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SUMMARY

Sexual and aggressive behaviors are vital for species survival and individual reproductive success. Although
many limbic regions have been found relevant to these behaviors, how social cues are represented across
regions and how the network activity generates each behavior remains elusive. To answer these questions,
we utilize multi-fiber photometry (MFP) to simultaneously record Ca* signals of estrogen receptor alpha
(Esr1)-expressing cells from 13 limbic regions in male mice during mating and fighting. We find that conspe-
cific sensory information and social action signals are widely distributed in the limbic system and can be de-
coded from the network activity. Cross-region correlation analysis reveals striking increases in the network
functional connectivity during the social action initiation phase, whereas late copulation is accompanied by a
“dissociated” network state. Based on the response patterns, we propose a mating-biased network (MBN)
and an aggression-biased network (ABN) for mediating male sexual and aggressive behaviors, respectively.

INTRODUCTION

Sexual and aggressive behaviors are fundamental to animal sur-
vival and reproduction. These behaviors are innate, i.e., inborn,
and thus, their generation should be supported by hardwired cir-
cuits. In 1999, Sarah Newman proposed the existence of a social
behavior network (SBN) that mediates innate social behaviors in
mammals based on decades of lesion and immediate early gene
mapping studies.” The SBN includes seven interconnected
subcortical areas: the medial amygdala (MeA), bed nucleus of
stria terminalis (BNST), medial preoptic area (MPOA), anterior
hypothalamus (AHN), lateral septum (LS), ventromedial hypo-
thalamus (VMH), and midbrain (including periaqueductal gray
[PAG] and tegmentum).” MeA and BNST are collectively called
the extended MeA. In 2005, James Goodson extended this
network to non-mammalian vertebrate species based on studies
in birds and teleost (bony) fish.? In recent years, the importance
of SBN in social behaviors has been continuously validated and
elaborated. For instance, gain- and loss-of-function studies
demonstrated indispensable roles of the ventrolateral part of
the VMH (VMHvI) and MeA in aggressive behaviors in mice,* '
while the molecular identities of cells in the medial preoptic nu-
cleus (MPN) relevant for sexual behaviors have been increasingly
refined.’®'® As to the BNST, several recent studies revealed
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its functional role in both male sexual
behaviors.'? 2

A basic feature of the SBN is its enrichment of gonadal hor-
mone receptors, which allow the cells to be modulated by
gonadal steroid hormones, including androgens (testosterone),
estrogens, and progesterone.’ Indeed, gonadal hormones are
crucial for the emergence of social behaviors during develop-
ment and their maintenance during adulthood in both sexes.?*?*
For example, female mice exposed to prenatal testosterone
show male-like sexual and aggressive behaviors during adult-
hood.?® Adult castration abolishes masculine behaviors, which
can be restored by testosterone supplements.?® In males,
testosterone mainly acts through estrogen receptors after being
converted into estrogen via the enzyme aromatase.”* Knocking
out estrogen receptor alpha (Esr1) disrupts male sexual and
aggressive behaviors severely.?’° Thus, it is perhaps not a
coincidence that Esr1-expressing cells in the MPN and VMHvI
are the relevant populations for sexual and aggressive
behaviors. 671516

The SBN does not cover all regions essential for social behav-
iors and requires an expansion. Several regions outside the SBN
have recently been identified as necessary for male sexual be-
haviors, aggression, or both. Posterior amygdala (PA) cells pro-
mote aggressive and sexual behaviors through projections to the
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VMHuv! and MPN, respectively.>*? The ventral part of the pre-
mammillary nucleus (PMv), a hypothalamic nucleus posterior
to the VMHVI, projects heavily to both MPN and VMHvI and is
important for male aggression.®*° The ventral subiculum
(SUBV) can bi-directionally modulate aggression, at least partly
through its VMHvI projection.® Interestingly, these newly identi-
fied social behavior-relevant regions share the same features of
the original SBN: high levels of sex hormone receptor expression
and extensive connections with regions in the SBN.%'%7~39

Every behavior is a phenotypical manifestation of some well-
orchestrated network activity. As more behaviorally relevant
regions are discovered, an important next step is to holistically
understand the neural activity in an extensive network of inter-
acting regions during social behaviors. Indeed, several recent
studies attempted to achieve this goal in other behavioral con-
texts using large-scale single-unit recording with multi-site sili-
con probes, e.g., Neuropixels.’*™** However, recording sites of
silicon probes are generally distributed along the vertical shafts,
making them unsuitable for simultaneous recording from multi-
ple deep subcortical regions. As an alternative approach, fiber
photometry, a method first developed to record bulk fluores-
cence signals from subcortical regions,***® has been scaled
up to record from multiple regions.*”**® Here, the lack of cellular
resolution is offset by the ability to record from molecularly
defined subpopulations, or in other words, cells with potentially
similar functions and relatively homogeneous responses.*® The
recent incorporation of high-density, customizable multi-fiber
arrays dramatically reduces the weight of the implant and asso-
ciated brain damage, making it well-suited for recording multiple
sites in the SBN and beyond in freely moving animals.*°

Leveraging this multi-fiber photometry (MFP) technique, we
simultaneously recorded the Ca®* activities of Esr1-expressing
cells from 13 regions in the limbic system, referred to here as
the expanded SBN, during sexual and aggressive behaviors in
male mice. Our results revealed dynamic neural response pat-
terns during mating and fighting at the network level.

RESULTS

Simultaneous recording from 13 brain regions in the
expanded SBN

We selected 13 brain regions that have either been implicated in
aggressive and/or sexual behaviors or are strongly connected
with those regions for Ca?* recording. The list includes five hypo-
thalamic regions: MPN, AHN, VMHvI, dorsomedial hypothala-
mus (DMH), and PMv; five amygdala regions: anterior MeA
(MeAa), posterodorsal MeA (MeApd), PA, posteromedial cortical
amygdala (CoApm), and posteromedial BNST (BNSTpm); and
three regions outside of amygdala and hypothalamus: ventral
LS (LSv), SUBv, and lateral PAG (IPAG) (Figures 1A and
S1).1:8.6-10,14-16,20,30-34,36.51-58 'Each of these 13 regions is
densely connected with multiple other recorded regions and ex-
presses abundant Esr1, with the exceptions of AHN, LSv, and
PAG, where Esr1 expression is modest. To target Esr1-express-
ing cells, we injected Cre-dependent GCaMP6f viruses into each
candidate region in Esr1-Cre male mice (Figures S2 and S3).°
During the same surgery, two custom 100-pum optic fiber arrays
were implanted, one targeting seven medially located regions
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and the other targeting five laterally positioned regions (Figures
1B and S1). A single-fiber targeting IPAG was also implanted
(Figure 1B). The recording setup is a modified version of previ-
ously reported setups.””*° It uses a low-cost CCD camera to
capture images from the end of a 19-channel fiber bundle (only
13 channels were used here) that delivers and collects, respec-
tively, the excitation and emission light from each recording site
(Figures 1C-1E).

Recordings started 3 weeks after the surgery. Each recording
session comprised of a male, a female, and sometimes an object
session (Figure 1F). The order of male and female sessions was
counter balanced. During the male session, a group-housed
non-aggressive BALB/c male was introduced into the home
cage of the recording male for approximately 10 min, while a
sexually receptive female was introduced during the female ses-
sion. Figure S4 summarizes the sexual and aggressive behaviors
of all recorded male mice. We observed peak fluorescence
change (AF/F) over 100%, comparable to the Esr1 cell re-
sponses recorded using a conventional single-fiber photometry
setup®16:20:31:33.5559 (Figure 1G). We performed the recording
two to four times for each animal, with 3-7 days between ses-
sions. Histology was acquired for all animals. Only correctly
targeted brain regions were used for a given animal. The final
dataset contains 64 recording sessions from 25 animals
(mean + SD = 2.6 = 1.0 sessions/animal), with 10.6 + 2.2
(mean + SD) recording sites/animal.

Large activity increase across the expanded SBN during
the initial encounter with a conspecific
Upon entry of an intruder, regardless of sex, many brain regions
showed remarkable Ca?* activity increases (Figures 2A-2F). Dur-
ing the male introduction, VMHvI increased the most among all re-
corded regions, followed by DMH and PMv (Figures 2A, 2E, 2G,
and 2H). Upon female introduction, MPN showed the largest in-
crease, with VMHvI, DMH, PMv, MeAa, BNSTpm, MeApd, and
PA all showing a similarly large increase (Figures 21 and 2J).
Outside the hypothalamus and amygdala, SUBv and LSv
increased activity moderately, whereas the IPAG only increased
activity slightly during male introduction (Figures 2G-2J). When
comparing the introduction response toward males and females,
VMHvI, DMH, and PMv showed a preferential response toward
males, whereas MPN, BNSTpm, MeAa, and PA showed the oppo-
site response bias, suggesting their potentially preferential involve-
ment in male- or female-directed social behaviors (Figure 2S).
The temporal dynamics of the responses differed across re-
gions but, interestingly, were similar during male and female en-
tries (Figures 2K-2R). Generally, hypothalamic regions increased
activity more rapidly during intruder introduction than extra-hy-
pothalamic regions (Figures 2K-2N). During both male and fe-
male introduction, DMH rose with the shortest latency (<1 s),
significantly faster than most other regions (Figures 2K-2N).
PMv responded the slowest among all hypothalamic regions,
with a median latency of approximately 3 s (Figures 2K-2N).
Amygdala areas generally responded slower to the intruder
than hypothalamic areas. MeAa and PA increased activity in 2—
3 s, while MeApd took around 4 s (Figures 2K-2N). CoApm re-
sponded the slowest, with a median latency of over 6 s
(Figures 2K and 2M).
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Figure 1. Multi-fiber photometry (MFP) recording of 13 regions in the limbic system

(A) lllustration showing the recorded regions in the mouse hypothalamus (blue),

amygdala (green), and other brain areas (gray).

(B) The optic fiber arrays overlaid on a mouse brain model showing various targeted structures. The model is from https://connectivity.brain-map.org/.
(C) Diagram of the MFP recording system. BPF, band-pass filter; DM, dichroic mirror.

(D) An animal with the implanted fiber arrays and a head-fixation ring.
(E) The end of the optic fiber bundle image.
(F) Experimental and each recording session timeline.

(G) Simultaneously recorded GCaMP6f traces (AF/F) from a representative recording session.

See also Figures S1-54.

