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SUMMARY

Despite the prevalence of large-group living across the animal kingdom, no studies have examined the neural

mechanisms that make group living possible. Spiny mice, Acomys, have evolved to live in large groups and

exhibit a preference to affiliate with large over small groups. Here, we determine the neural circuitry that fa-

cilitates the drive to affiliate with large groups. We first identify an anterior cingulate cortex (ACC) to lateral

septum (LS) circuit that ismore responsive to large than small groups of novel same-sex peers. Using chemo-

genetics, we then demonstrate that this circuit is necessary for both male and female group investigation

preferences but only males’ preference to affiliate with larger peer groups. Furthermore, inhibition of the

ACC-LS circuit specifically impairs social, but not nonsocial, affiliative grouping preferences. These findings

reveal a key circuit for the regulation of mammalian peer group affiliation.

INTRODUCTION

For many species, including humans, environmental pressures

have led to a high degree of sociality associated with living in

large groups. Indeed, living in large groups provides species

with numerous advantages, such as collective traveling,1,2

reduced predation,3–5 enhanced offspring survival,6–8 and

more effective homeostatic regulation,9,10 and thus has evolved

numerous times across taxa, including in insect,11,12 avian,13,14

and mammalian species.15–17 Identifying neural mechanisms

that drive mammals to group can be difficult due to a lack of

lab-tractable organisms that naturally evolved to live in large

groups. Field studies have found that spiny mice of the genus

Acomys live in the Israeli desert in mixed-sex groups ranging

from 12 to 46, with several Acomys species coexisting on the

same home range,18 whereas field studies in food-abundant

habitats have documented much higher densities.19 In the lab,

both male and female Acomys cahirinus (now known to be Ac-

omys dimidiatus) are successfully housed in same-sex groups

of 30 of mixed genetic relation,20 allowing for the unique oppor-

tunity to study non-reproductive behaviors in peer groups of

both sexes. Unlike other lab-tractable mammals, spiny mice

exhibit little aggression and are highly prosocial with conspe-

cifics, regardless of age, novelty, familiarity, genetic relation, or

reproductive/non-reproductive context.15,21,22 Further, spiny

mice exhibit a preference to affiliate with larger groups over

smaller ones15,22 and readily accept newcomers into established

groups.23 Spiny mice are thus an ideal model for inquiries

about brain adaptations that arose to support the fundamental

building blocks of prosociality and grouping behaviors that are

precursors to even more complex social behaviors, including

cooperation.

The lateral septum (LS) is a burgeoning hub for numerous

social behaviors and may therefore be important for aspects

of group living. Historically, the LS was known for ‘‘septal

rage,’’24–27 with recent studies continuing to demonstrate a

role for the LS in facilitating aggression in rats and mice.28,29

However, a more dynamic role of the LS has been emerging

due to recent findings that the LS modulates social recognition

in rats30,31 and spiny mice21 and promotes affiliative behaviors

in voles and birds.13,32,33 The LS receives inputs from several

subcortical regions, positioning the LS to integrate sensory infor-

mation critical for getting along with others in a group and then

organize context-appropriate social output.34 Socially relevant

information related to sociality may originate in cortical regions;

recent studies examining group social communication between

familiar bats revealed unique neural representations for specific

individuals within the frontal cortex,35 and other studies have

demonstrated a role for the frontal cortex, specifically the ante-

rior cingulate cortex (ACC), in complex, prosocial behaviors

that likely facilitate group living, such as consolation.36 Further,

the evolution of highly prosocial phenotypes in group-living spe-

cies may also be associated with circuits that inhibit the aggres-

sionmany animals typically show toward conspecifics in several,

if not most contexts. Specifically, the primarily GABAergic34,37

LS may inhibit activity in downstream, aggression-promoting re-

gions of the brain, such as the lateral and ventromedial hypothal-

amus.38,39 LS circuitry could thereby allow species like spiny

mice to engage in prosocial interactions with large groups of

conspecifics regardless of context.
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Here, we contribute novel insights to the field of social neuro-

science by moving beyond the delineation of circuits that

mediate traditional dyadic interactions and affiliative preferences

between two individuals. Specifically, we identify neural circuitry

that modulates the drive to affiliate with large groups of novel

peers in a non-reproductive context in male and female spiny

mice. Using a combination of neural tracing techniques and im-

mediate-early gene (IEG) studies, we first identify a circuit that

potentially mediates peer grouping preferences—neuronal pro-

jections from the ACC to the LS. Next, we use chemogenetics

to demonstrate that this circuit directly modulates spiny mice af-

filiative and investigative preferences toward larger peer groups

compared with smaller ones. Further, additional tracing and IEG

studies reveal that the LS may suppress aggressive behavior

with novel same-sex conspecifics via action in the lateral hypo-

thalamus (LHa), thereby enabling cohesive peer groups.

Together, our data demonstrate for the first time in a mammal

that, like humans, evolved to live in groups that the ACC-LS cir-

cuit is an integral mediator of peer group affiliation responses

that are likely critical for the formation and possibly cohesion

of complex mammalian societies.

RESULTS

The LS differentially responds to group size

To confirm that the LS is responsive to social stimuli, as has been

shown in other species,27,40,41we first conducted an IEG study in

which four male and four female spiny mice were exposed to

either a novel same-sex conspecific or a novel rubber duck.

Spiny mice exposed to a novel same-sex conspecific exhibited

significantly more Fos-ir+ cells in the LS compared with those

exposed to a novel rubber duck (F(1, 4) = 50.223, p = 0.002; Fig-

ure S1), confirming that the LS is responsive to social stimuli in

spiny mice.

