have shown
that socially experienced males contain distinct VMHvI®"™ sub-
populations that are activated by male vs. female intruders,
respectively.?®"%% This tuning separation was also clear in
raster plots of VMHvI®S"™ units imaged in control vs. experimental
(Oxtr/Avpria co-edited) males (Figure 4B). To quantify the pro-
portion of intruder sex-“tuned” neurons, we measured unit activ-
ity during the first 1-2 min after the introduction of a male or fe-
male intruder in two ways: either by Z scoring (relative to the
cell’s mean fluorescence over the entire recording period) or
by the change in fluorescence relative to the mean pre-intruder
baseline”* (in units of o; see STAR Methods).

During interactions with a male intruder, the experimental cu-
mulative distribution function (ECDF) and mean activity of all
units (pooled from n = 4 control and n = 7 experimental animals)
were slightly but significantly decreased in experimental mice
(Figures 4Ei, 4Fi, and S4Di). However, the mean activity among
cells considered as “active” (>2c above baseline®®) did not
differ between control and experimental mice (Figure S4E). Dur-
ing interactions with females, there was no significant difference
in activity (measured in ¢ above baseline) between experimental
and control animals (Figures 4Eii and 4Fii), although Z scored ac-
tivity showed a slight but significant increase (Figure S4Dii).

Next, we measured the percentage of male-selective (activity
> 2o during male but not female interactions) and mixed-selec-
tivity (activity > 2o during both male and female interactions)
neurons within the Esr1* population during male-male interac-
tions. The percentage of all male-activated neurons (selective
or mixed) was slightly smaller in experimental than control
mice (34.6% vs. 38.3%, respectively; Figures 4G and S4F), while
there was a ~56% reduction in the small fraction of male-selec-
tive neurons (6.3% + 2% vs. 14.4% = 4%, respectively;
Figures 4G and S4F). Conversely, during female interactions,
the fraction of female-selective and mixed-selectivity neurons
was increased by ~4% and ~44%, respectively, in experimental
mice (Figures 4G and S4F). Together, these data are suggestive
of a shift in sex-specific tuning from male-selective to mixed
selectivity, a conclusion consistent with choice probability (CP)
analysis (see below).

To determine whether this shift affected the ability to accu-
rately decode intruder sex at the population level, we performed
dimensionality reduction using partial least-squares (PLSs)
regression. This analysis revealed a clear separation of re-
sponses during encounters with males vs. females in both con-
trol and experimental animals (Figures 4C and S4B). In addition,
linear support vector machine (SVM) decoders trained on imag-
ing data from either control or experimental mice correctly pre-
dicted intruder sex with virtually 100% accuracy (Figure 4D).
Thus, in socially experienced animals, co-targeting of Oxtr/Av-
pria in VMHVIES™ cells does not disrupt the population coding
of intruder sex,°® despite the altered sex-selectivity of some of
these units.
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Figure 4. Single-cell imaging of VMHvIEs"

neurons with co-disruption of Oxtr/Avpria

(A) Schematic of CRISPRoscopy. Upper, unilateral viral injection and microendoscope placement; lower, coronal VMHvI section illustrating GCaMP8s expression

(green); blue, DAPI counterstain.

(B) Sample Z scored unit responses toward female and male intruders from control (i) and experimental (i) male residents.
(C) VMHVIE™ ensemble representations of responses to intruder male (magenta trace) or female (green trace) for a control (i, Scr gRNAs) and experimental (ii,
OARs gRNAs) male resident, projected onto a PLS regression against intruder sex. Axes indicate the percentage of variance explained for each PLS dimension.

(D) Accuracy of frame-wise decoders of intruder sex in control (Scr) and experimental (OARs) animals, trained on VMHv

1Es™ unit activity.

(E and F) Single-unit VMHVIS™" activity (E) and cumulative distribution of responses (F) in units of ¢ above pre-intruder baseline during 1 min of interaction.
(G) Percentage of male- or female-selective or co-active VMHVIE™ units (> 20 above the pre-intruder baseline) in control (i) and experimental (i) mice. n = 5

control, n = 7 experimental animals.

Statistics: values are means + SEM. Mann-Whitney test was used in (D), and nested Mann-Whitney and Kolmogorov-Smirnov tests were performed in (E) and (F),

respectively. *p < 0.01, **p < 0.001, ***p < 0.0001.
See also Figure S4.

Effect of Oxtr/Avpria co-editing on behavior
representation in VMHvI during social encounters

Next, we examined the effect of co-disruption of Oxtr/Avpria on
VMHVI®™ neuronal activity during the different behavioral
phases of social interactions with males or females: appetitive
(sniffing) or consummatory (attack or mounting, respectively).
The ECDF and average single-unit activity during male-directed
sniffing or attack were slightly but significantly lower in experi-
mental than in control mice (Figures 5Ai, 5Aii, 5Ci, 5Cii, S5Ai,
S5Bi, and S5Bii). By contrast, during social interactions with fe-
males, activity during sniffing and mounting was similar
(Figures 5Aiii, 5Aiv, 5Ciii, 5Civ, S5Aii, S5Biii, and S5Biv). As an
additional approach, we quantified the average activity in peri-
event time histograms (PETHSs) for each type of behavior (see
STAR Methods). The mean activity during male-directed sniffing
or attack was slightly but significantly lower in experimental than
in control mice (Figures S5Ci and S5Cii), while it was significantly
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higher during female-directed sniffing but unchanged during
mounting (Figures S5Ciii and S5Civ). In summary, the activity
of VMHVI®"™ units during different social behaviors was
either unchanged or only modestly different between experi-
mental and control animals, with statistically significant de-
creases or increases during male- vs. female-directed behav-
iors, respectively.

We next examined the proportion of behavior-selective active
units (defined as units with activity > 2o above pre-intruder
baseline during, e.g., sniff but not attack or vice versa).®%7%:5¢
As we previously showed, a relatively small fraction of
VMHVIES™ neurons was selective for sniff or attack (~2.5%-
10%), with the majority showing mixed behavioral selectivity
(Figure 5B).21:55:79:85 |n experimental mice, during male interac-
tions, the fraction of sniff-selective units was reduced by
~40% relative to controls (3.9% + 2% in OARs gRNAs mice
vs. 8.9% + 3% in Scr gRNAs mice), while the small proportion
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Figure 5. Activity and tuning of VMHVIE*™ neurons with co-disruption of Oxtr/Avpria during social behaviors

(A) Cumulative distribution plots of VMHy[Es"! activity (in units of o relative to pre-intruder baseline) during male- (sniffing and attack) or female- (sniffing and
mounting) directed behaviors in control (Scr gRNAs) and experimental (OARs gRNAs) mice.

(B) Scatter plots of single VMHVIES"™ unit activity (c above the pre-intruder baseline) during male-directed sniffing or attack in control and experimental mice.
Green datapoints indicate sniff male (M)-selective units (> 2c activity during male-directed sniffing and <2c activity during attack); red datapoints depict attack
male-selective units (>2c activity during attack and <2c activity during sniffing).

(C) Average activity (o) of single VMHVIES units during sniff or attack male (i and ii, M) or during sniff or mount female (iii and iv, F).

(legend continued on next page)
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of attack-selective units was reduced by ~70% (1.8% + 0.7%
vs. 6% = 0.9%; Figures 5B and 5Di). The fraction of neurons
exhibiting mixed behavioral selectivity (i.e., active during both
behaviors) was moderately reduced (~22%; Figure 5Di). Overall,
there was a ~38% reduction in the fraction of active units during
all male-directed behaviors (from 36.2% in control to 22.4% in
experimental mice). By contrast, the fraction of female-directed
sniffing- or mount-selective units was similar between control
and experimental males (Figure 5Dii).

As an alternative metric of a cell’'s behavioral tuning, we calcu-
lated its CP: a cell was considered tuned to one of two pairwise-
compared behaviors if it exhibited a CP > 0.7 that was signifi-
cantly different (p < 0.5) from shuffled data.®® We observed an
~80% and ~70% reduction in the percentage of attack- and
sniff-tuned units, respectively, in experimental vs. control mice
during male-male interactions (Figure 5Ei), with a concomitant
~18% increase in the fraction of units exhibiting mixed selec-
tivity (CP for sniff vs. attack < 0.7; Figures 5Ei, gray bars, and
S5D). By contrast, the percentage of units tuned to sniffing fe-
males (vs. sniffing males) was increased in experimental mice
(28.8% + 3% vs. 41.1% = 3%; Figure 5Eiii). We also observed
a slight increase in the fraction of sniff female (vs. mount fe-
male)-tuned units and mount female (vs. attack male)-tuned
units in experimental vs. control animals (Figure 5Eii). This anal-
ysis suggests that perturbation of normal OXTR/AVPR1a-medi-
ated signaling decreases the relative number of units tuned to
specific male-directed behaviors and increases the fraction of
female behavior-tuned and mixed-selectivity cells.