The activity increases of hypothalamic regions also peaked
more rapidly, with average latencies of approximately 5 s, while
the responses of amygdala regions took 7-23 s to peak
(Figures 20-2R). Among the extra-hypothalamic regions,
MeAa consistently demonstrated the shortest peak time, faster
than MeApd and CoApm (Figures 2P and 2R). Notably, the onset
latency or time to peak did not differ between male and female
intruder introduction, suggesting that, unlike the response
magnitude, the temporal dynamics of a region’s response are
largely independent of the intruder sex (Figures 2T and 2U).
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Given the faster and larger hypothalamic responses than amyg-
dala responses, it is unlikely that the hypothalamic responses
result from amygdala inputs, at least initially, despite that all re-
corded amygdala regions, except CoApm, project directly and
densely to the recorded hypothalamic regions.®”+¢%-¢

Upon introducing a novel object, AHN, VMHvIl, and DMH
increased activity slightly but significantly, suggesting their activ-
ities could also be influenced by arousal or novelty (Figures S5A
and S5B). However, object introduction evoked significantly lower
responses than conspecific introduction (Figures S5C-S5E).
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Figure 2. Broad activation of the expanded SBN during initial encounters with male and female intruders

(A-D) Heatmaps (top) and Peri-event time histograms (PETHSs) (bottom) of Z scored AF/F signal of the VMHvI (A and B) and MeAa (C and D) aligned to the male and
female intruder introduction from all recording animals.
(E and F) Heatmaps showing average Z scored AF/F aligned to male (E) and female (F) introduction across all recorded regions.

(legend continued on next page)
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The magnitude but not the sequence of responses
differs between male and female investigation
After the initial large Ca®" increase upon intruder introduction,
Esr1 cells in all hypothalamic and amygdala regions, except
AHN, increased activity during social investigation (Figures 3A-
3K and S5). During the male investigation, VMHvI showed the
largest activity increase, followed by PMv, DMH, and MeApd
(Figures 3C-3H). During female investigation, MPN, PA, and
MeAa showed the greatest activity increase, followed by MeApd,
BNSTpm, VMHuvI, and PMv (Figures 3l and 3J). Outside the hypo-
thalamus and amygdala, SUBv showed a slight increase in activ-
ity, while IPAG and LSv showed no activity change during either
male or female investigation (Figures 3G and 3l). We calculated
the difference in Z scored responses during male and female
investigation for each recording session and found that VMHuvI,
DMH, and PMv (p = 0.06) showed male-biased responses,
whereas MPN, PA, and MeAa showed female-biased responses
(Figure 3K). Although investigating males and females evoked
activity increase in the same ten regions, there was no significant
correlation between the response magnitude to males and fe-
males across regions, suggesting distinct network activation
patterns evoked by cues of each sex (Figure 3L). No region
changed activity significantly during object investigation, sug-
gesting the response is social specific (Figures S5F and S5G).
The temporal response patterns during male and female
investigation differed across regions but were largely sex inde-
pendent (Figures 3M-3S). We compared the response onsets
of two simultaneously recorded regions during trials when
both regions responded significantly (Z > 2) (Figures 3M-3S).
Unlike the response during intruder entry, MeAa, instead of
DMH, was the fastest to respond during both male and female
investigations (Figures 3M-3S). In fact, MeAa was the only re-
gion rising before the onset of close investigation, suggesting
that its activity change requires no direct contact (Figures 3N
and 3Q). MeAa responded significantly earlier than MPN (p =
0.08 for male investigation), VMHvl, and PMv, making it a
possible driving force for hypothalamic activation (Figures 30
and 3R). During both male and female investigations, PMv
was one of the slowest responding regions, although its activity
increase was among the highest, especially during male inves-
tigation (Figures 3G, 3N, 30, 3Q, and 3R). Indeed, the fastest
responsive region, MeAa, showed only a modest increase in

Neuron

activity during investigating males, suggesting that the
response onset and magnitude are largely independent vari-
ables (Figure 3G). When comparing the response onset during
male and female investigations, only MeApd responded slightly
faster during male investigation (Figure 3S). Thus, the temporal
sequence of the responses during social investigation in the
expanded SBN is largely invariant to the intruder’s sex and is
likely a stable network property.

Distinct response patterns during attack and sexual
behaviors

After a period of investigation, animals expressed distinct ac-
tions toward male and female intruders. Specifically, they at-
tacked males and mounted females. Mount refers to the process
in which a male grasps a female’s flank with its front paws and
establishes an on-top position. Although both attack and mount
involve quick movements, the network activation patterns are
distinct (Figures 4 and S6). During attack, the activity increase
is widespread, with LSv as the only exception, consistent with
its role in suppressing aggression®'"*? (Figures 4A and 4C).
VMHvI, DMH, and IPAG were the most robustly activated re-
gions, while the remaining responsive regions showed a moder-
ate activity increase (Figures 4A, 4C, and 4D). Notably, IPAG and
AHN only increased activity during attack, not investigation, sug-
gesting their action-specific responses (Figures 3G and 4C). In
comparison, the activity increase during mounting was more
limited and graded. MPN and MeAa increased activity the
most, followed by DMH, PA, BNSTpm, VMHvI, and AHN (Figures
4E and 4F). The remaining six regions did not respond (Figures
4E and 4F). The activity change during attack and mounting
was not significantly correlated, suggesting a behavior-specific
activation pattern (Figure 4K).

The temporal dynamics of the responses during attack and
mount were also distinct (Figures 4L-4Q). During attack, VMHuvI
responded the fastest, increasing activity significantly earlier
than MeAa, PA, PMv, and IPAG (Figures 4L-4N). IPAG was the
only region that increased activity after the onset of attack,
consistent with its role in driving biting during attack (Fig-
ure 4M).>® However, overall, there was relatively little temporal
difference in the response onset among the 12 activated regions,
suggesting that attack initiation may involve simultaneous acti-
vation of many regions in the limbic system (Figure 4N).

(G and l) Average Z scored AF/F during 0-30 s after male (G) and female (l) introduction. n = 13-25 animals.

(H and J) Heatmaps showing the difference in average Z scored AF/F during male (H) and female (J) introduction between each pair of regions. n =21-61 sessions.
(K and M) Average onset of responses upon male (K) and female (M) introduction. n = 12-25 animals.

(L and N) Heatmaps showing the difference in average response onset upon male (L) and female (N) introduction between each pair of regions. n = 17-59

sessions.

(O and Q) Average latency to the peak response after male (O) and female (Q) introduction. n = 13-25 animals.
(P and R) Heatmaps showing the difference in average response peak time after male (P) and female (R) introduction between each pair of regions. n = 17-59

sessions.

(S-V) Differences in response magnitude (Z scored AF/F) (S), onset time (T), and peak time (U) during the male and female introduction. n = 28-63 sessions.
Shades in (A-D) and error bars in (G, |, and S) mean + SEM; in (M, O, Q, T, and U) median + 25%. Each gray circle in (G, |, K, M, O, and Q) represents one animal.
Each gray circle in (S-U) represents one recording session. Colored circles in (G, |, K, M, O, Q, and S-U) represent the group average. Blue, green, and dark
orange indicate hypothalamic regions, amygdala regions, and regions outside the hypothalamus and amygdala, respectively.

(G, I, S, T, and U) One-sample t test (if pass Lilliefors normality test) or Wilcoxon signed-rank test (if not pass Lilliefors normality test).

(H, J, L, N, P, and R) Paired t test (if pass Lilliefors normality test) or Wilcoxon signed-rank test (if not pass Lilliefors normality test). (G-U) p values are adjusted with
Benjamini Hochberg procedure for controlling the false discovery rate. *p < 0.05; **p < 0.01; **p < 0.001. Black: significantly >0; green: significantly <0; see

Table S1 for raw data and detailed statistics.
See also Figures S4-S7 and S14.
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The activity increases in the hypothalamus and amygdala
often preceded the mount onset, possibly because mount often
follows close interaction with the female (Figures 40 and 4P).
Across regions, MeAa responded with the shortest latency,
significantly earlier than MPN and PA, while MPN and PA
increased activity earlier than BNSTpm (Figures 4P and 4Q).
Thus, mount involves sequential recruitment of regions in the
expanded SBN.

After the male establishes an on-top position, it rapidly (22—
25 Hz) and shallowly thrusts with its pelvis.®” If the male detects
the female’s vagina, mount advances to deep thrust, which en-
ables the male to insert its penis into the female’s vagina.®® After
multiple deep thrusts, typically 5-20 times, the male ejaculates,
characterized by ceased movement and a slow dismount.®® As
male sexual behavior advanced, the activities of different regions
diverged (Figures 4G-4J and S6). MPN, BNSTpm, and PA grad-
ually increased activity from shallow thrust to ejaculation
(Figures 4G-4J and S6). The activity increase in BNSTpm during
ejaculation was particularly striking, reaching a peak value 3-4
times higher than during any other period (Figures 4l and S6).
By contrast, most other regions gradually decreased activity as
sexual behavior progressed (Figures 4G-4J and S6). During
deep thrust, there was a widespread suppression of activity in
the expanded SBN except for MPN, BNSTpm, and PA
(Figures 4H-4J and S6). During ejaculation, some suppressed
regions, including VMHvI, MeAa and CoApm, and IPAG, slightly
increased activity, while others, such as SUBv, AHN, and DMH,
were further suppressed (Figures 4J and S6). Lastly, we did not
find that the order of intruder presentation affects the neural re-
sponses during aggression and sexual behaviors significantly
(Figure S7). Altogether, these results revealed distinct activation
patterns during male aggression and sexual behaviors: the
former is characterized by a widespread and simultaneous acti-
vation across many regions, while the latter features robust acti-
vation of a small set of regions and a gradual suppression of
many others.

Neuron

Delineation of the aggression-biased network and the
mating-biased network

We then performed principal-component analysis (PCA) based
on the mean Z scored responses of all regions during various
phases of social behaviors (Figure 5A). The variance in re-
sponses across behaviors could be explained nearly fully
(99%) by the first four principal components (PCs) (Figure 5B).
PC1 comprises responses during male sexual behaviors, espe-
cially ejaculation and deep thrust. MPN and BNSTpm have the
highest PC1 score, followed by PA and MeAa, while all other re-
gions have negative PC1 scores, consistent with their sup-
pressed activity during late copulation (Figures 5C and 5D).
PC2 is dominated by responses during male-directed behaviors,
especially male investigation, and VMHuI is the region with the
highest score, followed by DMH, PMv, and MeApd (Figures 5C
and 5D). PC3 is again composed of female-directed behavior,
but unlike PC1, mount and shallow thrust have the highest load-
ings, whereas ejaculation has a negative loading (Figure 5C).
MeAa and MPN have the highest PC3 scores, followed by PA,
consistent with their activity increase during mount (Figure 5D).
Finally, PC4 features a high loading during attack and negative
loadings during investigation (Figure 5C). IPAG shows the high-
est PC4 score, followed by DMH, VMHvI, and AHN (Figure 5D).