We next aimed to identify whether the LS differentially re-

sponds to exposure to small vs. large groups. Additionally, we

examined three other brain regions that have been previously

implicated in a variety of social behaviors—the medial septum

(MS; involved in social memory formation42), the medial preoptic

area (mPOA; crucial for parental care43,44), and the BNST (facil-

itates grouping in birds and social vigilance in California

mice45–47). We first performed an IEG study in which six male

spinymice were exposed to a single novel same-sex conspecific

and another six to a group of seven novel same-sex conspecifics

for 30 min, followed by an additional 30 min of isolation. An iden-

tical follow-up study was later conducted in females (note that

both sexes are analyzed separately due to males and females

being tested on different dates). Using immunohistochemistry

(IHC), we quantified the number of Fos-ir+ cells for each subject

in the MS, mPOA, BNST, and LS.

In male spiny mice, there were no differences in the number

of Fos-ir+ cells between the single exposure and group expo-

sure conditions for the MS (t(9) = �1.410, p = 0.202), mPOA

(t(9) = �0.828, p = 0.429), and BNST (t(9) = �0.270, p = 0.793)

(Figures S2A–S2C). However, for the LS, there was a significant

difference between exposure conditions such that male spiny

mice exposed to the group exhibited significantly more Fos-ir+

cells than males exposed to a single conspecific (t(9) = �2.267,

p = 0.05; Figure 1C). In female spiny mice, we observed no

Fos expression differences between the single and group expo-

sure conditions for the MS (t(12) = �1.515, p = 0.160) and BNST

(t(12) = 1.338, p = 0.206) (Figures S2D and S2F). We observed a

trend for the LS (t(12) = 2.025, p = 0.066) (Figure 1D), suggesting

that the LS may differentially process group size in females,

albeit not as strongly as in males. Last, we found a significant dif-

ference for the mPOA in females, such that females exposed to

the large group exhibited more Fos-ir+ cells than females

exposed to a single conspecific (t(12) = 2.974, p = 0.012; Fig-

ure S2E). These initial IEG studies identified the LS as a region

that might play a role in regulating peer group preference in spiny

mice.

LS-projecting neurons within the ACC differentially

respond to peer group size

We next sought to identify regions upstream of the LS that

may be differentially modulated by exposure to large groups

Figure 1. Lateral septum Fos responses to

group size

(A) Left: illustration of single exposure condition for

group size preference in the IEG study. Middle:

illustration of group exposure condition for group

size exposure IEG study. Right: representative

histological image depicting DAPI nuclear stain

(blue) and Fos-ir (red) staining within the LS.

(B) Schematic depicting LS region used for anal-

ysis.

(C) In male spiny mice, the LS had significantly

more Fos-ir+ cells when subjects were exposed to

a large group compared with a single novel same-

sex conspecific. Independent t test, p = 0.050 after

multiple comparison corrections.

(D) In female spiny mice, the LS trended toward

exhibiting more Fos-ir+ cells when subjects were

exposed to a large group compared with a single

novel same-sex conspecific. Independent t test,

p = 0.066 after multiple comparison corrections.

Data represented as mean ± SEM. *p % 0.05.

See also Figure S2.
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compared with a single novel conspecific. To identify such re-

gions, we repeated the IEG study design above with the addition

of retrograde tracing in 12male and 12 female spinymice. 7 days

prior to the IEG study, we performed an intracranial injection of

red Lumafluor retrobeads into the LS of one hemisphere (Fig-

ure 2A). The use of retrobeads allowed for colocalizing Fos-ir

expression in cell bodies of neurons projecting to the LS. This

co-labeling enabled us to calculate a percentage of LS-projec-

ting neurons that were Fos-ir+ in a given region (Figure 2C).

With exposure type (single conspecific or peer group) and sex

as fixed factors, we analyzed the percentage of retrobead-

labeled neurons that were Fos-ir+ as well as the average number

of Fos-ir+ neurons in several regions associated with social

behavior in other rodents. Brains were examined for retrobead

labeling from the olfactory bulb through the ventral tegmental

area (VTA). Brain regions that expressed robust retrobead

labeling and are well known to modulate aspects of social

behavior were selected for analyses (STARMethods). Due to dif-

ferences in the number of retrobead-labeled neurons across all

sections of a brain region, analyses were conducted on both

rostral and caudal portions of each brain region separately. Addi-

tionally, we analyzed the percentage of retrobead-labeled neu-

rons that were Fos-ir+ across all tissue sections of a region.

For Fos-ir expression, only an average across the region was

quantified.

For the anterior olfactory nucleus and piriform cortex (Figures

S3B and S3C), analyses yielded no differences or any interac-

tions for the percentage of retrobead-labeled neurons that

were Fos-ir+ as well as the average number of Fos-ir+ neurons

(all p > 0.057; Tables S1 and S2). However, analysis of the rostral

ACC yielded a significant difference across exposure type for

the percentage of retrobead-labeled neurons that were Fos-ir+

(F(1, 21) = 6.529, p = 0.02). Similarly, the average of Fos-ir expres-

sion across all ACC sections significantly differed (F(1,21) = 5.791,

p = 0.028), such that both the percentage of retrobead-labeled

neurons that were Fos-ir+ and the average Fos-ir expression

across all ACC sections were higher for the group exposure

condition compared with the single exposure condition (Fig-

ure 2D). We observed no effects or interactions with sex for ret-

robead-Fos colocalization or Fos-ir expression in the ACC (all

p > 0.527). Although there were no effects of exposure type or

sex observed for analyses of the basolateral amygdala (BLA) or

VTA, we found a significant interaction between exposure type

and sex for BLA retrobead-Fos colocalization averaged across

all sections quantified (F(1, 21) = 4.610, p = 0.045; Figure S3A)

and for rostral VTA retrobead-Fos colocalization (F(1,19) =

5.113, p = 0.036; Figure S3D; Table S1); however, post hoc an-

alyses with corrections did not yield any significant differences

(all p > 0.097). The average number of retrobead+ neurons for

each region can be found in Table S4. These results suggest

that peer group size is processed in ACC neurons that project

to the LS.