Despite these shifts in behavior-selective tuning, there was no
significant difference between control and experimental mice in
the performance of linear decoders trained to distinguish attack
from sniffing based on VMHVvI®S™ activity (Figure S5E). Thus, the
population coding of social behavior by VMHVIES™ neurons® is
unaffected by the co-disruption of Oxtr/Avpria.

VMHVIES™ line attractor dynamics require Oxtr/Avpria-
mediated signaling

In addition to the level of activity and degree of feature- (behavior
or sex)-specific tuning, neural dynamics can play an important
role in the neural coding of cognitive function or internal state.'®
Using unsupervised linear dynamical systems modeling,”">*> we
recently discovered an approximate line attractor in VMHvI neu-
ral state space that encodes a low-dimensional, scalable repre-
sentation of aggressiveness.?' This line attractor is implemented
by a subset of male-tuned VMHVIE™ neurons (~20%-25%) that
are male-tuned and whose collective activity ramps up as social
interactions escalate to attack and thereafter decays with a long
(~100 s) time constant,”’ reflecting persistent activity in this sub-
set. Since neuromodulatory signaling has been implicated in
some forms of persistent neural activity,”®*%°! we investigated

Cell

whether line attractor dynamics during social behaviors are
altered when OXTR/AVPR1a-mediated signaling is perturbed.

We fit recurrent switching linear dynamic system (rSLDS)
models®? individually to data from each experimental and control
mouse, using data from animals with at least 31 imaged units. In
both the control and experimental groups, the fit models reduced
the dimensionality of the data to 5 latent factors and three states
(S1-S3), capturing ~85% of the observed variance in neural activ-
ity. Model performance (cvR?) was similar between control and
experimental mice (Figure S6D). During male-male interactions,
attack behavior occurred during a single rSLDS state in both con-
trol and experimental males. In control mice, the time constant (t)
ofthe 15'rSLDS dimension (derived from the first eigenvalue of the
fit dynamics matrix; see STAR Methods) was significantly higher
than that of the 2" dimension (~100-120 s vs. ~40 s;
Figures 6A and S6E). This yielded a line attractor score (calculated
as the logs of the ratio of the ‘s of the 15 and 2" dimensions) of
~1.6 (Figure 6F, gray bar), similar to that observed in mice without
CRISPR-Cas9 gene editing.?’ By contrast, in experimental mice,
the first two rSLDS dimensions had statistically indistinguishable
7 values (<50 s; Figure 6C) due to a reduced 13 dimension 7 (Fig-
ure S6E) and consequently a line attractor score close to zero
(Figure 6F, red bar). However, during mounting behavior toward
female intruders, co-perturbation of Oxtr/Avpria-mediated
signaling did not significantly reduce the 1st dimension 7 values
or the line attractor score in experimental mice compared with
controls (Figure S6F), consistent with the fact that most mating at-
tractor-weighted neurons are female-tuned.”’

To visualize neural dynamics in state space during male-male
interactions, we generated 2D flow-field graphs spanned by the
first two PCs of the rSLDS models. The flow fields are composed
of arrows that indicate the rate and direction of change in neural
population activity at different points in state space during social
interactions (Figure S6C). The 2D flow field of control mice (Scr
gRNAs) revealed a roughly linear region of low vector flow consti-
tuting the line attractor, along which the neural population vector
progressed during an inter-male interaction (Figures 6Gi and
S6Ci, dashed black lines). In a 3D dynamic landscape, where
the length of the flow-field vectors at each position in neural state
space is converted into the height of the landscape (and repre-
sented as a heat scale), in control animals, the population activity
vector (PAV) progressed slowly along a trough-like structure (the
line attractor) as aggression escalated (Figure 6Hi). By contrast,
in experimental mice (OARs gRNAs), this line attractor was ab-
sent and was replaced by a point attractor (appearing as a circle
in 2D and a cone in 3D), from which the PAV made “transient”
excursions during bouts of sniffing or attack (Figures 6Gii, 6Hii,
and S6Cii). This point attractor is called a “trivial” fixed point,
corresponding to the resting state of a system in which popula-
tion activity decays to a global minimum in the absence of inputs.

(D) Percentage of VMHVI®S™" units active (defined as >2c relative to pre-intruder baseline) during (i) male- or (ii) female-directed behaviors in control vs.

experimental mice.

(E) Choice probability histograms of VMHvIE*™ behavioral tuning during male- and female-directed behaviors in control (Scr gRNAs) and experimental (OARs

gRNAs) mice. n = 5 control and n = 7 experimental mice.

Statistics: values plotted as means + SEM. Nested Kolmogorov-Smirnov test was used in (A), nested Mann-Whitney test in (C). **p < 0.01, **p < 0.001, ***p <

0.0001.
See also Figure S5.
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Figure 6. VMHVI®*" line attractor dynamics require Oxtr/Avpria-mediated signaling
(A and C) Time constants (1) of all rSLDS dimensions, arranged in decreasing order in control (A) and experimental (C) mice.

(B and D) Normalized weighted average activity projections onto the time axis of the 15 dimension (integration dimension) for VMHv|

experimental (D) M1 mice.

|Esr1

units in control (B) and

(E) Mean normalized VMHVIF" 1 dimension activity during all behavioral bouts, or the post-intruder removal period, in control (i, n = 4) and experimental (i, n = 7)

mice.

(legend continued on next page)
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This minimum (bottom of the cone in Figure 6Hii) represents the
location of the PAV during baseline behavior in solitary mice.
These data indicate that Oxtr/Avpria-mediated signaling is
required for the emergence of line attractor dynamics in VMHuvI
during male-directed aggression but not during female-directed
mounting.?’!

To investigate in more detail how co-disruption of Oxtr/Avpria
perturbs VMHVIES™ attractor dynamics, we projected the
weighted average of neuronal activity in the 15 rSLDS dimension
(which generates the line attractor) onto the time axis and aligned
it with behavior annotations. As reported previously,?" in control
mice, this activity ramped up during the progression from male-
directed sniffing to attack, eventually reaching a plateau where it
decayed slowly between attack bouts toward a single intruder
and remained elevated between sequential trials with different
intruders (Figures 6B, 6Ei, and S6A, “post-intruder”). By
contrast, in experimental mice, 1%t dimension neural activity de-
cayed rapidly between attack bouts, displaying a “sawtooth”
profile, and was significantly lower during the post-intruder
(i.e., inter-trial) interval (Figures 6D, 6Eii, and S6B). The observa-
tion that 15* dimension activity in experimental mice is transiently
elevated during aggressive episodes but does not remain stable
across attack bouts and trials indicates that these neurons are
still activated during attack but do not integrate recent activity
in the same way as normal mice.

Oxtr/Avp1ra-mediating signaling controls VMHvI®s"
persistent neural activity

We next investigated the dynamics of individual VMHv eu-
rons caused by the co-disruption of Oxtr/Avpria. We focused
initially on cells that were strongly weighted by the 15 rSLDS
dimension (stem plots in Figure 7Aii). In raster plots from control
mice, these units exhibited activity that persisted across inter-
attack bout intervals and decayed slowly after removing the
intruder male, visible as a “smearing” of rasters over time (Fig-
ure 7Ai, Scr gRNAs). By contrast, analogous units from experi-
mental mice exhibited activity time-locked to attack bouts,
visible as a vertical stripe-like pattern (Figure 7Ai, OAR gRNAs).
To quantify these dynamics, we computed the average autocor-
relation half-width (ACHW),°® an approximate measure of the
decay constant,”>® for each 15! dimension-weighted unit. The
mean ACHW of these neurons across the entire social interaction
was significantly shorter in experimental (9.86 + 1 s) than in con-
trol mice (28.6 + 1.23 s), by ~20 s (Figures 7Bi and S7A).

A reduction in the average ACHW was also observed among
2" ¢SLDS dimension cells, as well as in the VMHVIE" population
as a whole (Figures 7Bii and 7C). However, the difference in
mean ACHW between experimental and control animals was

IEsr1 n
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larger for 15! dimension-weighted units (~66%) than for 2"
dimension and total Esr1* neurons (~61% and 50.9%, respec-
tively). By contrast, the average and cumulative distribution of
ACHWSs among all VMHVIE*"" neurons were only slightly reduced
(by ~22%) during male-female interactions (Figure S7B). Thus,
the decay time of individual VMHVIFS™" units is faster, on average,
in experimental than in control mice during male-male social in-
teractions, especially among neurons that contribute to the 1%t
rSLDS dimension. This reduction in ACHW is consistent with
the loss of line attractor dynamics caused by co-disruption of
Oxtr/Avpria and may be a cause or a consequence of this loss.