Based on this analysis, we propose an aggression-biased
network (ABN) and a mating-biased network (MBN) (Figure 5H).
ABN contains six brain regions, including VMHvI, PMv, MeApd,
DMH, AHN, and IPAG. AHN and IPAG are preferentially activated
during attack and thus represent the motor output nodes of ABN.
MBN contains four regions, including MPN, BNSTpm, PA, and
MeAa. MeAa is mainly activated during mounting, BNSTpm dur-
ing ejaculation, while MPN and PA are activated throughout sex-
ual behaviors.

To further understand the distinctiveness of the activation
pattern during each behavior and the ability to predict social be-
haviors using neural activity, we trained a discriminant analysis
model for each recording session using 80% of randomly

Figure 3. The same regions are activated during male and female investigation but with distinct patterns

(A-D) Heatmaps (top) and PETHs (bottom) of Z scored AF/F signal of the AHN (A and B) and VMHvI (C and D) aligned to the investigation of male (A) and female
(B) intruders from all recording animals. Horizontal bars indicate investigation duration (mean + SEM).

(E and F) Heatmaps showing average Z scored AF/F aligned to the investigation of male (E) and female (F) intruders across all regions. Horizontal bars indicate

investigation duration (mean + SEM).

(G and I) Average Z scored AF/F during the investigation of male (G) and female (1) intruders. n = 13-25 animals.
(H and J) Heatmaps showing the difference in average Z scored AF/F during male (H) and female (J) investigation between each pair of regions. n = 19-60

sessions.

(K) Differences in response magnitude (Z scored AF/F) during the male and female investigation. n = 31-59 sessions.

(L) The response magnitude during male and female investigation is uncorrelated. n = 10 responsive regions.

(M and P) Representative simultaneously recorded Ca®* traces of MeAa and PMv Esr1 cells during investigating male (M) and female (P) intruders.

(N and Q) The response latency during male (N) and female investigation (Q) of all responsive regions. n = 13-25 animals.

(O and R) Heatmaps showing the difference in average response onset during male (O) and female (R) investigation between each pair of regions. n = 32-345

trials.

(S) Differences in response onset during the male and female investigation. n = 21-39 sessions.
All error bars and shades in PETHs: mean + SEM; each gray circle in (G), (1), (N), and (Q) represents one animal. Each gray circle in (K) and (S) represents one
recording session. Colored circles in (G), (I), (K), (L), (N), (Q), and (S) represent the group average. Blue, green, and dark orange indicate hypothalamic regions,

amygdala regions, and other regions, respectively.

G, I, K, N, Q, and S) One-sample t test (if pass Lilliefors normality test) or Wilcoxon signed-rank test (if not pass Lilliefors normality test).

(H, J, O, and R) Paired t test (if pass Lilliefors normality test) or Wilcoxon signed-rank test (if not pass Lilliefors normality test). (G—K, N, O, and Q-S) p values are
adjusted with Benjamini Hochberg procedure for controlling the false discovery rate. *p < 0.05; **p < 0.01; ***p < 0.001. Black: significantly >0; green: significantly
<0; (L) Pearson’s cross-correlation. See Table S1 for raw data and detailed statistics.

See also Figures S4-S7 and S14.
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Figure 4. Distinct activation patterns in the expanded SBN during male aggressive and sexual behaviors
(A and B) Heatmaps showing average Z scored AF/F aligned to attack (A) and various phases of sexual behaviors (B) across all recorded regions. Horizontal bars
indicate the average duration of the behavior episodes (mean + SEM).

C and E) Average Z scored AF/F during attack (C) and mount (E). n = 8-24 animals.

F) between each pair of regions. n = 11-55 sessions.

(

(D and F) Heatmaps showing differences in average Z scored AF/F during attack (D) and mount
(

(

G-l) Average Z scored AF/F during shallow thrust (G), deep thrust (H), and ejaculation (I). n = 12-25 animals.
(J) The average Z scored AF/F during various stages of male sexual behaviors across regions.

(legend continued on next page)
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selected data points (training set). Then we predicted the
behavior categories of the remaining 20% of data points (testing
set). When the model was trained and tested using only frames
that were annotated with a specific behavior (16% of total frames
across all videos), it successfully separated the behaviors based
on the neural activation patterns and predicted most behaviors
accurately (F1 score [mean across behaviors + SD] = 0.81 +
0.11) (Figure S8). Mount and shallow thrust had relatively low
F1 scores as they were sometimes misclassified as each other,
possibly due to their close temporal proximity and the
difficulty for humans to determine the precise transition point
(Figures S8B and S8C). The F1 scores of all behaviors were
significantly higher than those predicted using time-shift models,
which were constructed using MFP recording traces shifted by a
random amount of time within the range of the recording session
(Figure S8C).

We next trained and tested the model using all frames,
including frames without specific social behaviors (annotated
as “other”) (Figures 5E-5G). These “other” frames mainly
involved two animals being far apart but also contained in-
stances when animals were close but showed no discrete ac-
tions. After including these unspecified frames, we found that
F1 scores (mean + SD = 0.49 + 0.22) decreased for all social
behavior categories. The decrease in F1 score was mainly driven
by misclassifying “other” frames as ones with specific behaviors
and vice versa (Figure 5E). Interestingly, the drop in the F1 score
varied widely across behaviors. For deep thrust and ejaculation,
F1 scores only dropped slightly (<15%), while the F1 score for
mount dropped by nearly 70% (Figures 5F and S8C). This result
suggests that neural activation patterns associated with deep
thrust and ejaculation are highly distinct and rarely occur outside
of these behaviors during social interaction. By contrast, the ac-
tivity pattern associated with mount is much less so, possibly re-
flecting many intended mounts that are not manifested beha-
viorally. Importantly, the all-frame models still predicted the
behaviors significantly better than the time-shifted models for
all social behavior categories (Figure 5F).

We then investigated the contribution of ABN and MBN activity
in predicting the behaviors by training models using only data
from non-MBN regions or non-ABN regions. When using the
non-MBN model, F1 scores for all female-directed behaviors,
but not male-directed behaviors, dropped dramatically comp-
ared with the full model, supporting a key role of MBN activity
in determining female-directed behaviors (Figures 5F and 5G).
When using the non-ABN model, F1 scores for male-directed be-
haviors dropped the most but notably also decreased for mount
and shallow thrust, suggesting that mount initiating could require

Neuron

both MBN and ABN activation (Figures 5F and 5G). Notably, the
activity of non-MBN and non-ABN regions could still predict
male- and female-directed behaviors better than time-shifted
models, suggesting that although ABN and MBN are preferen-
tially involved in aggression and mating, respectively, they are
not exclusive for the behavior (Figure 5F).

Changes in the functional connectivity during social
behaviors

To address whether the functional connectivity among regions in
the expanded SBN changes with social behaviors, we calculated
the coefficient of determination (R?) using 1-s moving windows
(25 data points) between each pair of simultaneously recorded
regions (Figure 6A). The time window was chosen based on
the typical duration of a behavior episode (approximately 1-15
s, see Figure S4). Varying time windows from 0.4 to 2 s did not
change the result qualitatively. To remove the autocorrelation
between adjacent data points, we pre-processed the data by
calculating the 1%t order derivative of each recording trace as
the difference between adjacent data points (Figure S9). Figure 6
shows the correlation between PMv and VMHvI as an example.
For the representative recording session, PMv-VMHvI had R? of
approximately 0.09 before intruder introduction (Figures 6B and
6D). With a male intruder, R? jumped to 0.15, further increased to
0.25 during male investigation, and peaked at 0.44 during attack
(Figures 6B-6D). PMv-VMHUvI correlation also increased in the
presence of a female intruder and was further elevated during fe-
male investigation (Figure 6D). However, the correlation gradu-
ally decreased as the sexual behaviors advanced and reached
a level below the pre-intruder baseline during deep thrust and
ejaculation (Figures 6C and 6D). These functionality connectivity
changes were consistent across recording sessions from
different animals (Figures 6E-6M).

One crucial question is whether the correlation change during
social behaviors simply reflects changes in motor output. We
thus calculated R? for all pairs during the low (bottom 25%)
and high-velocity (top 25%) periods when the animal was alone
in the cage. Although no pair of regions showed a significant
change in R? with velocity, we noticed that connections involving
IPAG, SUBv, BNSTpm, PA, and LSv tended to increase strength
during the high-velocity period (Figures S10A-S10C). To further
address the question, we identified the time points when the
locomotion initiated (reach peak speed >8 pixel/fr) after a quies-
cence period (mean speed < 1 pixel/fr for > 1 s) and constructed
Peri-event time histograms (PETHSs) of R? aligned to the move-
ment onset (Figures S10D and S10E). This analysis confirmed
functional connectivity between regions involving IPAG, SUBYv,

(K) The response magnitude during attack and mount is uncorrelated. n = 12 regions that are responsive during at least one behavior.

(L and O) Representative simultaneously recorded Ca2* traces of VMHvI and IPAG Esr1 cells during attack (L) and MeAa and MPN Esr1 cells during mount (O).
(M and P) The response latency during attack (M) and mount (P) of responsive regions. n = 8-23 animals.

(N and Q) Heatmap showing the difference in average response onset during attack (N) and mount (Q) between each pair of regions. n = 23-260 trials.

All error bars and shades of PETHs: mean + SEM; each gray circle in (C), (E), (G), (H), (I), (M), and (P) represents one animal. Colored circles in (C), (E), (G), (H), (1), (K),
(M), and (P) represent the group average. Blue, green, and dark orange indicate hypothalamic regions, amygdala regions, and other regions, respectively.

(C, E, G-I, M, and P) One-sample t test (if pass Lilliefors normality test) or Wilcoxon signed-rank test (if not pass Lilliefors normality test).

(D, F, N, and Q) Paired t test (if pass Lilliefors normality test) or Wilcoxon signed-rank test (if not pass Lilliefors normality test).

(C-1, M, N, P, and Q) p values are adjusted with Benjamini Hochberg procedure for controlling the false discovery rate. *p < 0.05; **p < 0.01; **p < 0.001. Black:
significantly >0; green: significantly <0; (I) Pearson’s cross-correlation. See Table S1 for raw data and detailed statistics.