Inhibition of the ACC-LS reverses affiliative large-peer-

group preference in male, but not female, spiny mice

The IEG study paired with retrograde tracing identified a circuit—

the ACC-LS—that responded to variation in group size. Thus, we

hypothesized that the ACC-LS circuit facilitates the preference

to affiliate with large groups in spiny mice. To test this hypothe-

sis, we utilized cre-dependent inhibitory chemogenetics to

determine the direct contribution of this circuit to peer group

size preference. We first conducted a validation study and

confirmed for the first time the efficacy of cre-dependent inhibi-

tory designer receptors exclusively activated by designer drugs

(DREADDs) in spiny mice (STAR Methods; Figure S4).

In previous studies examining group size preference in spiny

mice, we used a single-chambered apparatus that allowed sub-

jects to view both the large and small groups simultaneously.15,22

To force more of a choice on subjects, we created a new, modi-

fied testing chamber, which required subjects to enter two

distinct subchambers to access the stimulus groups. Subjects

had physical access to stimulus animals via 0.312-cm-diameter

holes in the subchamber walls. We utilized the validated cre-

dependent inhibitory DREADDs to inhibit the ACC-LS circuitry

Figure 2. Lateral septum-projecting neu-

rons within the anterior cingulate cortex

differentially respond to group size

(A) Left: schematic of red retrobead injection loca-

tion within the LS. Right: example schematic of

area considered ACC for cell counting.

(B) Representative histological images depicting

retrobead (left; pseudocolored yellow), Fos-ir

(middle; blue), and retrobead-Fos colocalization

(right) staining within the ACC. White arrows indi-

cate retrobead-Fos colocalized cells.

(C) Left: schematic depicting possible combina-

tions of retrobead positive or negative and Fos

positive or negative neurons. Right: formula de-

picting how values in (D) were calculated.

(D) The rostral ACC showed a greater percentage of

retrobead-labeled neurons colocalized with Fos-ir

in subjects exposed to a large group compared

with a single novel same-sex conspecific for both

sexes. General linear model (GLM) with exposure type and sex as fixed factors. Sex, p = 0.416; exposure type, p = 0.020; interaction, p = 0.210.

(E) The average of all ACC tissue sections quantified showed significantly higher Fos-ir expression in subjects exposed to a large group compared with a single,

same-sex conspecific for both sexes. GLM with exposure type and sex as fixed factors. Sex, p = 0.566; exposure type, p = 0.028; interaction, p = 0.305.

Data represented as mean ± SEM. *p % 0.05.

See also Figure S3 and Tables S1, S2, and S4.
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during this modified peer group size preference test to obtain

causal evidence of the circuit’s contribution to behavior when

an animal has a choice to investigate and affiliate with a large

or small group of novel peers. Thirty-two male and 32 female

spiny mice were randomly assigned to one of four conditions:

(1) Dio-hM4Di + saline, (2) Dio-hM4Di + clozapine N-oxide

(CNO), (3) mCherry + saline, or (4) mCherry + CNO. Subjects un-

derwent bilateral intracranial injections in which cre AAVs were

injected into the LS for all subjects, and half of the subjects

received an injection of cre-dependent Dio-hM4Di AAVs into

the ACC, whereas the other half received an injection of an

mCherry AAV into the ACC (Figure 3A). Five weeks after the intra-

cranial injections, all subjects underwent two behavioral tests

with an hour in between each test—a social peer group size pref-

erence test and a nonsocial group size preference test; the order

of tests was counter-balanced across all four groups. For the

peer group size preference test, one subchamber had two novel

same-sex conspecifics and the other had eight novel same-sex

conspecifics (Figure 3B). All stimulus animals were unrelated to

the subject. During the nonsocial group size preference test,

however, the conspecifics were replaced with novel, spiny-

mouse-sized rubber ducks (Figure 4B). 30 min prior to the first

test, half of the Dio-hM4Di and mCherry subjects received an

intraperitoneal (i.p.) injection of saline, whereas the other half

received CNO. For behavioral scoring, we quantified the amount

of time each subject spent near each group (henceforth referred

to as affiliation) and investigating each group. We divided the

chamber into four quadrants (Figures 3B and S6A), with the

quadrants closest to each group considered as ‘‘near’’ the group

(i.e., affiliation), whereas investigation was considered as press-

ing one’s nose up to a chamber containing a stimulus animal.

We previously showed that both male and female spiny mice

preferentially investigate and affiliate with a large peer group

over a small peer group in a group size preference test, reflecting

their behavioral ecology to live in large groups in the wild.15,22 To

validate that this preference was retained in our new dual-cham-

bered apparatus, we compared the time all control subjects (i.e.,

all subjects excluding the Dio-hM4Di + CNO condition) affiliated

with and investigated the large group compared with the small

group of novel same-sex conspecifics. There was a significant

effect of group for affiliation (F(1,92) = 26.755, p < 0.001) and

investigation (F(1, 92) = 93.457, p < 0.001) such that, for both

sexes, spiny mice spent more time affiliating with (MD =

59.893, p < 0.001) and investigating (MD = 66.468, p < 0.001)

the large group of peers compared with the small group

(Figures S6B and S6D). For investigation, there was also a signif-

icant effect of sex (F(1, 92) = 4.823, p = 0.031) such that females

investigated groups less than males (MD = 15.100, p = 0.031;