OXT and AVP evoke persistent responses in VMHvIEs"
neurons ex vivo

The observation that co-disruption of Oxtr/Avpria shortened the
average decay time of Esr1* units raised the question of whether
adding these peptides to VMHvl would, conversely, lengthen this
decay. Because it is not technically feasible to apply drugs or pep-
tides directly at the site of microendoscope imaging, we utilized
the ex vivo VMH brain slice preparation (Figure 1F). We imaged
calcium activity in slices perfused with a cocktail of OXT + AVP
and fitted an rSLDS model to the data (Figure S7C). This fit model
captured 85% of the observed variance in neural activity. The time
constant of dimension x1 (~90 s) was ~8- to 9-fold greater than
that of x2 (~15 s; Figure S7D), similar to that observed in vivo
(Figures 6A and 6C). Stem plots revealed that the neurons highly
weighted by dimension x1 were distinct from those weighted by
x2 (Figure S7E). Plotting the time-varying weighted average activ-
ity of x1 and x2 neurons revealed that the former exhibited slowly
decaying responses to OXT + AVP application, while the latter ex-
hibited more transient responses (Figures S7F-S7J). The two
populations could also be identified independently of rSLDS anal-
ysis by quantifying the decay time of OXT + AVP-mediated
VMHVIES™ population responses (Figure S7K). Interestingly, the in-
clusion of synaptic transmission blockers (20 uM CNQX and 10
uM MK-801) only slightly increased the decay rate during later
phases of the peptide response (Figure S7L). Thus, persistent ac-
tivity can be evoked by OXT + AVP in Esr1* neurons within VMHvI
slices ex vivo, suggesting that it does not require long-range inter-
connections with anatomically distant structures.

DISCUSSION

Using a novel approach that integrates CRISPR-Cas9 gene edit-
ing*®*9 with microendoscope imaging®® and dynamical systems
analysis,”"*> we show that OXT and/or AVP receptors are
required for persistent neural activity, line attractor dynamics,

and aggression in VMHVIES™ neurons®"%"" (Figure 7D). These

(F) Line attractor scores for VMHvI®"

population activity in control (n = 4) and experimental (n = 7) mice.

(G) Inferred flow fields of fit rSLDS models for VMHVIES™ neuronal activity, reduced to the first 2 principal components (PCs), from control (i) and experimental (ii)
mice M1 with projected neural trajectories (traces) and behavior annotations (color labels).

(H) Inferred 3D dynamic landscape of fit rtSLDS model in VMHvI control mouse M1 (i) and experimental mouse M1 (ii). Different views of line (i) and point attractors
(i) are shown. Red arrows (i) depict movement along line attractor. All sniffing, dominance mounting, and attack bouts toward an intruder male are depicted in the

behavioral rasters in (B) and (D).

Statistics: values plotted as means + SEM. Kruskal-Wallis test was performed in (A) and (C). Paired t test was performed in (E) and Mann-Whitney test in (F) *p <

0.05, *p < 0.01.
See also Figure S6.
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Figure 7. Oxtr/Avpira-mediating signaling modulates VMHvI®"! persistent neural activity

(A) (i) Behavioral raster plots and the corresponding neural activity rasters (Z scored) of individual VMHvI®S™ units weighted on the 15t dimension in representative
control (left) and experimental (right) M1 mice. (i) Absolute rSLDS weights of neurons contributing to the 1st dimension are shown as stem plots. See Figure S6 for
additional mice.

(B) Average single-unit and cumulative distribution of neuronal persistence measured by ACHW of individual VMHVIES"™ units weighted on the 15t dimension (i) and
the 2™ dimension (ji) during the entire duration of male-male interactions. n = 4 control, n = 7 experimental animals.

(C) As in (B), except data from all Esr1* units during the first 1-2 min of male-male interactions. n = 5 control, n = 7 experimental animals.

(legend continued on next page)
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results in turn suggest that neuropeptides may control certain
behaviors, at least in part, through an influence on popula-
tion neural dynamics. Our approach should help unify
molecular and circuit-level approaches with “manifold”-level ap-
proaches'® %2 to understanding the neural control of behavior,
emotion, and cognition.

The impact of Oxtr/Avpria co-disruption on VMHvI®s"
activity, tuning, and dynamics

In principle, the observed reduction in aggression could be a
consequence of reduced activity of VMHVIFS™" neurons. Indeed,
fiber photometry and CRISPRoscopy revealed a partial but sta-
tistically significant decrease in average activity during sniffing
or attacking males. The percentage of attack- and sniff-tuned
cells was also partially but significantly reduced. These relatively
modest effects, however, seem unlikely to account for the strong
reduction in aggressiveness caused by bilateral disruption of Oxtr
and Avpria. Nevertheless, as aggression requires a high level of
VMHVIES™ activity,®*®° we cannot exclude that these effects on
activity level and tuning contribute to the behavioral phenotype.
By contrast, co-disruption of Oxtr/Avpria caused a virtually com-
plete elimination of the line attractor. Consistent with this finding,
the average ACHW of VMHVI®*"™! neurons weighted on the inte-
gration (1%!) dimension was strongly reduced. These results sug-
gest that the reduced aggression may be due, at least in part, to
the loss of the line attractor. However, more specific perturba-
tions will be required to test decisively whether selective elimina-
tion of line attractor dynamics affects aggression.

How co-disruption of Oxtr/Avpria eliminates the line attractor
is not clear. Our between-subject comparisons do not allow us to
distinguish whether the reduced ACHW reflects a change in the
dynamics of individual cells or the inactivation of a subset of cells
with long decay time constants. However, persistent calcium re-
sponses evoked by bath application of OXT + AVP to VMHvIEs"
neurons ex vivo were strongly reduced by co-disruption of Oxtr/
Avpria. Persistent activity induced by OXT ex vivo has been
demonstrated in hippocampal neurons.®’

Notably, only a slight reduction in persistence was observed
for VMHVIES™ units that were active during male-female interac-
tions. These female-tuned units are largely distinct from the units
active during male-male interactions.®®® Consistent with this, a
line attractor observed during male mounting of females®' was
not perturbed by co-editing of Oxtr and Avpria, and there was
no deficit in male-female mating behavior. Together, these
data argue that the effect of the Oxtr/Avpria perturbation on
neural dynamics is unlikely due to indiscriminate changes in
VMH cytoarchitecture or function.

A line attractor dependent on neuropeptide signaling
Most theoretical studies have assumed that attractor dynamics

emerge from recurrent fast synaptic connectivity,'’~'® as seen

Cell

in the Drosophila ring attractor system.?**° Our finding that neu-
ropeptide signaling is required for line attractor dynamics and
persistent activity is consistent with recurrent neural network
(RNN) modeling of persistent activity in VMH circuits, which indi-
cated that only models incorporating both recurrence and slow
neuromodulation were accounted for in the experimental ob-
servervations.'>®> OXT can cause increased excitability in ante-
rior VMHvl neurons,®® and it could also strengthen recurrent con-
nectivity within this nucleus'®°* or between interconnected
regions.”® We emphasize, however, that neither Oxt nor Avp
mRNAs are synthesized by VMHVIES™ neurons®?; therefore, their
source(s) must be extrinsic to this nucleus.®®

A role for neuropeptides in implementing slow attractor
dynamics that control innate behaviors is appealing for several
reasons. First, it may overcome the dependence of purely gluta-
matergic attractor networks on fine-tuned synaptic connectiv-
ity.'”'82” This requirement for fine-tuning makes attractors
very “fragile,” i.e., highly sensitive to experimental or physiolog-
ical disruption (but see Koulakov et al.”® and Goldman et al.”’).
RNN modeling has indicated that VMHvI networks incorporating
slow neuromodulatory transmission can reproduce observed
network time constants over a much wider range of synaptic
connectivity densities than purely glutamatergic networks,®®
suggesting that neuropeptidergic based line attractors may be
less dependent on precise patterns of synaptic connectivity.
Second, neuropeptidergic signaling can yield decay constants
on the timescale of 100 s of seconds. Although sufficiently
fine-tuned glutamatergic attractor networks can in theory persist
indefinitely,’® persistent activity in other experimentally
described attractors has typically been observed for just a few
seconds,'°® making it unclear if they can sustain activity on
longer timescales. Finally, slow dynamics may be better suited
to encode long-lasting and escalating affective states, such as
aggressiveness, than the attractors invoked to compute func-
tions like gaze stabilization,”” working memory,”® and head
direction.?*

Neuropeptides may be also be advantageous for implement-
ing line attractors or leaky integrators because their expression
can be modulated by hormones® and neural activity.'® For
example, longitudinal single-cell calcium imaging studies from
a female-specific VMHvl subpopulation that controls sexual
receptivity’”'°"1%? have revealed an estrus cycle-dependent
line attractor.”® Finally, neuropeptide receptor expression is
more restricted than that of receptors for biogenic amines.'%®
This specificity could allow the regulation of different (and poten-
tially competing) attractors within a local network®' by distinct
neuropeptides.