See also Figures S4, S6, S7, and S14.
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Figure 5. Activities in MBN and ABN predict male sexual and aggressive behaviors, respectively

(A) Heatmap showing the average Z scored AF/F during male- and female-directed social behaviors across regions in male mice. “Other M” and “Other F” refer to
periods when the male or female intruder is present, but no specific social behavior is annotated. Inv, investigate; S Thrust, shallow thrust; D Thrust, deep thrust.
(B) The variance in responses during different behaviors explained by the first 6 PCs.

(legend continued on next page)
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BNSTpm, PA, and LSv increased after movement initiation.
However, functional connections among hypothalamic regions,
MeA, and cortical amygdala were largely invariant to the move-
ment (Figures S10F and S10G). Thus, although movement may
contribute to changes in functional connectivity between some
regions, it minimally modulates the connectivity among the hy-
pothalamus, medial, and cortical amygdala.

We then examined the functional connectivity across all 78
pairs of regions during different social behaviors and reached
several general conclusions. First, some regions showed a signif-
icant correlation in activity even at the baseline (Figures 7A and
7B). This baseline correlation may be considered the resting-
state connectivity. The strongest functional connectivity was
observed among amygdala regions, including MeApd, PA,
CoApm, and SUBY, or connections involving IPAG (Figures 7A
and 7B). After intruder introduction but in the absence of social
interaction, the functional connectivity pattern remained un-
changed except for strengthening the VMHvI and PMv connec-
tion, especially with the male intruder (Figures 7A, 7C, and 7F).
During male investigation, the correlation among VMHvI, PMv,
and DMH increased significantly (Figures 7A and 7D). During fe-
male investigation, there was a broad and weak increase in func-
tional connectivity (Figures 7A and 7G). The most striking
changes in correlation occurred during the social behavior initia-
tion phase. During attack, the functional connectivity between
95% of pairs in the social network increased significantly
(Figures 7A, 7E, and 7L-7N). Intriguingly, the increase in func-
tional connectivity does not require a net change in Ca®* activity.
For example, although LSv did not show an increase in response
during attack, its functional connectivity with the rest of the
expanded SBN nevertheless increased (Figures 7A and 7L). Dur-
ing mounting, there was also an overall increase in connectivity in
the expanded SBN, but interestingly not for connections involving
the VMHuI (Figures 7A, 7H, and 7L-7N). As the sexual behavior
advanced, we observed a general decorrelation in the network
(Figures 7A and 71-7N). During shallow thrust, the connectivity
largely returned to the baseline level except for several weakly
strengthened connections involving BNSTpm, MPN, PA, IPAG,
and AHN (Figures 7A, 71, and 7L). During deep thrust and ejacu-
lation, most connections weakened, some reaching a level signif-
icantly below the pre-intruder baseline (Figures 7A and 71-7N).
Interestingly, during this “dissociated” network state, the male
showed a drastic decrease in response to external sensory
cues. Although a brief air puff (1 s, 12 psi) consistently disrupted
males’ ongoing behavior before female introduction or after ejac-
ulation, the male was impervious to the air puff during deep thrust
and continued to thrust (Figure S11). The dissociated state during
thrust and ejaculation was short-lived. The network connectivity

Neuron

largely returned to the pre-female state after female removal,
regardless of whether ejaculation occurred or not (Figure S12).

Introducing a small jitter (40-200 ms) into the simultaneously
recorded Ca®* traces abolished the across-region correlation
during all behaviors, suggesting that the correlation is highly sen-
sitive to the precise alignment of activities between regions (Fig-
ure S13). Altogether, these results suggest that initiating social
actions involves coordinated activation across the social
network, including regions that appear to show no net change
in activity. Intriguingly, advanced sexual behaviors are accompa-
nied by a dissociated brain state.

DISCUSSION

Using a modified multi-site optical recording system, we exam-
ined the neural activities across multiple regions in the limbic
system during sexual and aggressive behaviors in male mice.
These recordings revealed widespread activities in the network
that evolved in distinct ways throughout male-male and male-fe-
male social interactions.

The overall activation pattern in the expanded SBN
during male social behaviors

We characterized three aspects of the Ca®* responses during
social behaviors: magnitude, timing, and functional connectivity
among regions (Figure S14). Overall, the response magnitude is
behavior- and intruder sex-specific, whereas the timing is
behavior- but not intruder sex-specific. Network connectivity in-
creases drastically during the fast action phase of social behav-
iors and decreases during late copulation.

Most recorded regions showed the maximum activity in-
crease during the initial intruder encounter. This is perhaps
not surprising as the net change of sensory cues was the
largest at that moment. The entry response was generally
higher and faster in the hypothalamus than amygdala, possibly
reflecting a higher level of information convergence and a lower
spontaneous activity in the hypothalamus. DMH was consis-
tently the first (<1 s) to respond regardless of the intruder
sex, and this response occurred before the physical interaction
of the two animals (median latency of first interaction: 3.7 s for
male intruders and 3.6 s for female intruders), suggesting its
potential role in the initial detection of distant social targets.
Several regions in the ABN, including VMHvI, DMH, and PMyv,
showed higher responses to males than females, while all
MBN regions, including MeAa, PA, BNSTpm, and MPN,
showed the opposite preference. Thus, information regarding
the intruder’s sex is represented widely in the expanded SBN
quickly after intruder introduction.

(C) The loading (coefficient) of the first 4 PCs.
(D) The scores of the first 4 PCs for each region.

(E) Confusion matrix shows the number of frames that are correctly and incorrectly classified for each behavior across all sessions. Left columns show the
precision (blue) and false discovery rate (FDR, orange). Bottom rows show the recall (blue) and false negative rate (FNR, orange).

(F) F1 scores of various behaviors computed using full models that include data from all recording regions, non-MBN models, non-ABN models, and models built
with time-shifted data. Error bar: mean + SEM. Paired t test (if pass Lilliefors normality test) or Wilcoxon signed-rank test (if not pass Lilliefors normality test). All
comparisons have p values < 0.05 unless marked. ns, not significant. n = 17-24 animals.

(G) Heatmap showing the averaged decrease in F1 score when using non-MBN and non-ABN models compared with the full model.

(H) Diagram summarizing the brain regions in the MBN and ABN.
See Table S1 for raw data and detailed statistics.
See also Figures S8 and S14.

3298 Neuron 711, 3288-3306, October 18, 2023



Neuron ¢? CellPress

Calculate average R2 during each behaviorand
compare it with that during pre-intruder baseline

Compute correlationbetweenAand Bw/ 1s

Region A: AF/F - diff (AF/F)
} moving window for each recording session

Region B: AF/F - diff (AF/F)

| VMHM - PMv
B , C Inv estigate & Attack Deep thrust R2
0.05 Inv estigate VMHv
0 0.6
w
I
g 04
= 0
[a 0.2
-0.05 Ya i 5 . - 3
4030 4031 4032 4033 4034 4035~ 4062 4064 4066 4068 4070 4072 4074 0
Time (s) Time (s)
1 & Intruder in 06 | 06 | 06 |
‘ 0.4 0.4 ‘
| | |
’ ‘ ” WNWC
| 0 | 0
[ 5 0 5 - 0 5
Qi A ‘ A i A i Time (s) Time (s) Time (s)
4000 4020 4040 4060 4080 4100 4120 4140 4160 41 80 4200
Time (s) D
E F H
E F . G —_FE
OtherMale Investlgate Male Attack A r [ 3
KKK XX i i I
20 06 T
£ £ L i F Rk
Al i1 T
] n n Blue: baseline
w10 w10 i o S )
5] 5] S) Orange: behavior 02
g § g | ﬁ ﬁﬁ — —Baseline
0 0 0 il
0 0.6 0 0.6 EIRN & &
R2 R2 ‘2’2@‘ « \*“q’o\* © @"Z@i@&@\
K L M
OtherFemale Inveshgate Female Mount 0 Shallow Thrust Deep Thrust Ejaculate
Q20| * Qo0 | ** [ 2 | @20 | ** @20 | **
S Il k] 9 (<] k] k] I
[ [7] 7] [7] [ [
7 | 17 I I 7] 7 ||
[0} [] [ [ [0} [0}
210 210 210 210 210 210
o o o o o o
o o o o o o
z z z z z z
0 0 0 0 0
0.6 06 0 0.6 0 06 0 0.6
R2 R2 R2 R2 R2 R2

Figure 6. Changes in the VMHvI and PMv functional connectivity during social behaviors

(A) The procedure to calculate R* between a pair of regions during various behaviors.

(B) Differential Z scored AF/F traces of VMHvI (black) and PMv (green) (top) and their moment-to-moment R? (bottom) from a representative recording session.
Shades indicate behavior episodes.

(C) Heatmaps (top) and PETHs (bottom) aligned to the onset of male investigation (left), attack (middle), and deep thrust (right). It is from the same recording
session shown in (B).

(D) Average R? between VMHvI and PMv during various behaviors in the recording session shown in (B) and (C). n = 1-86 trials. Base: pre-intruder period. Other:
with intruder but no specific social behaviors. Inv, investigate; S Thrust, shallow thrust; D Thrust, deep thrust. Kruskal-Wallis test followed by Benjamini Hochberg
procedure for controlling the false discovery rate.

(E-M) The distribution of R? at the pre-intruder baseline (orange) and during specific behavior epochs (blue). Black and red dashed lines indicate the median
values of the R? during the baseline and behavior periods. Baseline and behavior sessions are matched. Paired t test (if pass Lilliefors normality test) or Wilcoxon
signed-rank test (if not pass Lilliefors normality test).

Error bars and shades of PETHs: mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001. See Table S1 for raw data and detailed statistics.

See also Figure S9.