Figure S6D). These results provide further support for the obser-

vation that spiny mice prefer affiliating with larger peer groups

and show that our new testing chamber does not significantly

impact group preference. Furthermore, to determine whether

our group size preference test distinguishes grouping prefer-

ences of spiny mice from lab mice, we conducted a group size

preference test using 12 female C57BL/6J mice—a strain of

mouse that can be group housed, although high levels of aggres-

sion are typically observed, particularly for males.48,49 We found

that while female lab mice exhibited a significant preference to

investigate the large group over the small group (t(11) = 6.167,

p < 0.001; Figure S7B), female lab mice exhibited no affiliation

preference (t(11) = 0.445, p = 0.665; Figure S7A). This captures

the social-neophilic nature of many species and strains of

mice15,50,51 yet highlights the highly affiliative nature of spiny

mice. Similar to previous findings comparing spiny mice with

the small-family-group-living Mongolian gerbil,22 after an initial

bout of active investigation of social stimuli for both C57BL/6J

mice and spiny mice, only spiny mice exhibited an affiliative pref-

erence to rest amid a large group.

To determine whether neural circuits influence behavior, spe-

cifically in a social context, we also examined spinymouse group

size preferences for rubber ducks (i.e., a nonsocial context). For

all control subjects (i.e., all subjects excluding the Dio-hM4Di +

CNO condition), males and females did not significantly affiliate

with one group of ducks more than the other (F(1,92) = 0.088,

p = 0.768) but did investigate the large group of ducks more

than the small group of ducks (F(1,92) = 56.159, MD = 30.349,

p < 0.001; Figures S6C and S6E). This suggests that spiny

mice have a preference to investigate more of an object, social

or nonsocial.

To test the hypothesis that the ACC-LS circuit facilitates the

preference to affiliate with large groups in spiny mice, we com-

pared behavior across Dio-hM4Di + CNO animals, mCherry +

CNO animals, and AAV + saline animals. The AAV + saline group

combines mCherry + saline and Dio-hM4Di + saline animals

because there were no behavioral differences between animals

in these conditions (all p > 0.062). Using the group size prefer-

ence tests just described, we obtained three normalized

behavior scores: (1) an affiliation score, which was based on all

time spent in close proximity to the large group compared with

the small group; (2) an investigation score, which was based

on the time spent investigating the large group compared with

the small group; and (3) an antisocial score, which was the per-

centage of the test the subject spent in one of the two quadrants

not near a group. Positive affiliation and investigation scores

reflect more affiliation/investigation with the large group,

whereas negative scores reflect more affiliation/investigation

with the small group.

In the peer group size preference test, we found a main effect

of condition (i.e., AAV + saline vs. mCherry + CNO vs. Dio-

hM4Di + CNO) (F(2,54) = 19.369, p < 0.001, hp
2 = 0.421) and a

main effect of sex for the affiliation score (F(1,54) = 7.209, p =

0.010, hp
2 = 0.118). There was also a significant interaction be-

tween condition and sex for the affiliation score (F(2,54) = 5.720,

p = 0.006, hp
2 = 0.175; Figure 3C). Post hoc analyses revealed

that only male Dio-hM4Di + CNO subjects reversed their affilia-

tion scores, and thus preferred affiliating with the small peer

group, compared with the mCherry + CNO (MD = �0.632,

p < 0.001) and AAV + saline (MD =�0.683, p < 0.001) conditions,

whereas females across conditions exhibited no significant dif-

ference in their affiliation scores (all p > 0.116). We also observed

a main effect of condition for the investigation score (F(2,54) =

12.853, p < 0.001, hp
2 = 0.323; Figure 3D). Post hoc analyses

showed that Dio-hM4Di + CNO subjects of both sexes exhibited

a decreased preference for investigating the large group of peers

compared with mCherry + CNO (MD = �0.340, p < 0.001) and

AAV + saline (MD = �0.340, p < 0.001) conditions. However,

the antisocial score was not significantly different across exper-

imental conditions (F(2,54) = 0.181, p = 0.806, hp
2 = 0.008;

ll

4 Current Biology 34, 1–12, October 7, 2024

Please cite this article in press as: Fricker et al., Cingulate to septal circuitry facilitates the preference to affiliate with large peer groups, Current Biology

(2024), https://doi.org/10.1016/j.cub.2024.08.019

Article



Figure 3E). Last, because CNO can have off-target effects and

influence locomotion,52,53 to specifically examine whether CNO

influenced movement, we collapsed groups and sexes to

examine animals injected with saline compared with those

injected with CNO. This yielded no effect of injection type on ve-

locity or distance traveled (all p > 0.270; Figure S8), showing that

CNO did not significantly influence movement in our test.

Together, these findings indicate that activation of the ACC-LS

Figure 3. The anterior cingulate cortex to lateral septum circuit modulates social peer group size preference in a sex-specific manner

(A) Schematic of cre (LS) and hM4Di (ACC) AAV injection locations.

(B) Schematic depicting a top-down view of the group size preference testing during a social peer group size preference test. Red boxes indicate quadrants for

scoring.

(C) For Dio-hM4Di + CNO subjects, inhibition of ACC-LS circuitry reversed the affiliative preference for larger social peer groups in male, but not female, spiny

mice. GLM with condition (AAV + saline, mCherry + CNO, and Dio-hM4Di + CNO) and sex (male or female) as fixed factors. Sex, p = 0.010; condition, p < 0.001;

interaction, p = 0.006. Female-condition interaction, all p > 0.116; male-condition interaction, all p < 0.001.

(D) For Dio-hM4Di + CNO subjects, inhibition of ACC-LS circuitry resulted in less investigation of the large group for male and female spiny mice. GLM with

condition (AAV + saline, mCherry + CNO, and Dio-hM4Di + CNO) and sex (male or female) as fixed factors. Sex, p = 0.113; condition, p < 0.001; interaction, p =

0.190.