The results described demonstrate how the power of multiplex
gene editing technology*®*° can combined with single-cell im-
aging to identify mechanisms that implement attractor dy-
namics.'® They also suggest that population neural dynamics

(D) Schematic of working model. Oxtr and Avpria-mediated signaling controls aggression escalation by regulating VMHV|

|Es" single-cell dynamics (transient and

persistent activity) and line attractor dynamics (left) during male-male interactions. Co-disruption of Oxtr and Avpria causes reduced persistent and increased
transient responses, the absence of the line attractor (replaced by a trivial point attractor), and reduced aggression (right).
Statistics: values plotted as mean + SEM. Nested Mann-Whitney test was performed for (Bi), (Ci), and (Aii inset). Kolmogorov test was performed (Aii), (Bii), and

(Cii) ***p < 0.0001.
See also Figure S7.
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may mediate the behavioral functions of some neuropep-
tides.*®“? In this way, this approach may enable mechanistic ex-
planations in neuroscience that unify different levels of abstrac-
tion and of biological organization.”®

Limitations of the study

A technical limitation of our approach is that two different vi-
ruses were used to deliver gRNAs-GCaMP and Cas9. Conse-
guently, not all GCaMP™ cells captured in our imaging analysis
are necessarily Cas9* (and therefore mutant for Oxtr/Avpr1).
Our data indicate co-infection rates of ~65%-80% at the
injection site, depending on the viruses used. We also lack an
accurate estimation of the fraction of cells exhibiting homozy-
gous INDELs in the Oxtr and Avpria genes in vivo. Another lim-
itation is our reliance on between-subject comparisons of
experimental vs. control mice. Our rSLDS analysis showed
that there was no effect of Oxtr/Avpria co-editing on male
mounting of females but do not exclude a possible effect on
intromission. Finally, our results do not distinguish the individual
roles of OXTR and AVPR1a, nor do they establish the cellular
source and release dynamics of the endogenous peptide(s)
that activate these receptors in vivo during aggression. Further
studies will be required to elucidate these biologically important
details.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

DsRed Living Colors #632496
Cas9 Novus Biologicals #NBP2-36440
Cas9 Cell Signaling #14697
HA-epitope Cell Signaling #3724
HA-epitope Santa Cruz # 7 sc-7392
Myc-epitope Cell Signaling #2276
Myc-epitope Cell Signaling #2278
Bacterial and virus strains

LV-CMV-SpCas9 signagen #SL100310
pLV gRNAcramble Ubc-DsRed Janelia viral core N/A

pLV gRNAG.tr/Avpria Ubc-DsRed Janelia viral core N/A
AAV1-Syn-Flex-GCaMP7f addgene #104492
AAVDJ/8-EFS-NC-SpCas9-HA -NLS-Poly(A) Duke viral cores N/A
AAV9-EFS-NC-SpCas9-HA -NLS-Poly(A) Janelia; Duke viral cores N/A
AAV9-hPGK-NC-SpCas9-HA -NLS-Poly(A) Janelia; Duke viral cores N/A
AAV9-EFS-SpCas9-myc Janelia N/A
AAV9-CMV-NC-SpCas9-HA -NLS-Poly(A) Duke viral cores N/A
AAV9-EFS-NC-DIO-SpCas9-myc-NLS-Poly(A) Janelia; Duke viral cores N/A
AAV9-hPGK-DIO-SpCas9-myc-NLS-Poly(A) Janelia; Duke viral cores N/A
AAV1-gRNAScrampble-hSyn flex-GCaMP8s Janelia N/A
AAV1-gRNASo,ir/1avpr1a-hSyn flex-GCaMP8s Janelia N/A

One Shot™ StbI3™ Thermo Fisher Scientific #C737303
Sure2 Agilent #200152
Chemicals, peptides, and recombinant proteins

Oxytocin Tocris #1910
Vasopressin Tocris #2935

T7 endonuclease NEB #M0302
CNQX disodium salt Tocris #1045
(+)-MK 801 maleate Tocris #092410
Deposited data

Neuronal recordings from VMHyIEs™ This paper DANDI repository: DANDI:001131
neurons in experimental and control groups

Experimental models: Cell lines

Cell line: Neuro2a ATCC CCL-131
Cell line: Neuro2a-Cas9 This paper N/A
Experimental models: Organisms/strains

Mouse: Esr1-Cre Lee et al.** N/A
Mouse: C57BL/6N Charles River N/A
Mouse: BALB/c Charles River N/A
Oligonucleotides

SgRNAscramble This paper N/A
GCGCCAAACGTGCCCTGACG
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REAGENT or RESOURCE SOURCE IDENTIFIER
SgRNAAvPR1a-1 This paper N/A
GCCGGGGGACGTACGCAACG

SgRNAAvPR1a-2 This paper N/A
CGGGCAACTCCAGCCCGTGG

SgRNAGXTR-1 This paper N/A
ACGTCGCCAGCACCGCCAGG

SgRNAoxTR-2 This paper N/A
GGACGGCGTCTTCGATTGCT

Recombinant DNA

EFS-SpCas9-Blast addgene #52962

ph7SK-gRNA addgene #53189

phH1-gRNA addgene #53186

pmUB-gRNA addgene #53187

phUG-gRNA addgene #53188

GG hUbC-dsRED addgene #84034
hSyn-FLEX-jGCaMP8s-WPRE addgene #162377
pX551-CMV-SpCas9 addgene #107024

EFS-SpCas9 addgene #104588
pGP-AAV-syn-FLEX-jGCaMP7{-WPRE addgene #104492
hSyn-FLEX-jGCaMP8s-WPRE addgene #162377

9RNA ramble-hSyn flex-GCaMP8s This paper N/A

9RNASoxir/1avpr1a -hSyn flex- GCaMP8s This paper N/A
EFS-NC-SpCas9-NLS-Poly(A) DUKE #pBK694
hPGK-DIO-SpCas9-myc-NLS-Poly(A) This paper N/A
EFS-NC-DIO-SpCas9-myc-NLS-Poly(A) This paper N/A

Software and algorithms

Matlab MathWorks https://www.mathworks.com
Prism GraphPad Software https://www.graphpad.com/
ImageJ NIH https://imagej.nih.gov/ij
Snapgene Snapgene https://www.snapgene.com

Tracking of INDELs by Decomposition (TIDE)
VivoViewer (Matlab)
StreamPix

Inscopix Data Acquisition Software
CNMF-E (Matlab)
rSLDS (Dynamical system modelling in Python)

Additional code for flowfield and 3D
landscape vidualization

Brinkman et al.”®
This paper
Norpix

Inscopix

Zhou et al., 2018"%*
Nair et al., 20237
Nair et al., 2023°"

http://tide.nki.nl
N/A

https://www.norpix.com/products/
streampix/streampix.php

https://inscopix.com/
https://github.com/zhoupc/CNMF_E
https://github.com/lindermanlab/ssm
https://github.com/DJALab/VMHvI_MPOA_dynamics

RESOURCE AVAILABILITY

Lead contact

Requests for resources and reagents should be addressed to lead contact, David J. Anderson (wuwei@caltech.edu).

Materials availability

Materials generated in this study will be made available upon reasonable request.

Data and code availability

® The source data used in this paper will be deposited in DANDI: #001131 and can be shared by the lead contact upon reasonable

request.
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@ Code used for analyses in this paper is publicly available in the following repositories: https://github.com/lindermanlab/ssm
and https://github.com/DJALab/VMHvI_MPOA_dynamics.

® Any additional information required to reanalyze the data reported in the paper is available from the lead contact upon reason-
able request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All procedures were performed in accordance with NIH guidelines and approved by the Institutional Animal Care and Use Committee
(IACUC) at the California Institute of Technology (Caltech). We used 8-10 weeks Esr1°®/*5* transgenic mice. Animals were housed
and maintained on areverse 12 h light-dark cycle with food and water ad libitum. We used 8-10 weeks wild-type (WT) C57BL/6N male
mice (experimental), 8-10 weeks C57BL/6N female mice or BALB/c females (for sexual experience), and 8-10 weeks BALB/c male
mice (intruders) were obtained from Charles River (Burlington, MA). Behavior was tested during the dark cycle.