Ten out of thirteen regions were activated significantly during
social investigation, all responding to both males and females.
The response magnitude in most regions showed sex biases.
Interestingly, MeAa, instead of DMH, was the first to increase ac-
tivity during each episode of social investigation, and it was also
the only region to respond before the investigation onset. Like
MeApd, MeAa receives extensive inputs from the accessory ol-
factory bulb and projects densely to the medial hypothalamus

and other olfactory-related amygdala regions.®® However, it
has received less attention as immediate early gene studies
found that handling, tail pinch, mating, and fighting all activate
the MEAa, leading to the conclusion that MeAa belongs to a
general arousal circuit.”®>%® Here, we found MeAa™" cells
respond rapidly and specifically during female but not object
investigation, suggesting its potential social-specific role. Inter-
estingly, compared with MeApd, MeAa projects more densely
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to the ventral striatum and ventral tegmental area, regions essen-
tial for social interest,**:6467

The activity changes during attack and mount differed vastly.
Attack was accompanied by activity increases in all regions
except the LSv, an aggression “gating” region.>? VMHvI demon-
strated the fastest and largest response during attack, preceding
several other aggression-related regions, including PA, PMy,
and PAG, suggesting VMHVI as the attack “ignitor.”*°*%°> How-
ever, VMHvI does not mediate attacks on its own. The functional
connectivity of nearly the entire expanded SBN strengthened
drastically during attack. Thus, although the attack signal may
originate from the VMHUvI, its continuation likely requires the
entire network. Thus, modulating many nodes in the network
could cause changes in attack.®%:30:31:33:34,36,51,52,54.55

Mount was accompanied by a relatively limited network activa-
tion. It involved seven activated regions vs. twelve during attack.
MPN and MeAa demonstrated the highest responses. Interest-
ingly, the activity rise in the MeAa was earlier than MPN, the
most-established region for male sexual behavior. Although
MeAa activity increase may partially reflect changes related to so-
cial investigation, which often precedes mounting, we did not find
MeAa as the first to respond during attack, which also frequently
follows close interaction. At the network level, the functional con-
nectivity between many regions increased during mounting as in
the case of attack, but connections involving VMHvI remained
largely unchanged. This perhaps explains the weak deficits in
mounting when VMHul is artificially inhibited, even though VMHuvI
is one of the regions with increased activity during mounting.*¢®
As sexual behavior advanced, we saw a clear divergence of activ-
ity patterns across regions. PA, MPN, and BNSTpm were the only
regions that gradually increased activities, peaking during ejacu-
lation, while all other regions gradually decreased activities. The
neural activity pattern during late sexual behavior was highly
distinct and could be used to predict the behaviors reliably. Dur-
ing late sexual behaviors, the most striking change at the network
level was an overall decrease in functional connectivity. No
connection was strengthened, regardless of whether it was be-
tween regions responsive or not, and many dropped below the
baseline level. This result suggests the brain enters a dissociated
state during late mating. Interestingly, male rats are reported to
have drastically reduced sensitivity to pain during copulation.®®-%°
We further demonstrated that male mice are oblivious to the air
puff disruption during deep thrust. Whether these behavior
changes result from decreased communication across brain re-
gions remains to be investigated.

¢ CellP’ress

Although we focused on Esr1 cell responses during mating and
fighting, these cells are also relevant for other social behaviors,
such as parental care and infanticide.'®"%”" We chose Esr1 cells
as we aim to target various regions in the social network, making
it challenging to use markers specific to one region or one
behavior. However, it is almost certain that some Esr1 cells in
each recorded region are irrelevant to the behavior of focus.
Indeed, several recent single nucleus RNA sequencing
(snRNA-seq) studies revealed molecularly distinct clusters within
the Esr1 population.'®? Future studies should refine the molec-
ular identity of cells in each region of the MBN and ABN. Addition-
ally, we could not rule out the possibility that some non-Esr1 cells
are also important for mating and fighting. For example, half of
the PA cells projecting to the VMHvI do not express Esr1,
although their functional role remains unknown.>" Nevertheless,
several studies comparing Esr1 positive and negative cells in
the same region concluded that the Esr1 positive cells are pref-
erentially activated during social behaviors.®"%"2

The MBN

We propose that MPN, BNSTpm, PA, and MEAa form the MBN
to support male sexual behaviors. These regions, except MeAa,
showed a consistent increase during all stages of male sexual
behaviors, with higher responses in more late stages. The activ-
ity increases probably reflect a combination of sensory inputs
(e.g., olfactory and somatosensory) and internal cues (e.g., hor-
mone and neuromodulator) and may be used to drive moment-
to-moment actions associated with mating.

MPN is unarguably the most studied region for male sexual be-
haviors. Since 1941, numerous studies have demonstrated that
MPN damage impairs or abolishes male sexual behaviors
without spontaneous recovery, suggesting its irreplaceable
role in mating.”* Both c-Fos and in vivo recordings corroborate
functional results.'® Our recordings further confirm the large in-
crease in MPN activity throughout the male sexual behaviors.
However, we do notice some heterogeneity in MPN responses
across animals. In animals with optic fibers located in posterior
MPN, the cell responses to females tended to be weaker than
those with anterior MPN-targeted fibers (although all animals
were included in the analysis). Our recent study suggests that
posterior MPN is mainly activated when facing social threats
and plays a vital role in suppressing aggression against superior
opponents.”®

The role of BNSTpm in male sexual behaviors has been long
suspected based on its remarkably dense c-Fos expression after

Figure 7. Changes in functional connectivity across the expanded SBN during social behaviors

(A) Heatmap shows the average R? of all pairs of regions during various behavior epochs and its comparison to the R? values during the baseline period. Base:
pre-intruder period. Other: with intruder but no specific social behaviors. Inv, investigate; S Thrust, shallow thrust; D Thrust, deep thrust. Paired t test (if pass
Lilliefors normality test) or Wilcoxon signed-rank test (if not pass Lilliefors normality test). p values are adjusted using Benjamini Hochberg procedure for con-
trolling the false discovery rate. *q < 0.05; **q < 0.01; ***q < 0.001. Black and white: significantly increase and decrease from baseline, respectively.

(B-K) Graph plots showing the strength of functional connectivity (R?) among different regions during various social behavior epochs. Only connections with
R? > 0.1 are shown. The size of a node reflects its overall connection strength.

(L) The averaged change of R? of each region with all other regions during various behaviors.

(M) The number of pairs of regions that show significantly increased R? (red) or decreased R? (blue) from the pre-intruder baseline.

(N) Change in R? values from the pre-intruder baseline for significantly changed connections. Red and blue show the mean + SEM of significantly increased and
decreased connections during each behavior. n = 0-72 pairs of regions.

See Table S1 for raw data and detailed statistics.

See also Figures S10-S14.
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male mating.®®"®"® Recent functional studies reported signifi-
cantly impaired male sexual behaviors after ablating or inhibiting
BNSTpm aromatase, Tac1, or Esr1 expressing cells.’®" Addi-
tionally, Zhou et al. reported that BNST Esr2-expressing cells,
a subset of Esr1 cells, are important for ejaculation-induced sex-
ual refraction.’®?? These findings corroborate our observations
that BNSTprEs"" cells are activated during various stages of
male sexual behaviors, with a particularly striking activity in-
crease during ejaculation.

PA has largely escaped the attention of neuroscientists,
possibly due to its relatively low c-Fos induction after sexual be-
haviors.”® Nevertheless, our recent functional studies demon-
strated that PAFS™ cells are necessary and sufficient for male
sexual behaviors through their projection to the MPN.®>' Most
strikingly, when the PAES™ to MPN projecting cells are inhibited,
males rarely mount and never achieve deep thrust.”’

The role of MeAa in sexual behaviors remains elusive. Early
studies found that MeAa lesions could abolish all aspects of
male sexual behaviors.®° However, the MeApd, but not MeAa,
expressed c-Fos specifically after exposure to female phero-
mone cues and consequently became the focus of many
studies.?’ However, recent cell type-specific ablation argued
against the important role of MeApd in male sexual behaviors. '°
Consistent with these functional results, we found no significant
activity increase of MeApd®" cells during male mating. Given
the intense and rapid activation of MeAa during the early phase
of male sexual behavior, future studies are needed to investigate
its function in male sexual behaviors.

The ABN

The proposed ABN contains AHN, DMH, VMHvI, PMv, MeApd,
and IPAG based on their preferential responses during aggres-
sion over sexual behaviors. Here, we will summarize their known
functional roles in aggression and highlight the new insights re-
vealed by our recordings. Notably, although PA, BNSTpm, and
MPN show preferential responses during male sexual behaviors,
they also play a role in male aggression.

VMHuvI has now been firmly established as a critical site for
conspecific aggression.®® Consistent with its critical role in
aggression, VMHvl shows the largest response during male intro-
duction, investigation, and attack. VMHUVI is the first to respond
and one of the top regions to increase functional connectivity
during attack, supporting its central role in attack initiation.

PMv is a major input to the VMHvI and is highly responsive to
conspecific olfactory cues.**®? Indeed, PMv is among the most
activated regions during male investigation. However, PMv
response during attack is relatively weak and significantly slower
than the VMHvI, suggesting its secondary role in initiating attack.
It also suggests that the rise of VMHvI activity during attack is un-
likely a result of olfactory inputs channeling through the PMv.

DMH has only been studied recently for its role in aggression.
Zelikowsky et al. found tachykinin-expressing DMH cells neces-
sary and sufficient for social isolation-induced aggression in
male mice, although the cell response during attack was not re-
ported.®* We found that DMH, like VMHvI, showed a male-
biased response during all stages of social behaviors. Whether
DMH influences aggression through its connection with VMHvI
or its parallel projection to PAG remains to be investigated.
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Recent studies demonstrated a necessary and sufficient role
of MeApd GABAergic cells in inter-male aggression,®'®
although the cell Ca®* responses during attack remain unre-
ported. Consistent with the functional results, we found that
MeApdEs cells increased their activity during both attack and
male investigation. MeApd also substantially increased its func-
tional connectivity during attack, especially with VMHvI, support-
ing its important role in attack initiation.

IPAGES™ cells showed increased activity exclusively during
attack, consistent with classical lesion and electric stimulation
studies showing PAG’s ability to modulate attack bi-directionally
in rats.®*%* We previously found IPAG as a key downstream of
VMHUvI for attack initiation, although stimulating the VMHvI-
IPAG pathway only induces attacks with low efficiency.””
Indeed, most ABN regions project to IPAG,®> which may be a
common gateway to integrating ABN inputs to initiate action.
Thus, blocking IPAG is sufficient to block attack, whereas acti-
vating any specific input only triggers attack weakly or not
at all.>®

AHN was considered a part of the aggression circuit based on
early studies in hamsters.?5®” However, later, AHN was pro-
posed as a part of the predator defense circuit given its strong
c-Fos activation after predator encounters.®®*° Recently, Xie
et al. reported that AHN GABAergic cells (the main population)
bi-directionally control defensive attacks against both predators
(e.g., snakes) and aggressive conspecifics in mice.*®> We found
that AHNES"™ cells uniquely increased activity during the action
phase of aggression. Thus, AHN may promote attack but is not
socially specific.