(E) Inhibition of ACC-LS circuitry did not affect the percentage of test time spent away from either group (i.e., antisocial behavior). GLM with condition (AAV +

saline, mCherry + CNO, and Dio-hM4Di + CNO) and sex (male or female) as fixed factors, p > 0.747.

(F–H) Representative heatmaps of male subject location during the social peer group size preference test for the AAV + saline, mCherry + CNO, and Dio-hM4Di +

CNO conditions.

Data represented as boxplots with a median line and a mean indicated by + in the center of each bar. *p % 0.05.

See also Figures S5–S8.
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circuit in male spiny mice is necessary for their ethologically rele-

vant preference to affiliate with a large peer group. Furthermore,

inactivation of this circuit did not induce a preference to be anti-

social but instead affected social preferences in a sex-specific

manner.

Inhibition of the ACC-LS does not uniformly alter

behavior during a nonsocial group size preference test

To determine whether the effects of inhibiting the ACC-LS were

specific to a social context or rather affect general responses to

large quantities of objects, all male and female spiny mice also

Figure 4. Anterior cingulate cortex to lateral septum circuit effects on behavior during nonsocial group size preference tests

(A) Schematic of cre (LS) and Dio-hM4Di (ACC) AAV injection locations.

(B) Schematic depicting a top-down view of the group size preference testing during a nonsocial group size preference test, with rubber ducks acting as a

nonsocial stimulus. Red boxes indicate quadrants for scoring.

(C) Inhibition of ACC-LS circuitry did not affect affiliative preferences during a nonsocial group size preference test. Condition (AAV + saline, mCherry + CNO, and

Dio-hM4Di + CNO) and sex (male or female) as fixed factors, all p > 0.562.

(D) For Dio-hM4Di + CNO subjects, inhibition of ACC-LS circuitry decreased the preference to investigate the large group of novel rubber ducks compared with

mCherry +CNOcontrol animals but not to AAV + saline control animals. Condition (AAV + saline, mCherry +CNO, andDio-hM4Di +CNO) and sex (male or female)

as fixed factors. Condition, p = 0.027; sex, p = 0.453; interaction, p = 0.587.

(E) Inhibition of ACC-LS circuitry did not affect time spent away from novel objects (i.e., antisocial behavior) during a nonsocial group size preference test.

Condition (AAV + saline, mCherry + CNO, and Dio-hM4Di + CNO) and sex (male or female) as fixed factors, all p > 0.084.

(F–H) Representative heatmaps of male subject location during the nonsocial peer group size preference test for the AAV + saline, mCherry + CNO, and Dio-

hM4Di + CNO conditions.

Data represented as boxplots with a median line and a mean indicated by + in the center of each bar. *p % 0.05.

See also Figures S4 and S5.
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underwent a nonsocial group size preference test, for which,

instead of novel same-sex conspecifics as stimuli, the two stim-

ulus groups were comprised of novel, spiny-mouse-sized rubber

ducks (Figure 4B). We found no effects of or interactions be-

tween condition and sex for the affiliation score (all p > 0.562;

Figure 4C). However, we observed a main effect of condition

for the investigation score (F(2, 55) = 3.850, p = 0.027, hp
2 =

0.123; Figure 4D). Post hoc analyses showed that Dio-hM4Di +

CNO subjects of both sexes exhibited a decreased preference

for investigating the large group of rubber ducks compared

with the mCherry + CNO condition (MD = �0.304, p = 0.024)

but not compared with the AAV + saline (MD = �0.146, p =

0.394) condition. Further, we observed no effects of or interac-

tions of condition and sex for time spent away from the stimulus

rubber duck groups (i.e., ‘‘antisocial’’ behavior; all p > 0.084; Fig-

ure 4E). These results for the nonsocial group size preference

test indicate the ACC-LS’s modulation of affiliative-peer-group

preferences is restricted to a social context. However, the

ACC-LS circuit may also play a role in nonsocial investigation;

this remains unclear, given that the experimental inhibition con-

dition did not significantly differ from all control groups.

The LHa—a downstream target of the LS—responds to

peer group size in a sex-specific manner

Finally, because social group size preference and related behav-

iors likely require complex interactions between neural circuits

spanning more than two regions, we sought to identify brain re-

gions downstream of the LS that respond to variation in peer

group size. In the retrograde group size IEG study described

earlier, in addition to an injection of red retrobeads, subjects

also received a unilateral injection of green, high-molecular-

weight dextran, an anterograde tracing molecule that labels

downstream synaptic terminals, into the LS (Figures 5A and

5B). We quantified the average number of Fos-ir+ cells in regions

that contained robust dextran labeling that have been previously

implicated in rodent social behavior (STAR Methods).

The majority of regions analyzed, including the preoptic area

and nucleus accumbens, among others, showed no differences

between single conspecific and peer group exposure conditions

(all p > 0.069; Figure S9; Table S3). However, we identified a sig-

nificant interaction for Fos-ir in the LHa (F(1, 18) = 5.725, p =

0.028), with females (MD = 128.556, p = 0.015) but not males

(MD = 43.50, p = 0.428) exhibiting a significantly larger number

of Fos-ir+ cells in the peer group exposure compared with the

single conspecific exposure (Figure 5C). Together, our results

suggest that, while ACC-LS circuitry modulates investigation of

larger peer groups in both sexes, the same circuit only promotes

the preference to affiliate with larger peer groups in males.

Further, activity within the ACC-LS circuitry may alter the down-

stream activity of the LHa in a sex-specific manner, potentially

differentially influencing affiliative behavior and/or preferences

in males and females.