Viruses

The following AAVs were used in this study, with injection titers as indicated. Viruses with a high original titer were diluted with clean
PBS on the day of use. AAV1-Syn-Flex-GCaMP7f (2.1 x e'®) was purchased from Addgene. AAVDJ/8-EFS-NC-SpCas9-HA -NLS-
Poly(A) (0BK694) (2.00x e'3) and AAV9-EFS-NC-SpCas9-HA -NLS-Poly(A) (2.17x e'®) purchased from Duke viral vector core. The
AAV9-EFS-NC-DIO-SpCas9-myc-NLS-Poly(A) (2.31x+e'%), AAVI-hPGK-DIO-SpCas9-myc-NLS-Poly(A) (2.31x+e'®), pAAV-CMV-
SpCas9-NLS-Poly(A) (7x+e'?), AAV1-gRNAScampie-hSyn flex-GCaMP8s-wpre (2.75x e'?) and AAV1-gRNASxt/1avpria -hSyn flex-
GCaMP8s-wpre (2.44x e'?) were packaged at the HHMI Janelia Research Campus virus and the Duke Viral core facilities. Viruses
with hPGK or Efs promoters were used interchangeably to drive the expression of Cas9. In the illustration in Figures 2Aii and 3Aii
only the Efs promoter is depicted for simplicity reasons. The RNASsgrample-Ubc DsRed (TU/ML 1.5X e®) and RNASsoxitr/avpria Ubc DsRed
(OXTR/AVPR1a) lentiviruses (TU/ML 3.50 X e®) were also packaged at the HHMI Janelia Research Campus virus facility.

METHOD DETAILS

Generation of multiplex CRISPR/Streptococcus pyogenes Cas9 vectors

The multiplex gRNAs construct was based on the backbone of pLV GG hUbC-dsRED (addgene #84034) after being modified to
remove superfluous sequences (e.g., LoxP). Individual gRNAs were cloned as described in Kabadi et al.”® Cas9 pAAV-EFS-NC-
SpCas9-NLS-Poly(A) (Duke viral vector core) vectors were used for constitutive Cas9 expression. For Cre-dependent CRISPR/
Cas9 DIO/FLEX, sequences were cloned in pAAV-EFS-NC-SpCas9-NLS-Poly(A) vectors, respectively. The Golden Gate cassette
to express four gRNAs was cloned into the pGP-AAV-syn-FLEX-jGCaMP8s-WPRE (addgene 162377)%" vector. Four different gRNAs
are constitutively being expressed under four different polymerase Ill promoters, and a Cre-dependent expression of the calcium in-
dicator jGCaMP8s under the express human synapsing promoter.

Generation of Neuro2A constitutively expressed CAS9 cells and screening of gRNAs

Neuro2a cells (ATCC CCL-131™) were transfected with EFS-Cas9-Blast plasmid (addgene # 52962) and selected for four days with
blasticidin antibiotic. Individual gRNAs were cloned in ph7SK-gRNA (addgene # 53189) or phH1-gRNA (addgene # 53186) or pmU6-
gRNA (addgene # 53187) or phU6-gRNA (addgene # 53188) plasmids, 0.5-1 ug transfected in Neuro2a-Cas9 cells and after three
days genomic DNA was isolated. We used T7 endonuclease assay for testing the efficiency of each gRNAs to generate edits, similar
to what has been described in https://www.neb.com/protocols/2014/08/11/determining-genome-targeting-efficiency-using-t7-
endonuclease-i. In addition, Sanger traces were generated with target-specific PCR and analyzed with the Tracking of INDELs by
Decomposition (TIDE) web tool http://tide.nki.nl (data not shown).

Screening for aggressor male and resident intruder assay

All experimental male mice (“‘residents’’) were individually housed for two weeks and received sexual experience (for at least one
week). Previously it has been reported that ~20-25% of inbreeding C57BL/6N male animals fail to display territorial aggression
against conspecific male intruders during the Rl assay.?® We pre-screened males for baseline aggression using resident-intruder
testing sessions to identify and exclude no aggressors from our analysis. Animals that attacked two constitutively presented intruders
were termed aggressors and added to the pool of animals for CRISRP/Cas9-based gene editing surgeries. On the experimental day,
the preselected male residents were transported in their home cage to a novel behavioral testing room (under infrared light), where
they acclimated for 5-10 min. An unfamiliar group housed BALB/c mouse (‘‘intruder’’) was then placed in the resident’s home cage,
and residents were allowed to interact with it for period of time.

Acute brain slices preparation

Briefly, male adult mice were anesthetized with isoflurane and transcardially perfused with cold NMDG-ACSF (adjusted to pH 7.3-
7.4) containing CaCl2 (0.5 mM), glucose (25 mM), HCI (92 mM), HEPES (20 mM), KCI (2.5 mM), kynurenic acid (1 mM), MgSO4
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(10 mM), NaHCOS (30 mM), NaH2PO4 (1.2 mM), NMDG (92 mM), sodium L-ascorbate (5 mM), sodium pyruvate (3 mM), thiourea
(2 mM), bubbled with carbogen gas (95% O, and 5% CO,). The brain was sectioned at 250 um using a vibratome (VT1000S, Leica
Microsystems) on ice and was incubated in 34oc for 12 min, in NMDG — ACSF. Then transfer the sections to room temperature in
aCSF/HEPES-GSH solution (adjusted to pH 7.3-7.4,) containing CaCl2(2 mM), glucose (25 mM), kCI (2.5 mM), HEPES (20 mM),
NaCl (92 mM), MgSO4 (2 mM), NaHCOS3 (30 mM), NaH2PO4 (1.2 mM), sodium L-ascorbate (5 mM), sodium pyruvate (3 mM), thiourea
(2 mM), and Glutathione Monoethyl Ester (0.5-1mM)-before proceeding with Ca®* imaging.

Peptide perfusion and two-photon calcium imaging experiments

Solutions of 400nM of Oxt and/or Avp, 20 uM CNQX and 10 peptides uM (Tocris) were prepared in aCSF and perfused with a rate of
1-2ml/min through a microfluidics chamber containing the brain slices. Calcium imaging was performed using a custom-modified
Ultima two-photon laser scanning microscope (Bruker). The primary beam path was equipped with galvanometers driving a Chame-
leon Ultra Il Ti:Sapphire laser (Coherent) and used for GCaMP imaging (920 nm). GCaMP emission was detected with photomultiplier-
tube (Hamamatsu). Images were acquired with an Olympus20X XLUMPLFLN Objective, 1.00 NA, 2.0 mm WD. All image acquisition
was performed using PrairieView Software (Version 5.3) with a framerate of ~1.2Hz.

Behavior recording

All behavioral experiments were performed in conventional mouse housing cages (home cage or new cage) under red lighting, using
the previously described behavior recording setup.'®® The behavior video’s top and front views were acquired at 30 Hz using the
video recording software, StreamPix7 (Norpix).

Behavior annotations

Behavior videos were processed using an automated behavior classification system to generate frame-by-frame annotations of
attack, mounting and sniffing behavior.'® The output of the classifier and behavior videos were loaded into a MATLAB based
MATLAB-based behavior annotation interface and then manually corrected by trained individuals to produce a final set of annota-
tions.'°® A ’baseline’ period of 5-minutes was recorded at the start of every recording session during which the animal was alone
in its home cage. Six behaviors were annotated during the resident intruder assays: sniff (face, body, genital-directed sniffing), to-
wards male or female intruders, and attack-, mount- directed behavior against male or female intruders. Post-surgery, male residents
were exposed to a male intruder first, and subsequently to a female intruder. Rl assay with a male or a female intruder was performed
on separate days, except during CRISPRoscopy. For quantifying the interval (s) between behavioral bouts in Figures 2, 3, S2, and S3,
animals that show <1 mount or attack bout were excluded. 15 min for male-male interaction was scored in Figures 2 and S2. In Fig-
ures 3 and S3 ~15-20 min of Rl was scored for male -male interaction. 10 min of male-female interaction was scored during the Rl
assays in Figures 2, 3, S2 and S8.

In addition to the classification of behaviors, automated pose estimation was performed on behavior videos to obtain key points of
interacting mice."'°® The velocity of the resident mouse was calculated as the change in positions of centroids of the head and hips,
computed across two consecutive frames as previously performed.’® The distribution of this feature was computed for both exper-
imental and control animals to obtain the data shown in Figure S2Ciii.