Although PA is included in the MBN, PA also plays a role in
male aggression through its projection to VMHVL.**? PA is
consistently activated during male investigation and attack,
although the responses during female investigation and sexual
behaviors are significantly higher. The female-biased response
could partly reflect our sampling bias. We likely mainly record
from PA-MPN cells given that they are more dorsally located
than PA-VMHUVI cells, and our optic fiber was placed above the
PA dorsal surface.>’ Our previous study showed higher re-
sponses of PA-VMHuI cells during male-male than male-female
interaction.®’

Similar to PA, BNSTpm could modulate aggression despite
being a part of the MBN. However, its exact role in aggression
remains elusive. On the one hand, inhibiting BNSTpm Esr1, aro-
matase, or Tac1 and Esr1 co-expressing cells all reduced attack
in male mice, supporting a positive role of BNSTpm in aggres-
sion."?" On the other hand, no study reported acutely
increased aggression after BNSTpm activation.'®" In fact, acti-
vating BNSTpm aromatase cells suppressed aggression.”’
Consistent with a negative role of BNSTpm in aggression, opto-
genetic stimulation of the projection from MeA to BNSTpm,
which is primarily GABAergic and presumably inhibits
BNSTpm cells, promoted aggression.'? In our study, although
BNSTpm®"" cells are significantly activated during attack, they
are among the slowest responding cells, suggesting they likely
do not play a key role in initiating attack.

LSv is the only region showing no activity increase during
attack. It is also the only region whose connection with VMHvI
does not strengthen during attack. LS has been recognized as
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an aggression gating region for decades. Early studies demon-
strated “septal rage,” i.e., unprovoked ferocious attack,
caused by the septal lesion. Recent studies confirmed that LS
could suppress aggression through its GABAergic projection to
VMHVI.5"%? Given these functional results, the lack of activity in-
crease in LSv may signal “permission” to attack.

In summary, we investigated Ca* responses in the expanded
SBN during social behaviors in male mice. Our results suggest
that sex identity information is broadly represented across the
network. Fighting and mating are associated with distinct
network activation patterns. Attack features synchronized acti-
vation of many regions, with VMHvI being the potential ignitor.
Sexual behavior is associated with the sequential activation of
a small set of regions and their gradual changes during behavior
progression. The network activity during late copulation is partic-
ularly unique, featuring strong activation of three regions, sup-
pression of others, and reduced communication across regions.
These results provide a holistic view regarding the neural gener-
ation of social behaviors and will serve as an important guide for
future functional studies, which are likely to refine and revise the
identity and composition of the MBN and ABN.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

AAV1-CAG-Flex-GCaMP6f-WPRE.SV40 Chen et al.”" Addgene #100835-AAV1
AAV2-CAG-FLEX-GCaMP6f-WPRE.SV40 Chen et al.®’ Vigene Biosciences, Custom
Experimental models: Organisms/strains

Esr1-Cre mice Lee et al.® Jackson lab, Strain No. 017911; RRID:IMSR_JAX:017911
Deposited data

Multi-fiber recording dataset This study https://doi.org/10.5281/zenodo.8128564
Software and algorithms

MATLAB R2021a MathWorks https://www.mathworks.com/products/

matlab.html; RRID:SCR_001622

Prism 9 GraphPad Software https://www.graphpad.com/scientific-software/
prism/; RRID:SCR_002798

StreamPix 5 NorPix https://www.norpix.com/products/streampix/
streampix.php; RRID:SCR_015773

Body tracking code Lin et al.? https://github.com/pdollar/toolbox

DeeplLabCut

MFP analysis code

Mathis et al.””

This study

https://github.com/DeeplLabCut/DeepLabCut
RRID:SCR_021391

https://doi.org/10.5281/zenodo.8128564

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dayu Lin

(dayu.lin@nyulangone.org).

Materials availability

This study did not generate new unique reagents.

Data and code availability
@ The relevant multi-fiber photometry recording dataset has been deposited at Zenodo and is publicly available as of the date of
publication. The accession number is listed in the key resources table.
o All Matlab codes generated in this manuscript have been deposited at Zenodo and are publicly available as of the date of pub-
lication. The accession number is listed in the key resources table.
@ Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Experimental mice for MFP recording were socially naive, Esr1-Cre male mice (10-24 weeks, Jackson stock no. 017911). After sur-
gery, all test animals were single-housed. Intruders used were group-housed BALB/c males or group-housed C57BL/6 females (both
10-36 weeks, Charles River). Mice were housed at 18-23 °C with 40-60% humidity and maintained on a reversed 12-h light/dark
cycle (dark cycle starts at 10 a.m.) with food and water available ad libitum. All experiments were performed in the dark cycle of
the animals. All procedures were approved by the IACUC of NYULMC in compliance with the NIH guidelines for the care and use
of laboratory animals.
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METHOD DETAILS

MFP recording setup

The optical setup was a modified version of a typical fiber photometry setup according to a previously described multi-fiber photom-
etry recording systems.*”-°° Briefly, blue LED light (Thorlabs, M470F1, LEDD1B) was bandpass filtered (Semrock, FF02-472/30-25),
reflected on a dichroic filter (Semrock, FF495-Di03-25x36), and coupled into a custom-designed 19-fiber multi-fiber bundle (Doric
Lenses, BFP(19)_100_110_1100-0.37_4m_FCM-19X) through a 10x objective (Olympus PLN). Emission light was bandpass filtered
(Semrock, FF01-535/50) and projected onto the CCD sensor of a camera (Basler, acA640-120um) via an achromatic doublet (Thor-
labs, AC254-060-A-ML). The connector end of the fiber bundle was imaged by the camera. The LED was driven by DC current, and
the optical power out of the tip of every single fiber was set to be ~30 uW. The sampling rate of the camera was 25 frames per second.

Stereotaxic surgery

Esr1-Cre mice were anesthetized with 1.5%-2% isoflurane and placed on a stereotaxic surgery platform (Kopf Instruments, Model
1900). 60-100 nl AAV2-CAG-FLEX-GCaMPé6f (Vigene, custom prepared) or AAV1-CAG-FLEX-GCaMP6f (Addgene, 100835-AAV1,
3x dilution) was delivered unilaterally into each of the following targeted brain regions: LSv (AP 0.05, ML -0.65, DV -3.25); MPN
(AP 0.00, ML -0.33, DV -4.90); BNSTpm (AP -0.30, ML -0.80, DV -3.60); AHN (AP -1.05, ML -0.55, DV -5.15); DMH (AP -1.75,
ML -0.55, DV -5.2); VMHvI (AP -1.70, ML -0.75, DV -5.80); PMv (AP -2.40, ML -0.55, DV -5.70); MeAa (AP -1.10, ML 2.10, DV
-4.90); MeApd (AP -1.60, ML 2.10, DV -4.92); PA (AP -2.35, ML 2.20, DV -4.92); CoApm (AP -2.85, ML 2.90, DV -5.20); SUBv (AP
-3.35, ML 2.60, DV -4.60); IPAG (AP -4.90, ML -0.45, DV -2.40). All regions included in the final analyses had correct virus expression
and fiber tip position based on histology.

The multi-fiber arrays were constructed using MT Ferrules (US Conec, No 12599) and 100 um-core optic fibers (Doric Lens,
NAO.37) as described previously.”® The connector contains 4 x 12 through holes, spaced by 250 um (center-to-center distance).
Each hole can fit one 100-pum optic fiber. The positions of the holes were selected based on the anatomical relationship of the brain
regions of interest. The length of each optic fiber was determined based on the depth of the targeted region. Once all fibers were
inserted into the correct positions below the ventral surface of the connector, they were secured with super glue. The other end
of the fibers was then cut and polished. For each animal, two custom-made multi-fiber arrays were implanted, one designed to target
seven medial regions on the left hemisphere and the other to target five lateral regions on the right hemisphere. Figure S1 shows the
locations of all the fibers within the connectors for targeting medial and lateral structures. A custom-made optic-fiber assembly tar-
geting IPAG (Thorlabs, CFX126-10) was also implanted in the same animal. All optic fibers are targeted ~250 um above the injection
sites and secured using dental cement (C&B Metab ond, S380). IPAG fiber was implanted at (AP -5.20, ML -0.45, DV -2.00) after tilting
the head 8 degrees down rostrally to avoid collision with the other two arrays. Lastly, a 3D-printed plastic ring for head fixation was
cemented on the skull.*®

Behavioral analysis and tracking

Behaviors were recorded under dim room light via two cameras from top and side views (Basler, acA640-100gm) using StreamPix 5
(Norpix), which also coordinated the MFP camera in synchrony. Behaviors were then manually annotated, and animal positions were
tracked on a frame-by-frame basis using custom software in MATLAB (https://pdollar.github.io/toolbox/). Annotated behaviors are
defined as follows: ‘Investigation’, the resident mouse made nose contact with either the facial or anogenital region of the intruder
mouse or the whole body of the toy mouse; ‘Attack’: a suite of actions initiated by the resident toward the male intruder, which
included lunges, bites, tumbling and fast locomotion episodes between such behaviors; ‘Mount’: began when the resident male
charged toward the rear end of the female body, rose and grasped the female’s flank with his forelimb, and ended by aligning his
body with the female’s and assuming the on-top posture; ‘Shallow thrust’: the male grasped the female’s body tightly with his fore-
legs and made rapid shallow pelvic thrusts; ‘Deep thrust’: deep rhythmic movement of pelvis presumably with penile insertion into the
vagina; ‘Ejaculation’: the male froze at the end of an intromission event while continuously clutching onto the female and then slump-
ing to the side of the female. Ejaculation occurred only once in a female session, signaling the end of sexual behaviors. It was always
confirmed by the presence of a vaginal plug after the recording. Behavioral annotations were made by trained experimenters, during
which neural responses were not available to the experimenter. The animals were tracked using custom MATLAB software (https://
github.com/pdollar/toolbox).®** The velocity of the animal was calculated as the distance between the animal’s body center loca-
tions in adjacent frames (pixels/s).

Multi-fiber photometry recording

The recording started three weeks after the virus injection. For each recording session, the head-mounted MT ferrules were con-
nected to the matching connectors at the end of the optic fiber bundl e (Doric lens, BFP(19)_100/110/1100-0.37_4m_SMA-19x). A
drop of liquid composite (Henry Schein, 7262597) was applied to the outer part of the junction and cured with blue LED curing light
(Amazon) to stabilize the connection. The baseline signal was checked in the absence of the intruder for at least two days to ensure
that the signal reached a stable level (<10% difference across days for all regions). On the recording day, after 10 minutes of the base-
line period, a sexually receptive female or a group-housed non-aggressive male mouse was introduced. Ten minutes after the first
intruder was removed, a second intruder of a different sex was introduced. For the female session, it ended when the recording male
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achieved ejaculation or after 60 minutes. If the female was clearly rejective (although all females were screened with experienced
mounters briefly before the recording to ensure sexual receptivity), the session would be terminated earlier. The male session gener-
ally lasted for 10-15 minutes. The order of male and female presentations was counterbalanced across sessions. For some recording
sessions, 10 minutes after removing the male, a novel object (15 mL plastic tube) was introduced for 10 minutes. Each animal was
recorded 2-4 times, with at least three days in between.