DISCUSSION

Here, we show for the first time in a group-livingmammal that the

ACC-LS regulates grouping preferences. Through IEG and

tracing studies, we showed that neurons in the ACC responded

more to larger than smaller groups of novel same-sex conspe-

cifics. This higher response in the ACC was also observed spe-

cifically in neurons projecting to the LS. Through chemogenetic

inhibition of the ACC-LS circuit, we observed a significant

decrease in the preference for male and female spiny mice to

investigate large peer groups and a sex-specific reversal of affili-

ative preferences during a social peer group size preference test.

Further, ACC-LS modulation of affiliative group size preference

was specific to a social context, as inhibition of this circuit did

not influence affiliative behavior in a nonsocial group size prefer-

ence test. The ACC-LS may influence investigative behavior in

nonsocial contexts; however, here we found that animals that

had an inhibited ACC-LS circuit did not significantly differ in

nonsocial investigative behavior compared with all control

Figure 5. The lateral hypothalamus receives projections from the lateral septum and differentially responds to group size in a sex-specific

manner

(A) Schematic of high-molecular-weight dextran injection location within the LS.

(B) Representative histological images depicting dextran (right) and Fos-ir (left) staining within the LHa.

(C) The LHa had significantly higher Fos-ir in subjects exposed to a large group compared with a single, same-sex conspecific for females, but not males. GLM

with exposure type and sex as fixed factors. Sex, p = 0.339; exposure type, p = 0.252; interaction, p = 0.028. Female exposure, p = 0.015; male exposure, p =

0.428.

Data represented as mean ± SEM. *p % 0.05.

See also Figure S9 and Table S3.
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groups; therefore, we cannot definitively conclude whether the

ACC-LS modulates nonsocial investigation.

To our knowledge, this is the first example of a specific neural

circuit modulating group size preferences, particularly in a non-

reproductive context. For species that live in large groups,

including humans, the majority of social interactions individuals

engage in on a daily basis are likely to be non-reproductive. To

further our understanding of peer group interactions, including

their dysregulation, it is crucial to have a solid understanding of

the circuits driving the base motivation to non-reproductively

associatewithothers. Althoughnoother researchershavespecif-

ically manipulated the ACC-LS circuit in social group size con-

texts, several studies have examined functions of these brain re-

gions separately from each other. Indeed, both the LS and ACC

have been implicated in numerous social behaviors across spe-

cies. The LS is involved in grouping in birds,13,54 kin/social recog-

nition in rodents,21,30–32 and aggression in rats andmice.28,29 The

ACC promotes consolation36 and helping55–57 behavior, modu-

lates anxiety and aggression,58 and regulates different forms of

attention,59,60 which may affect how subjects attend to, assess

the numbers of, and interact with conspecifics. For an organism

todisplaya social preference, theymust (1) attend tosocial stimuli

consisting of at least two choices, (2) process these stimuli and

discriminate between them, and (3) affiliate with themost contex-

tually relevant stimulus. Because affiliating with a large group is

ecologically relevant for spiny mice, the ACC may function to

direct attention toward large groups as they likely afford more

benefits compared with smaller groups. Additionally, given that

the LS is involved in social recognition in rats30andpromotes affil-

iation in voles and finches,13,32 the LS in spinymicemay facilitate

social discrimination of small vs. large peer groups and/or pro-

mote, via specific neural activity, affiliation with the most benefi-

cial group. Together, the ACC-LS circuit may modulate group

size preference by regulating attention to, discrimination be-

tween, and behavioral outputs toward large groups in spiny

mice. Because chemogenetic inhibition of the ACC-LS circuit

did not clearly influencebehavior in the nonsocial group size pref-

erence test, this circuit is likely not involved in the subjects’ ability

to process numerosity61,62 or global attention to any type of stim-

uli. Indeed, this circuit appears to be specific to social stimuli and

may potentially be involved in social attentional processes.

We have previously shown that both male and female spiny

mice exhibit a robust preference to affiliate with and investigate

larger over smaller groups.15,22 Here, the preference to investi-

gate larger peer groups was decreased via inhibition of the

ACC-LS in both sexes, but only in males did inhibiting this circuit

reverse their affiliative preference away from larger and toward

smaller peer groups. Although ACC neurons that project to the

LSwere significantly more responsive to a large than small group

in bothmales and females, the IEG study examining LS neural re-

sponses (i.e., not those specific to ACC projections) yielded only

a trend for female spiny mice exposed to either a large or a small

group of same-sex conspecifics. Thus, it possible that while

group size information sent to the LS from the ACC may be

similar inmales and females, how the LS responds to and/or pro-

cesses group size information is distinct between male and fe-

male spiny mice. This is consistent with studies in other species

that have reported sex differences in LS social function.28,63–66

Notably, the group size preference tests here were conducted

with novel same-sex conspecifics. In a former study, we showed

that during social preference tests both males and females pre-

fer to affiliate with novel males over novel females.15 In the cur-

rent study, spiny mice could only affiliate with same-sex conspe-

cifics, so the drive to be affiliative with same-sex peers may have

been greater in males than in females because females did not

have the option to affiliate with their preferred sex while males

did. Thus, the ACC-LS circuit may have evolved to promote so-

cial investigation in both sexes and was subsequently co-opted

in male spiny mice to also drive affiliation preferences. Although

field studies of grouping are lacking in spiny mice, several spe-

cies, such as the African striped mouse,67 form bachelor groups

during different phases of their life history, and, thus, in some

species the drive to affiliate with same-sex peers may be greater

in males than in females.

Downstream of the LS, the LHa exhibited greater Fos-ir

expression in response to a large group compared with a small

group of same-sex peers in female, but not male, spiny mice.