Stereotaxic surgery

Surgeries were performed on socially and sexually experienced adult male Esr mice mice 8-12 weeks old. Virus injection and
implantation were performed as described previously.®®’° Briefly, animals were anesthetized with isoflurane (5% for induction and
1.5% for maintenance) and placed on a stereotaxic frame (David Kopf Instruments). The virus was injected into the target area using a
pulled-glass capillary (World Precision Instruments) and a pressure injector (Micro4 controller, World Precision Instruments) at a
20 nl /min flow rate. The glass capillary was left in place for 5 -10 minutes following injection before withdrawal. The injection viral
volumes were ~400-500nl for bilateral injection in mice used for behavioral analysis and fiberphotometry. For micro endoscope re-
cordings, we performed unilateral ~200nl viral injections. The Stereotaxic injection coordinates were based on the Paxinos and
Franklin atlas (posterior VMHvI, anterior—posterior: —4.68, medial-lateral: +0.73, dorsal-ventral: —5.73). For single fiber optogenetic
and fiber photometry experiments (optogenetics: diameter 200 um, N.A., 0.22; fiber photometry: diameter 400 um, N.A., 0.48; Doric
lenses) were then placed above the virus injection sites (fiber photometry: 150 um above) and fixed on the skull with dental cement
(Metabond, Parkell). For micro-endoscope experiments, virus injection and lens implantation were performed on the same day
Lenses with a baseplate were slowly lowered into the brain and fixed to the skull with dental cement. Mice were habituated with
weight-matched dummy micro-endoscopes (Inscopix) for at least one week before behavior testing. Mice were head-fixed on a
running wheel 3-4 weeks after lens implantation, and a miniaturized micro-endoscope (nVista, Inscopix) was attached to the base-
plate for imaging. Mice were singly housed after surgery and were allowed to recover for at least 4 weeks before behavioral testing.

1 Cre/+

Histology

Once the behavioral experiments were finished, virus expression and implant placement were histologically verified on all mice. Mice
lacking correct virus expression or implant placement were excluded from the analysis. Mice were transcardially perfused with 1x
PBS at room temperature, followed by 4% paraformaldehyde (PFA) (diluted from 16% EM grade PFA). Brains were extracted and
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post-fixed in 4% PFA 16-24h at 4°C, followed by 24 hours in 30% sucrose/PBS at 4°C. Brains were embedded in OCT mounting
medium, frozen on dry ice and stored at —80°C for subsequent sectioning. Brains were sectioned into 60 pm slices on a cryostat
(Leica Biosystems). Sections were washed with 1x PBS and mounted on Superfrost slides, then incubated for 15 minutes at
room temperature in DAPI/PBS (0.5 ng/ml) for counterstaining, rewashed and coverslipped. Sections were imaged with an epifluor-
escent microscope (Olympus VS120)

For some epitope staining 30 um sections were cut from either fresh-frozen tissue or post-fixed 2h 4%PFA on ice, immersed in
30% sucrose:1xPBS 4C 2h before embedding in OCT. For Cas9 immunostaining, a cocktail of antibodies against the Cas9-fused
HA or Myc epitope and the Cas9 protein itself was used. Animals were stained after 9-12 weeks post-injection. Estimates of the
co-indefectibility between the Cas9 and the gRNA expressing viruses were made at the center of the injection site

Fiberphotometry recordings

The fiber photometry setup was similar to what was previously described.®® We used 470 nm LEDs (M470F3, Thorlabs, filtered with
470-10 nm bandpass filters FB470-10, Thorlabs) for fluorophore excitation and 405 nm LEDs for isosbestic excitation (M405FP1,
Thorlabs, filtered with 410-10 nm bandpass filters FB410-10, Thorlabs). LEDs were modulated at 208 Hz (470 nm) and 333 Hz
(405 nm) and controlled by a real-time processor (RZ5P, Tucker David Technologies) via an LED driver (DC4104, Thorlabs). The emis-
sion signal from the 470 nm excitation was normalized to the emission signal from the isosbestic excitation (405 nm), to control for
motion artifacts, photobleaching, and levels of GCaMP8s expression. LEDs were coupled to a 425 nm longpass dichroic mirror (Thor-
labs, DMLP425R) via fiber optic patch cables (diameter 400 um, N.A., 0.48; Doric lenses). Emitted light was collected via the patch
cable, coupled to a 490 nm long pass dichroic mirror (DMLP490R, Thorlabs), filtered (FF01-542/27-25, Sem- rock), collimated
through a focusing lens (F671SMA-405, Thorlabs) and detected by the photodetectors (Model 2151, Newport). Recordings were ac-
quired using Synapse software (Tucker Davis Technologies). On the test day, after at least 5 minutes of acclimation under the
recording setup, the male resident was first recorded for 1 minute to establish a baseline. Male or female intruders were introduced
into the home cage on separate days. Typically, each session lasted 15-20 min.

Microendoscope recordings

On the day of imaging, mice were habituated for at least 5-10 minutes after installing the micro endoscope in their home cage
before the start of the behavior tests. Imaging data were acquired at 30 Hz with 2x spatial down sampling; light-emitting diode power
(0.1-0.5) and gain (1-7 x) were adjusted depending on the brightness of GCaMP expression as determined by the image histogram
according to the user manual. A transistor—transistor logic (TTL) pulse from the Sync port of the data acquisition box (DAQ, Inscopix)
was used for synchronous triggering of StreamPix7 (Norpix) for video recording. Imaging sessions typically lasted 1 h (20-25 min in-
teractions per sex).

Microendoscope data extraction

Preprocessing and Calcium data extraction was performed similarly to what has been previously described.®® Briefly, data were 2x
downsampled, motion corrected, and a spatial band-pass filter was applied to remove the out-of-focus background. Next, filtered
imaging data were temporally downsampled to 10 Hz. Calcium traces were extracted and deconvolved using the CNMF-E'* with
the following parameters: patch_dims = [42, 42], gSig = 3, gSiz = 13, ring_radius = 19, min_corr ~0.57-0.62, min_pnr = ~5.5-6, de-
convolution: foopsi with the ar1 model. Every extracted unit’s spatial and temporal components were manually inspected (SNR, PNR,
size, motion artifacts, decay kinetics, etc.). Traces of units were either z-scored or normalized in units of o relative to the baseline
fluorescence (during 7sec or more) of the neuron before the first trial of resident-intruder interactions, as previously described,”%%®
Distinct hypothalamic control of same-and opposite-sex mounting behavior in mice. In Figure S5C, the z-scored value during a
behavioral bout for each unit was normalized by subtracting the mean of a 2-3 sec baseline before the onset of the bout. The average
normalized activity was quantified for a period of 15 sec. A total of 585 units (n=5 mice) from control and 546 units (n=7 mice) from
experimental mice were recorded.

QUANTIFICATION AND STATISTICAL ANALYSIS

Transcriptomic analysis of Esr1, Oxtr, Avpria mRNAs
The violin plots, t-SNE and the quantification of Esr1, Oxtr, Avpria mRNAs in the different single cell VMH clusters (Figures 1B, S1B,
and S1D) or in single Esr1+ cells (Figure 1D) were analyzed as described previously.®®

Fiberphotometry analysis

All data analyses were performed in Matlab 2020a and Python 3.8.3 as previously described.”%%° Briefly, behavioral video files and
fiber photometry data were obtained in a time-locked manner. Photometry recordings yielded both a 405-nm (isosbestic, Ca®* in-
dependent) signal and a 470-nm (Ca?* dependent)) signal. To align the 405-nm signal to the 470-nm signal, a least squares linear
fit is first performed. The motion corrected 470-nm signal is obtained as follows: | F470(t) — Faos(t) | / Faos(t). To normalize activity,
the baseline value Fq and standard deviation SDy. were calculated using a 2 second window as follows [ Fj(t) = Fo(t) | /SDg. Over-
lapping behavioral bouts within this time window were excluded from the analysis. The peak and area under the normalized activity
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curve (AUC) were calculated within the 10-second window. We confirmed that the latency to achieve the peri-stimulus time histogram
(PETH) peak level is shorter than the indicated time window. Quantifying neural activity during sniffing was performed over 1 minute of
sniffing behavior following the introduction of the intruder.