Data analysis

Regions of interest (ROIs) for selected channels were drawn on the grayscale image of the optic fiber bundle, and the average pixel
intensity for each ROl was calculated as a readout of the raw Ca®* signal (F ) for the region. We then used the MATLAB function
“msbackadj” with a moving window of 10% to get the flatted signal Fy,:. Then the instantaneous baseline signal was obtained as
Foaseline = Fraw — Friat- The AF/F was then calculated as AF/F = (Fraw —Fpaseline)/Fbaseiine- The AF/F signal was then Z-scored using
the entire recording trace for each channel. All analyses were based on Z-scored AF/F.

The response magnitude of each behavior for each recording animal was calculated by first averaging Z-scored AF/F during all
episodes of the behavior in a session and then averaging the values across all recording sessions of an animal. The difference in
response magnitude between two regions was calculated as the difference of average responses of two simultaneous recorded re-
gions of a session and analyzed across all sessions. To compare responses during male-directed and female-directed behaviors
(e.g., male investigation vs. female investigation), we calculated the magnitude difference between the behavior toward the male
intruder and the female intruder of each session and analyzed all sessions. To calculate the onset of the response of behavior,
e.g., attack, we first selected responsive trials when the Z-scored AF/F reached >2. For those trials, we then determined the trough
time preceding the peak response after smoothing the trace with a low pass filter (threshold 4 Hz). If a session contained at least three
responsive trials (Z>2), the average onset time of the behavior of the session was computed. Otherwise, the onset would be regis-
tered as NaN. To compare the onset time during male-directed and female-directed behavior, e.g., male investigation vs. female
investigation, we determined the average onset during each behavior in one session and calculated their difference. To compare
the onset time of two different regions in one behavior, we identified trials where both regions showed a peak response >2, deter-
mined the response onset for each, and calculated the difference. We then performed a two-sided t-test (if data passed the normality
test) or Wilcoxon signed-rank test (if data did not pass the normality test) on the onset time difference using all trials with a null hy-
pothesis that the onset difference was 0. The peak time during introduction was determined as the latency to reach the maximum
value in the first 30s after intruder introduction. The peak time difference between the two regions was calculated based on the
peak time of simultaneously recorded traces. The PETHs were constructed by aligning the Z-scored AF/F to the onset of a behavior,
averaging across trials, averaging across sessions for each animal, and then averaging across animals.

Principal Components Analysis (PCA) was performed using the MATLAB function "pca." The data submitted to PCAwasa 13x9
matrix (corresponding to 13 regions and 9 behaviors) whose i, ' element is the response magnitude (Z scored AF/F) of the /" region
during the /" behavior averaged first over trials, then sessions, and finally subjects. The first four components explained over 99% of
the variance.

A linear discriminant model for each recording session was constructed using the MATLAB function "fitcdiscr "using 80% of
randomly selected data (training data). The model was then used to predict the behaviors associated with the remaining 20% (testing
data) of the Ca?* recording data in each session using MATLAB function "predict". We used either all the frames (Figure 5) or the
frames annotated with specific social behaviors (Figure S8) for training and testing. For each session, only channels with correct tar-
geting were used for training and testing the model. The confusion matrix was constructed based on all the testing data from all ses-
sions of all animals. F1 score was calculated as (2 x precision x recall) / (precision + recall) for each behavior and each recording
session and averaged across sessions. To calculate the F1 score of time-shifted data, the recording traces of all channels were
shifted by a random offset (0 to the duration of the recording session) and used for constructing the discriminant model and predicting
the behaviors. This procedure was performed once for each session.

For assessing the contribution of MBN and ABN regions to behavior prediction, we constructed the discriminant models based on
recordings from non-MBN regions or non-ABN regions and used the model to predict the behaviors. We then compared the F1
scores for each behavior obtained using the full model, non-MBN model, non-ABN model, and time-shifted model using pairwise
comparisons. Generally, the full model predicted all the behaviors significantly better (higher F1 score) than all other models, and
non-MBN and non-ABN models still predicted behaviors better than the time-shifted model. For Figures 5F and S8C, each subject’s
F1 scores were computed separately by concatenating results across sessions.

To determine the instantaneous coefficient of determination (R%) between two regions, we first calculated the first derivative of the
Z-scored AF/F trace as the difference between adjacent data points (25 points/sec). We then computed the moving-window corre-
lation (window size: 25 data points) using the MATLAB function "movcorr" and its elementwise squaring as R%. We then calculated the
average R? during each behavior for each recording session and the average of all sessions. To determine whether R? changed signif-
icantly during a behavior, we performed paired t-test (if data passed the normality test) or sign test (if data did not pass the normality
test) between the averaged R2 during the behavior and that during the baseline period of the same session across all sessions. The p
values were adjusted using Benjamini & Hochberg procedure for controlling the false discovery rate (FDR). The graph plot for each
behavior was generated using MATLAB function "graph". The averaged R? values during the behavior for all pairs of regions (76 in
total) were used as the weights of connections and indicated as the width of the lines. Only connections with R% >0.1 were shown. The
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size of a node is proportional to the accumulated weight (R?) of all the connections involving the node. The graph plots in Figure 7B
convey similar information as the heatmap in Figure 7A (indicated as the line width of connections) and 7L (indicated as the node size).
To determine the importance of the temporal alignment on the correlation between regions, we added a slight jitter (randomly
selected from 40, 80, 120, 160, and 200 ms) to one of the Z-scored AF/F traces in each pair of regions and then calculated the R?
of all pairs.

To determine the relationship between the movement velocity and correlation between regions, we tracked the animal and calcu-
lated its body center velocity and the average R? in the frames with the top 25% movement velocity and those with the bottom 25%
velocity for each session. We then calculated the difference between each session’s low-velocity and high-velocity periods and the
average across sessions. To determine the onset of movement during the baseline period, we determined troughs and peaks in the
velocity trace and selected troughs that precede peaks reaching at least 8 pixels/fr and follow >1s of quiescence (mean
velocity < 1pixel/fr). We then constructed PSTHs of R? of each pair of regions aligned to the movement onset in each session and
calculated the average for each session and the average PSTHs of all sessions. We then calculated the difference in averaged R?
between post- (0 -1 s) and pre-movement (-1 - 0 s) based on the PSTHs. The movement-sensitive pairs (red-filled circles in Fig-
ure S10F and red trace in Figure S10G) are pairs with a AR?> 0.01.

Behavior disruption by air puffs

Mice were anesthetized with 1.5% isoflurane and equipped with a 3D-printed head ring affixed to the skull using dental cement. A
0.25” piece of an 18G blunt needle (SAl, B18-50) was unilaterally cemented to the head-post exterior, pointing to the eye and whisker
region of the mouse. Mice were allowed to recover (>1 week) and were then habituated to the recording chamber. Before each test
session, a long segment of tubing (Tygon tubing, 1/32” ID, 3/32” OD, lot #25370284) was carefully attached to the blunt needle while
the animal was head-fixed. The mouse was immediately transferred to the home cage, where he could move freely with the flexible
tubing attachment. A pressurized central building air supply wall outlet was connected to a pressure regulator (NITRA pneumatics,
1/8” NPT, AR-212), which was then connected to a standard 2-way normally closed (NC) isolation valve (NResearch, 161T011). The
valve was wired to receive 12V of power and TTL pulses via a BNC cable connected to a TDT RX8 I/O system. Pulses were gated via a
12V 1-channel relay module (HiLetgo). During different behaviors, pulses were remotely and manually triggered to open the isolation
valve for 1 second and release a 12 PSI (pounds per square inch) air puff. For each trial, we observed the videos frame-by-frame and
manually determined whether the mouse reacted to the puff or not based on the occurrence of abrupt movement or termination of
ongoing behaviors. Further, DeepLabCut (DLC) was used to track the head of the animal.®> We then calculated the head velocity as
the head displacement between two adjacent frames and constructed the velocity PETHSs aligned to the air puff onset.

Histology and imaging

Mice were over-anesthetized with isoflurane and transcardially perfused with cold 1x phosphate-buffered saline (PBS), followed by
cold 4% paraformaldehyde (PFA) in 1x PBS. Heads with implants were post-fixed in 4% PFA for at least 72 h at 4°C and then trans-
ferred into 15% sucrose solution for 48 h, after which brains were carefully extracted and put into 15% sucrose solution at 4°C over-
night. Brains were embedded in OCT mounting medium, frozen on dry ice, and cut into 50 pm-thick sections using a cryostat (Leica).
Sections were collected in a 6-well plate, washed three times with 1x PBS, and counter-stained with DAPI (1:20,000; Thermo Fisher,
D1306) diluted in PBS-T (0.3% Triton X-100 in 1x PBS) for 15 min. After washing with PBS-T once, sections were mounted on Super-
frost slides (Fisher Scientific, 12-550-15) and cover-slipped for imaging via a slide scanner (Olympus, VS120). 10x fluorescent images
were acquired to access fiber placements and virus expressions.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using MATLAB 2021a (MathWorks) or Prism 9 (GraphPad). All datasets were tested for
normality with the Lilliefors test whenever applicable. Parametric tests, including one-sample t-test, paired t-test, and ordinary
one-way ANOVA and multiple-comparison post hoc tests, were used if distributions passed the normality test. If distributions failed
the normality test, non-parametric tests, including one-sample Wilcoxon signed rank test, Wilcoxon signed rank test, Friedman test,
and Kruskal-Wallis test, were used. P values for all multiple one-sample t-tests, one-sample Wilcoxon signed rank tests, multiple
pairs of t-tests, and post-hoc multiple-comparison tests were adjusted using Benjamini & Hochberg procedure for controlling the
false discovery rate. All tests are two-sided. Significance in all statistical results was indicated as follows: * p < 0.05, **p < 0.01,
and ***p < 0.001. Error bars were presented as mean + s.e.m if most datasets in a figure plot passed the normality test. Otherwise,
error bars were presented as median + 25%. No statistical methods were used to predetermine sample sizes, but our sample sizes
were similar to or larger than those reported previously. Statistical details and sample size can be found in the figure legends and
Table S1.
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Figure S1
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Figure S1. Diagrams show the positions of the optic fibers in the MT ferrules for targeting
medial structures (leftimplant) and lateral structures (right implant). Related to Figure 1.