The LHa has been implicated in aggression in several rodent

species68,69 as well as social dominance in C57BL/6J mice.70

Notably, female spiny mice are dominant over males and

same-sex aggression is more common in female-female co-

housed cages than inmale-male cages.71 Thus, whilemale spiny

mice may find a large group of same-sex conspecifics simply

rewarding, females may have a more complex response to the

same context, resulting in increased focus on social hierarchy

or potential threats. Alternatively, the sex effect of chemogenetic

inhibition of the ACC-LS on affiliative preferences here could be

due to differences in incentive values in male and female spiny

mice, although we observed no significant differences in Fos

expression based on exposure condition given that the LS is

connected to reward circuitry.

The drive to affiliate with a large peer group is likely a critical

precursor to other, more complex, grouping behaviors. Indeed,

without an initial preference to form groups, advantageous be-

haviors such as group foraging, co-parenting, organized de-

fense, or homeostatic regulation may not frequently occur in nat-

ural environments. This initial preferencemay be innate but could

equally be learned early in life. Although large groups in the wild

are often comprised of mixed-sex individuals, disentangling the

motivation to mate from general peer affiliation can help eluci-

date distinct mechanisms that contribute toward effective

grouping and enable cooperative behaviors between same-sex

peers. By revealing neural underpinnings of the preference to

investigate and affiliate with large groups, we have identified

brain regions of interest that may influence other more complex

grouping behaviors. Further, by using an ethologically relevant

organism for the study of grouping behavior, we uncovered a

neural circuit dedicated to social preference that functions in a

sex-specific manner. Our results highlight the ACC-LS as a

promising circuit for the regulation of complex social behaviors

in large group-living species.
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STAR+METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Spiny mouse, Acomys dimidiatus (formerly known as Acomys cahirinus)

70male and 64 female spinymice (post-natal day (PND) 106-496, only 3 animals were older than 380 days, median agewas PND186)

were used for behavioral testing, immunohistochemistry (IHC), and viral validation. 12 female C57BL/6J mice (Jax Strain number:

000664) purchased from The Jackson Laboratory (Bar Harbor, Maine) were used for a group size preference test. Subject sex

was assigned based on external sexual organs, and littermates of the same sex were randomly assigned to experimental conditions.

All procedures were approved by the Institutional Animal Care and Use Committee of Emory University (PROTO201900126). All

methods were conducted in accordance with relevant ARRIVE guidelines and regulations. All methods were performed in accor-

dance with the relevant guidelines and regulations. All animals were obtained from our breeding colony; breeders were from the

captive-bred colony of Dr. Ashley W. Seifert (University of Kentucky). All animals were group-housed (2–4) in a standard rat polycar-

bonate cage (40.64 3 20.32 3 20.32 cm) lined with Sani-Chips bedding. Animals were provided with nesting material, rodent igloos,

and shepherd shacks andwere able to obtain food andwater ad libitum. Spinymice were kept on a 14-h light: 10-h dark cycle with an

ambient temperature of 24 ± 2 �C.

METHOD DETAILS

Stereotaxic injections

Retrograde and anterograde tracing was achieved via two 350nL intracranial injections into the LS (coordinates: 2.3mm anterior,

0.44mm lateral, depths 3.2 and 2.8mm) into a single hemisphere. The injection consisted of a 1:1 mixture of undiluted Green Dextran,

Tetramethylrhodamine, 10,000 MW (Invitrogen) and Lumafluor Red Retrobeads that had been diluted 1:1 with sterile saline. For che-

mogenetic experiments, conditional expression of hM4Di gene was achieved by two 200nL injections of retrograde AAV cre

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-c-Fos Synaptic Systems Cat# 226003; RRID: AB_2231974; lot 5-69

Bacterial and virus strains

AAV8.pAAV-hSyn-DIO-hM4D(Gi)-mCherry Krashes et al.72 Addgene; cat# 44362-AAV8;

RRID: Addgene_44362

AAV8.pAAV-hSyn-mCherry Karl Deisseroth Addgene; cat# 114472-AAV8;

RRID: Addgene_114472

retroAAV.pENN.

AAV.hSyn.HI.eGFP-Cre.WPRE.SV40

James M. Wilson Addgene; cat# 105540-AAVrg;

RRID: Addgene_105540

Chemicals, peptides, and recombinant proteins

Clozapine N-oxide (CNO) dihydrochloride

(water soluble)

Hello Bio Cat# HB6149

Invitrogen Dextran, Tetramethylrhodamine,

10,000 MW, Neutral

Thermo Fisher Scientific Cat# D1816

Red Retrobeads Lumafluor https://lumafluor.com/shop/ols/products/

xnred-retrobeads-100-l-o9a1330r

Software and algorithms

GraphPad Prism GraphPad RRID: SCR_002798

FIJI Schindelin et al.73 RRID: SCR_002285

Cell Profiler Stirling et al.74 https://cellprofiler.org/;

RRID: SCR_007358

SPSS 29 IBM RRID: SCR_002865

Behavioral Observation Research

Interactive Software (BORIS) project

Friard and Gamba75 https://www.boris.unito.it/;

RRID: SCR_021434

Ethovision XT 17 Noldus RRID: SCR_000441
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(retroAAV.pENN.AAV.hSyn.HI.eGFP-Cre.WPRE.SV40, titer: 2.6 x1013Gc/mL ) into the LS (Coordinates: 2.20mm anterior, 0.44mm

lateral, depths 3.3 and 3.2mm) and encoding a double-floxed inverted open reading frame (DIO) of the hM4Di gene. The hM4Di

AVV (AAV8-pAAV-hSyn-DIO-hM4D(Gi)-mCherry, titer: 2.2 x1013Gc/mL) or mCherry serotype (AAV8-pAAV-hSyn-mCherry, titer:

2.6 x1013Gc/mL) were intracranially injected twice at volumes of 150nL into the ACC (coordinates: 2.30mm anterior, 0.6mm lateral,

depths 2.1 and 1.9mm).