Microendoscope neural data analysis

Choice probability

Choice probability (CP) analysis was used as before’® to measure a cell’s tuning, defined here as how well two conditions could be
predictively discriminated from a single cell’s activity.'®” The CP of a given cell for a pair of behavioral conditions was computed by
constructing a histogram of that cell’s AF(t)/Fy values under each of the two conditions. These two histograms were plotted against
each other to generate a ROC (receiver-operating characteristic) curve. The integral of the area under this ROC curve generated the
CP value for each cell with respect to each of the two behavioral conditions. This CP value is bounded from 0 to 1, where a CP of 0.5
indicates that the neuron’s activity cannot distinguish between the two conditions. As in previous studies, the statistical significance
of choice probabilities was determined relative to chance. We shuffled behavioral bout timings for each of the two compared con-
ditions and computed the choice probability for this shuffled data. Shuffling was repeated 100 times for each of the two behaviors,
from which we calculated the mean and s.d. (o) of the ‘shuffled’ choice probabilities.

As significant, we considered any observed choice probabilities >2¢ above the shuffled mean and imposed an additional choice
probability threshold > 0.7 as previously described.”® The colored bars indicate the neurons that show a strong and statistically sig-
nificant choice probability, and grey bars indicate cells for which the choice probability was either activated < 2 ¢ above (not respon-
sive) the shuffled mean or was considered which choice probability not significantly higher than chance or choice probability < 0.7
for that neuron.

Dimensionality reduction for visualizing intruder sex

Low-dimensional representations for visualizing changing ensemble dynamics over time were constructed using partial least squares
(PLS) regression (MATLAB). For PLS, all traces were concatenated and regressed againsta 1 x T vector with entries valued at —1 (ifa
male intruder was present), 1 (if there was a female intruder), or 0 (otherwise).

Decoding intruder sex from neural data

We constructed a frame-wise linear SVM decoders (as described previously to distinguish intruder sex. Training data was con-
structed from the set of N x 1 (N = neurons) population activity vectors from all frames occurring during social interaction in each
mouse. Equal numbers of frames of male and female interaction were used during decoder training to ensure chance decoder per-
formance of 50%. Shuffled decoder data were generated by the training the decoder on the same neural data but with behavior labels
randomly assigned to each behavior bout (n=5 control and n=7 expreimental mice). This training data, along with intruder sex labels,
was then used to train a linear SVM decoder. Accuracy was evaluated using a stratified fivefold cross-validator. Decoding was
repeated 100 times, with decoder performance reported as the mean accuracy per imaged animal. For significance testing, the
mean accuracy of the decoder trained on shuffled data (repeated 500 times per imaged animal) was computed to compare against
the decoder accuracy trained on actual data.

66,70
)

Decoding behavior from neural activity

We constructed frame-wise linear SVM decoders (as described previously to discriminate male directed sniffing and attack from
imaged control and experimental VMHVIES™ units. Briefly manual annotations of sniffing behavior and attack behavior for each
intruder male mouse were used to provide training labels of behavior type in control and experimental mice. Bar graphs of decoder
accuracy (Figure S5E) were generated to discriminate sniffing and attack from imaged activity on individual frames of a behavior
(sampled at 15 Hz). Equal numbers of sniff and attack frames (frame-wise decoder) were used during decoder training, to ensure
chance decoder performance of 50%. ‘Shuffled’ decoder data were generated by training the decoder on the same neural data,
but with sniff and attack behavior annotations randomly assigned to each behavior bout.

Decoding was repeated 20 times for each intruder and each imaged mouse, and decoder performance was reported as the
average accuracy across imaged mice for control and experimental mice. For significance testing, the mean accuracy of the decoder
trained on shuffled data was computed across mice, in each condition, and shuffling was repeated 1,000 times. Significance was
determined across imaged mice using the Mann-Whitney U test between the mean accuracy of the decoders trained on real versus
shuffled data.

66,70
)

Statistical analysis

Data were processed and analyzed using Python, MATLAB and GraphPad (GraphPad PRISM v.9). Data were analyzed using two-
tailed, nested non-parametric tests. Wilcoxon signed-rank test (paired, non-parametric Mann-Whitney U-test) was used for binary
paired samples. Kolmogorov-Smirnov test was used for non-paired samples plotted as ECDF graphs. N.s. P > 0.05, *P < 0.05,
**P < 0.01, P < 0.001, ***P < 0.0001.
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Dynamical system models of neural data
As previously described in published work,?" we modeled neural activity using recurrent switching linear dynamical systems (rSLDS).
Briefly, rSLDS is a generative model that breaks down non-linear time series data into sequences of linear dynamical modes. The
model relates three sets of variables: a set of discrete states (z), a set of continuous latent factors (x) that captures the low-dimen-
sional nature of neural activity, and the activity of recorded neurons (y) during male directed behavior (sniffing, dominant mounting
and attack). For how the model is formulated, see Nair et al.”' Model accuracy is evaluated using a forward simulation metric as
described in Nair et al.”" Briefly: given the observed neural activity at time t, we predict the trajectory of the population activity vector
over an ensuing short time interval At using the model, then compute the mean squared error (MSE) between that trajectory and the
observed data at time t+ At. This MSE is calculated across all dimensions of the latent space and repeated for all times t. This error
metric is normalized to a 0-1 range in each animal across the whole recording and is computed across cross-validation folds to obtain
a bounded measure of model performance.

Code used to fit rSLDS on neural data is available in the SSM package: (https://github.com/lindermanlab/ssm)

Code to generate flow fields and energy landscapes from fit dynamical systems is available at (https://github.com/DJALab/VMHvI_
MPOA_dynamics)

Visualization of attractor dynamics as 3D landscape

Conversion of the flow-fields obtained from rSLDS into a 3D landscape for visualization by calculating the dynamic velocity at each
point in neural state space and using it as the height of a 3D landscape. Dynamic velocity was calculated as previously reported in
Nair et al.”’

Estimation of time constants & calculation of line attractor score
We estimated the time constant of each mode of linear dynamical systems using eigenvalues 2, of the dynamics matrix of that system

m‘ as derived by Maheswaranathan et al.'°® We used a line attractor score computed as Iogztnt"

as: Ty = where t, is the largest

1
time constant of the dynamics matrix of a dynamical system andt, _1 is the second largest time constant. In the case of point attrac-
tors, the line attractor score is zero due to the similar magnitudes of the first two largest time constants, and it is greater than one for
systems that possess a line attractor.
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Figure S1. Expression and ex vivo functional characterization of Oxtr and Avpria in the VMH, related to Figure 1

(A) A diagram portraying the diverse methodologies employed to investigate neuromodulatory control of neural population activity in mammalian systems. Among
the most recent predominant strategies are the systemic administration of agonists/antagonists targeting G-protein-coupled receptors (GPCRs)'% or the use of
knock-out animals combined with electrophysiological recording or calcium imaging approaches.”® However, there is a need for cell-type-specific, region-
restricted, multiplexed gene-editing strategies,''® compatible with bulk'''~""® or single-cell resolution calcium imaging''* in freely moving animals.

(B) Violin plots illustrating the expression of Esr1, Avpria, and Oxtr mRNAs outside the VMH and in non-neuronal clusters; “max CPM,” maximum counts per
million reads.

(C) t-SNE plots illustrating the distribution of Esr1 (i) or Avpria and Oxtr mRNAs (i) (from Figure 1C) in single cells from the VMH. FPKM, fragments per kilobase of
exon per million mapped fragments.

(D) Violin plots illustrating the expression of Esr1, Oxt, and Avpo mRNAs in VMHvI; max CPM, maximum counts per million reads.

(legend continued on next page)
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(E) Venn diagram of Esr1, Avpria, and Oxtr mRNA-expressing neurons in the ventral part of the VMH and the surrounding areas.

(F) Quantification of Esr1* responses to 400 nM of Avp (n = 62 cells from 3 mice) or OXT (n = 79 cells from 3 mice). n = 70 cells not activated in brain slices from 3
mice. The shadow area depicts the duration of the bath application of peptides.

(G) An exampile field of view of spontaneous active (left) and induced Esr1* GCaMP7f calcium responses to 400 nM OXT and AVP.

Statistics: Kruskal-Wallis test was performed, corrected with Dunn’s multiple comparison during time points 300-950 s, and values were plotted as mean + SEM
in (F). ***p < 0.0001.
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Figure S2. Experimental validation and behavioral characterization of CRISPR-Cas9-based Oxtr and Avpria co-perturbations, related to
Figure 2

(A) T7E1-endonuclease treated Oxtr (left) and Avpria (right) PCR products from N2a-Cas9-expressing cells, transfected with gRNAs against Avpria or Oxtr. As a
negative control, a scrambled gRNA (Scr) was used. Yellow stars indicate the cleavage products, indicating successfully induced Cas9-mediated insertions or
deletions (INDELs) in the coding sequence complementary to the gRNAs.

(B) Quantification of the percentage of animals attacking (i), the average duration of each attack bout (i), the latency of the 15! attack bout (iii), and the interval
between attack bouts (iv) against a male intruder. n = 11 mice per group.