Figure S2
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Figure S2. Representative GCaMP6f expression and optic fiber tracks (red dashed lines) in
the 13 targeted brainregions. Related to Figure 1. Scale bars: 200 um. The coronal plane at the
appropriate Bregma level of the mouse brain atlas (Paxinos and Franklin, 2008) is shown on the left.



Figure S3
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Figure S3. Summary of the optic fiber locations at each brain region for all recorded animals.
Related to Figure 1. The coronal planes are adopted from (Paxinos and Franklin, 2008).



Figure S4
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Figure S4: A summary of sexual and aggressive behaviors of all recorded male mice. Related

to Figures1-7.

(A-D) Latency (A), duration per trial (B), behavior frequency (C), and the percentage of time (D) of
female investigation, mount, shallow thrust, deep thrust and ejaculation during female intruder
sessions. n =27, 27, 27, 25, 25 animals for female investigation, mount, shallow thrust, deep thrust

and ejaculation, respectively.

(E) The success rate of deep thrust after shallow thrust.

(F-I) Latency (F), duration per trial (G), behavior frequency (H), and the percentage of time (I) of
male investigation and attack during male intruder sessions. n=27 and 18 animals for male

investigation and attack, respectively.
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Figure S5. Changes in Ca2+ activity of regions in the expanded SBN during novel object
introduction and investigation. Related to Figures 2 and 3.

(A) Heat maps showing average Z scored AF/F of various recording regions aligned to the
introduction of an object (left), male mouse (middle), and female mouse (right).

(B) Average Z scored AF/F during the first 30 s after object introduction. n =10-15 animals.

(C) Comparison of averaged Z scored AF/F of AHNEs™ cells during object, male and female
introductions. n = 18-58 sessions.

(D) Comparison of averaged Z scored AF/F of VMHvIEs™ cells during object, male and female
introductions. n = 18-64 sessions.

(E) Comparison of averaged Z scored AF/F of DMHEs™ cells during object, male and female
introductions. n = 18-59 sessions.



(F) Heat maps showing average Z scored AF/F of various recording regions aligned to object
investigation. Horizontal bars indicate investigation duration (mean+ SEM).

(G) Average Z scored AF/F during object investigation. n =10-15 animals.

All error bars: Mean = SEM; Each gray circle in (B and G) represents one animal. Each gray circle in
(C-E) represents one recording session. Colored circles in (B and G) represent the group average.
Blue, green, and dark orange indicate hypothalamic regions, amygdala regions, and regions outside
the hypothalamus and amygdala, respectively.

(B and G) one sample t-test (if pass Lilliefors normality test) or Wilcoxon signed-rank test (if not pass
Lilliefors normality test). (C-D) Ordinary one-way ANOVA followed by multiple comparison tests. (E)
Kruskal-Wallis test followed by multiple comparison tests. All p values are adjusted with Benjamini
Hochberg procedure for controlling the false discovery rate. *p<0.05; **p< 0.01; **p<0.001. See
Table S1 for raw data and detailed statistics.
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Figure S6. Heat maps and Peri-event time histograms (PETHs) of Zscored AF/F Ca?* signal
aligned to the onset of various behaviors for all recorded regions across all animals. Related
to Figures 2, 3, and 4. The color scale for all heatmaps is the same. Note that the PETH y-axis for
ejaculation is different from other behaviors for better visualization. Horizontal bars indicate the

average duration of the behavior (mean+ SEM). Shades of PETHs represent+ SEM.



Figure S7
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Figure S7: The order of female and male sessions does not affect the neural responses
during aggressive and sexual behaviors significantly. Related to Figures 2, 3 and 4. No region
showed significant difference in responses during female introduction (A), female investigation (B),
mount (C), shallow thrust (D) and deep thrust (E) between female-first sessions and post-male
female sessions. Similarly, neural responses during male introduction (F), male investigation (G)
and attack (H) are similar between male-first and post-female male sessions.

Mixed effects analysis followed by Multiple comparisons with two-stage FDR correction. All q
values>0.05. All animals mounted female at least once before the recording day. n =4-8 (A-E) and

4-9 (F-H) animals.
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Figure S8. Linear discriminant analysis of recordings associated with specified social
behaviors. Related to Figure 5.

(A) Distribution of 1stand 2" LDA components associated with different behaviorsfroma
representative recording session. Each dot represents one data point (frame). The discriminant
analysis was performed using only periods containing specified social behaviors.

(B) Confusion matrix shows the number of frames that are correctly and incorrectly classified for
each behavior across all sessions. Left columns show the precision (blue) and false discovery rate
(orange). Bottom rows show the recall (blue) and false negative rate (orange).

(C) F1 scores for various behaviors computed using full models that include data from all recording
regions (red) and models built with time-shifted data (black). Error bar: mean + SEM. Inv: investigate;
S Thrust: shallowthrust; D Thrust: deep thrust. Paired t-test (if pass Lilliefors normality test) or
Wilcoxon signed-rank test (if not pass Lilliefors normality test). All p values are adjusted with
Benjamini Hochberg procedure for controlling the false discoveryrate. ***p <0.001. n = 17-24
animals. Gray circles represent individual animal results using the full model.

See Table S1 for raw data and detailed statistics.



Figure S9
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Figure S9. Auto-correlation plots of Zscored AF/F (A) and differential Zscored AF/F (B).
Related to Figure 6. The trace is first averaged across all recording regions for one session and
then averaged across all sessions. n =64 sessions. Shades indicate + SEM.
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Figure S10. Change in functional connectivity in the expanded SBN with movement. Related
to Figure 7.

(A and B) Average R? of each connection (a pair of regions) during the high-velocity period (top
25%) (A), and low-velocity period (bottom 25%) (B), when the recording animal was alone in its
home cage.

(C) The difference in R2 between the high-velocity period and low-velocity period. Paired t-test for
each connection. All p values are adjusted with Benjamini Hochberg procedure for controlling the
false discovery rate.

(D) Heat maps showing the change in R? aligned to the movement onset. The R2 values are
corrected by subtracting the value at -4s for each connection. The plots are sorted based on the
mean baseline-corrected R2 value between 0-1s after the movementonset.

(E) Animal’s velocity aligned to the onset of the movement. n =25 animals. Shades: £+ SEM.

(F) Movement-sensitive connections (red circles, AR?>>0.01) and -insensitive connections (blue dots,
AR?>0.01). AR?is calculated as the difference in R? between 0-1s after movement onset and -1-0s
before movement onset.

(G) The average baseline subtracted R2 of movement-sensitive (red, n = 26) and insensitive (blue, n
=52) connections. Shades: + SEM.

See Table S1 for raw data and detailed statistics.
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Figure S11: Reduced behavior response to air puff during deep thrust. Related to Figure 7.
(A) Schematic of freely moving air puff delivery setup.

(B) Decreased probability of behavior interruption during intromission compared to before female
introduction, between intromission, and post-ejaculation periods. Two-sided Friedman test followed
by multipare comparisons with false discovery rate correction using two-stage linear step-up
procedure of Benjamini, Kriegerand Yekutieli. *p <0.05; **p <0.01. n =7 animals with 3-8 trials per
condition each. Individual means are shown in empty black circles, group means are shown in filled
gray circles. X position is jittered to show all animals. Error bars: STD.

(C-F) Head velocity (pixels per second) aligned to air puff onset. The puffwas delivered before
female introduction (C), during intromission (D), between intromission (E) and after ejaculation (F).
Note sharp changes in velocity upon air puff deliveryin all but intromission conditions. Trials were
averaged within, then across mice. Black line: group average. Shaded: £+ SEM. n = 7 animals.
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Figure S12. The dissociated brain state during intromission and ejaculation does not outlast
the behavior. Related to Figure 7.

(A and C) Heat map shows the average R? values of all pairs of regions during various sexual
behavior epochs and after female removal, and their comparison to the R2 values during the
baseline period. “Base”: -4 min to 0 min before female introduction. “Other F” refer to periods when
the male or female intruder is present but no specific social behavioris annotated. Inv: investigate; S
Thrust: shallow thrust; D Thrust: deep thrust. After: 0 min to 4 min after female removal. (A) includes
all sessions with ejaculation and (C) includes sessions without ejaculation. Paired t-test (if pass
Lilliefors normality test) or Wilcoxon signed-rank test (if not pass Lilliefors normality test). P values
are adjusted using with Benjamini Hochberg procedure for controlling the false discovery rate.
*q<0.05; **q<0.01; Black and white indicate a significant increase or decrease from the baseline,
respectively.

(B and D). Graph plots showing the strength of functional connectivity (R?) among differentregions
during various social behavior epochs. (B) includes all sessions with ejaculation and (D) includes
sessions without ejaculation. Note that the network connectivity during “Before Female” and “ After
Female” periods are similar. Only connections with R2> 0.1 are shown. The size of a node reflects its
overall connection strength.
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Figure S13. Correlation acrossregions is abolished after slightly jittering the simultaneously
recorded traces. Related to Figure 7.

(A) After adding a small random jitter (40-200ms) to the simultaneously recorded traces, the
average R? values of all pairs of regions during all behavior epochs are close to 0 and largely not
different from that during the pre-intruder baseline period. “Base” refers to pre-intruder period. “Other
M” and “Other F” refer to periods when the male or female intruderis present but no specific social
behavior is annotated. Inv: investigate; S Thrust: shallowthrust; D Thrust: deep thrust. Paired t-test
(if pass Lilliefors normality test) or Wilcoxon signed-rank test (if not pass Lilliefors normality test). P
values are adjusted using with Benjamini Hochberg procedure for controlling the false discovery
rate. *q<0.05; **g<0.01; ***q<0.001. Black and white indicate a significant increase or decrease from
the baseline, respectively.

(B-K) Graph plots showing the strength of functional connectivity (R?) among different regions during
various social behavior epochs using jittered recording data. No connection showed R?> 0.1 during
any behavior.

(L) the number of pairs of regions that show significantly increased R? (red) or decreased R? (blue)
from the pre-intruder baseline using jittered traces.

(M) Changein R2 values from the pre-intruder baseline for significantly changed connections using
jittered traces. Red and blue showthe mean + SEM of significantly increased and decreased
connections during each behavior. n = 0-9 pairs of regions.

Note that as the jitter is random, the results vary slightly for each run. See Table S1 for rawdata and
detailed statistics.



Figure S14
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Figure S14. Summary of the response patterns in the expanded SBN during social behaviors
in male mice. Related to Figures 2-5 and 7. FC: functional connectivity.
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