(C) Quantification of the number and time-varying probability of attack bouts against a male intruder (i and ii). n = 11 mice per group. Quantification of the average
velocity during attack in control (n = 9 mice) and experimental mice (n = 8 mice) (iii).

(D) Quantification of the percentage of animals mounting (i), the average duration of each mounting bout (ii), the latency of the 15 mounting bout (jii), and the
interval between mounting bouts (iv) in control and experimental mice during male-female interactions. n = 11 mice per group.

Statistics: nested Mann-Whitney test was performed, and values were plotted as mean + SEM. *p < 0.05, “***p < 0.0001.
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Figure S3. Effects of Oxtr and Avpria co-perturbation on male- and female-directed behaviors and bulk calcium activity, related to Figure 3
(A) Immunostaining against the GCamp8s (green) and Cas9 (red) proteins in coronal hypothalamic sections from ESR1-2A-CRE animals co-injected with a Cre-
dependent Cas9 AAV and Cre-dependent gRNA-Gcamp8s AAV. Sections counterstained with DAPI (blue). Arrows depict the expression of Cas9 protein in
GCamp8s Esr1 double-positive cells (j). Quantification of GCamp8s-positive cells expressing the Cas9 protein (i) in the injection site. n = 3 mice.

(legend continued on next page)
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(B) Quantification of the average activity (AF/F) of Esr1* neurons responding to 400 nM of AVP and OXT in brain slices from ESR1-2A-CRE mice co-injected with
the Cas9 AAV and Cre-dependent OARs-GCaMP8s AAV (experimental group) or Cre-dependent Scr-GCaMP8s AAV (control group) in the VMHUVI (see Figure 3Ali).
n =150 cells from Scr RNA (control) and n = 35 cells from OARs (targeted) slices.

(C) Quantification of the percentage of animals attacking (i), the average duration of each attack bout (i), the latency of the first attack (jii), the interval between
attack bouts (iv), and the number and the time-varying probability (iv and v) of attack bouts during male-male interactions. n = 16 control and n = 13 experimental
mice.

(D) Quantification of the average duration of each mounting bout (i), the latency of the first mount (i), and the interval between mounting bouts (i) during male-
female interactions. n = 15 control and n = 13 experimental mice.

(E) Z scored BTA of VMHVIES™ activity (i) and the area under the curve (i) during female-directed sniffing (1 min). n = 4 control and n = 5 experimental mice.
(F) Z scored BTA of VMHVIFS™" activity (i) and the area under the curve (ii) during mounting. n = 3 control and n = 4 experimental mice.

Statistics: Mann-Whitney test was performed, and values were plotted as mean + SEM. **p < 0.01, ***p < 0.0001.
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Figure S4. Effect of Oxtr/Avpria co-editing on intruder sex-specific representations, single-unit neural activity, and tuning, related to
Figure 4

(A) Quantification of the total time spent sniffing (i), the average duration of each sniffing bout (i), the total time spent attacking (iii), the average duration of each
attack bout (iv), the latency of the first attack (v), interval (s) between attack bouts (vi), and the attack probability (vii). n = 5 control and n = 7 experimental
unilaterally injected mice.

(B) VMHVIES™ ensemble representations of intruder sex for control (i) and experimental (i) mice, projected onto the first two axes of a PLS regression against
intruder sex. Traces are colored by intruder sex identity. The percentage of variance explained by the first two PLS components is noted for each male resident.
(C) Quantification of the PLS1 variance explained (which accounts for intruder sex) in control and experimental mice.

(D) Cumulative distribution of Z scored activity of all VMHVIES™ units during 1 min interaction with male (i) or female (ii) intruders in control and experimental mice.
(E) Average single-unit activity () of male responses (> 2 relative to the pre-intruder baseline) between control and experimental mice.

(F) Percentage of male- or female-selective or co-active units (> 2o relative to the pre-intruder baseline), per imaged control (i) or experimental (i) mouse.n =5
control, n = 7 experimental animals.

Statistics: values in (D) are plotted as mean + SEM. Nested Mann-Whitney test was performed in (C) and (E), while nested Kolmogorov-Smirnov test was used in
(D). *p < 0.01, **p < 0.001.
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(A) Scatter plot of the average single VMHVIES™ unit activity (Z score) during male (i) and female (i) directed behaviors in control and experimental mice.
(B) Cumulative distribution of VMHVIES™ activity (Z score) during male-directed (sniffing and attack; i and ii) and female-directed behaviors (sniffing and mounting;

ii and iv) in control and experimental mice.

(C) Average Z scored VMHVIES"™ activity normalized to the pre-behavior bout period during male-directed sniffing (i), attack (i), female-directed sniffing (iii), and

mounting (iv).

(D) Choice probabilities histograms of male-directed behaviors (attack vs. sniffing) in control and experimental mice. Mixed-tuned units (blue) and units tuned for
other behaviors or not active (yellow) are highlighted.
(E) Accuracy of frame-wise decoders predicting attack vs. sniffing (i) and attack vs. no attack (ii) trained on VMHVIE ' neural activity in control or experimental
animals. Decoders were trained and tested on held-out data from each group separately. n = 5 control and n = 7 experimental mice.

Statistics: values plotted as mean + SEM in (B). Nested Kolmogorov-Smirnov test was used in (B), whereas nested Mann-Whitney test was performed in (C) and

(E). *p < 0.05, *p < 0.01, **p < 0.0001.
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Figure S6. VMHVIES" [ine attractor dynamics require Oxtr/Avpria-mediated signaling, related to Figure 6

(A and B) Normalized activity projection onto the time axis of the longest time constant (integration dimension) for VMHv!

mice (B).

|Esr1

units in control (A) and in experimental

(legend continued on next page)
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(C) Schematic illustrating inferred dynamics shown as flow fields, with the line attractor illustrated by a black dashed line in control (i) and the point attractor with a
purple dashed circle in experimental mouse (ii). The different rSLDS states (S1-S3) are depicted with different colors.

(D) Quantification of the performance score for the rSLDS model for each mouse in the control and experimental group during male-male interactions.

(E) Quantification of the average time constant (r) of the 15 dimension in control and experimental mice during male-male interactions. n = 4 control and n = 7
mutant.

(F) Quantification of the average time constant () of the 15 dimension (i) and the line attractor score (i) for VMHVIES" population activity in control and experimental
mice during male-female interactions. n = 4 control and n = 6 mutant. All sniffing, dominant mounting, and attack bouts following the introduction of an intruder
male are depicted in the behavioral raster plots in (A) and (B).

Statistics: Mann-Whitney test was performed in (D), (E), and (F). **p < 0.01.
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Figure S7. OXT and AVP evoke persistent responses in VMHVIES™ neurons ex vivo, related to Figure 7

(A) Distribution plot illustrating the ACHW of VMHvIFS™" units contributing to the 15! dimension during the entire duration of male-male interactions. n = 4 control, n =
7 experimental animals.

(B) Average single-unit and cumulative distribution of ACHW from all VMHv
female interactions. n = 5 control, n = 7 experimental animals.

(C) rSLDS modeling of Esr1* cells calcium responses to 400 nM OXT & AVP. Acute brain slices from male ESR1-2A-CRE animals that express Cre-dependent
GCaMP7f were used.

(D) Average time constant of the identified two dimensions (X1, X,), arranged in decreasing order for acute brain slices.

(E) Absolute rSLDS weight of neurons contributing to X4 (top, blue) and X, (bottom, green) dimensions sorted by choice probability values for activity during the
OXT and AVP perfusion window.

(F and G) Heatmaps of OXT and AVP induced (F) slow persistent X1 (left) and (G) transient X, responses (right) VMHvIES"™ neurons.

(H and 1) Projection of population activity onto the time axis of (H) the slow persistent X4 and (1) the transient X, dimensions.

(J) Overlay projection of population activity onto the time axis of the slow persistent X; and the transient X, dimensions.

(K) Distribution plot illustrating the decay times of Esr1 calcium responses to a 400 nM OXT and AVP cocktail. Cells whose responses decayed to 20% of the peak
within the peptide perfusion window were categorized as transient (green), while those responses that decayed to 20% of the peak after the perfusion window
were labeled as persistent (blue).

(L) AVP (100 nM)-mediated calcium average responses of VMH slices in the presence of synaptic transmission blockers (20 pM CNQX and 10 uM MK-801; n = 45
cells).

Statistics: Kruskal-Wallis test was performed, corrected with Dunn’s multiple comparison during time points 0-1,000 s. *p < 0.05, *p < 0.01, **p < 0.001.

1Es™ recorded units in control and experimental mice during the first 1-2 min of male-
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