For all intracranial injections, subject spiny mice received a 1.5mg/kg dose of meloxicam orally 30 minutes prior to anesthetization

with isoflurane (4% for induction, 2% formaintenance). Subjects were placed into a stereotaxic setup (Kopf), and all AAVswere deliv-

ered through a pulled glass pipette at a rate of 1nl/sec using a nanosyringe (Drummond Nanoject III). Pipettes were held at the lowest

injection site for 5min and the final injection site for 10min following AAV release. Coordinates were slightly adjusted based onmouse

age and size, and viral vectors were allowed to express for 1 week for tracing injections and at least 5 weeks for chemogenetic in-

jections before behavioral testing. During this time, all subjects were group-housed with up to 3 other same-sex littermates.

Validation of cre-dependent inhibitory DREADDs in spiny mice

To confirm that activation of cre-dependent inhibitory designer receptors exclusively activated by designer drugs (DREADDs) within

the ACC decreases neural activity, we first ran an initial between-subjects validation study in eight male spiny mice. Half of the sub-

jects received a uni-lateral intracranial injection of cre AAVs into the LS and an injection of the cre-dependent DREADD Dio-hM4Di

into the ACC, ensuring that only ACC neurons that project to the LS will express DREADDs. The other half of subjects received the

same cre injection within the LS and anmCherry AAV into the ACC (Figures S4A, S4D, and S4E), serving as a viral control group. After

five weeks of incubation, all subjects received an intraperitoneal (IP) injection of 10mg/kg Clozapine N-oxide (CNO) 30 min prior to a

30min social interaction test with a novel, same-sex conspecific. This social interaction was followed by an additional 30min of isola-

tion and then perfusion to capture Fos responses to exposure to the novel, same-sex conspecific 1 hr after CNO had 30min to begin

affecting the brain. Exposure to a single, same-sex conspecific was chosen for validation because the tracing IEG study above

demonstrated that such a social exposure sufficiently induces activity in LS-projecting ACC neurons. Brain tissue from each subject

underwent IHC to visualize colocalization of Fos-ir with Dio-hM4Di or mCherry cell body expression (Figure S4B). Analysis revealed a

significant difference between groups (t(22) = 6.617, p < 0.001) such that the Dio-hM4Di condition (M = 23.352) had a significantly

lower percentage of colocalized neurons than the mCherry condition (M = 83.305; MD = 58.953), confirming for the first time the ef-

ficacy of cre-dependent inhibitory DREADDs in spiny mice (Figure S4C).

Behavioral Assays

Immediate Early Gene (IEG) studies

For logistical reasons related to work restrictions induced by the pandemic, our initial IEG studies were conducted on a 60 min time-

line, which has been previously used to identify cellular responses to stimulus exposure.21,76,77 For consistency throughout the proj-

ect, a 60 min timeline was used for all IEG studies.

Social vs. Nonsocial IEG. To confirm that the LS is responsive to social stimuli, four male and four female spiny mice were exposed

to either a novel, same-sex conspecific or a novel rubber duck. Subjects were transferred to a clean, standard rat polycarbonate cage

(40.64 x 20.32 x 20.32 cm), followed by either a conspecific stimulus animal or a rubber duck. Subjects were allowed to interact with

the stimuli for 30 min. The stimuli were then removed from the test cage and the subject remained in the cage for an additional 30 min

prior to undergoing a perfusion to capture Fos-ir+ expression in response to the stimulus exposure.

Small vs. Large Group Exposure IEG. We ran two identical IEG studies to first identify an initial region within the rodent social brain

network (SBN) that differentially responds to peer group size in 12 male and 14 female spiny mice (note that males and females were

tested at different dates and thus were not analyzed in the samemodel), and then determine upstream and downstream regions from

the LS also differentially respond to peer group size in 12 male and 12 female spiny mice. For both IEG studies, all subjects were

placed in a large Plexiglas testing chamber (60.96 x 45.72 x 38.1 cm) with either a single, novel, same-sex conspecific or a group

of 7 novel, same-sex conspecifics confined under their own wire mesh container in the center of the testing chamber. Subjects

were allowed to investigate the stimulus animals for 30 min before being transferred to a clean, standard rat polycarbonate cage

(40.64 x 20.32 x 20.32 cm) for an additional 30 min prior to undergoing a perfusion to capture Fos-ir+ expression in response to

the stimulus exposure. All interactions were recorded. For the second IEG to examine upstream and downstream regions of the

LS, all subjects received their cranial injections 1 week prior to the IEG.

c-fosmRNA can be detected as early as 5min after exposure to a stimulus and peaks at 30-60min, whereas Fos protein ismaximal

at 1-2 hr.78 Although 60-90 min timelines are traditionally used for IEG studies examining Fos responses, it is possible that our IEG

studies may have captured some very early Fos responses at the 30 min timepoint when stimuli were removed from test cages prior

to perfusion. Thus, there is the potential that our results may contain neural responses to the stimuli being removed from test cages;

notably, this would be consistent across all treatment groups/exposure types since all subjects had stimuli removed 30 min after

exposure and 30 min prior to perfusion.

Group size preference tests

Wedeveloped a new group size preference test chamber based on our previous behavioral test15 for use in the social peer group size

preference test and the nonsocial group size preference test. The testing chamber consists of an initial acrylic chamber (15.24 x 15.24

x 45.72 cm) that releases subjects into a large, opaque acrylic chamber (55.88 x 71.12 x 45.72 cm) divided into two identical sections.
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Each section can hold up to 8 stimulus animals or objects, separated from the subject by clear acrylic with 0.12 cm diameter holes.

When the subject is in one section, their view of the other section is entirely obstructed (Figure 3B).

The order of social and nonsocial group size preference tests was counterbalanced across subjects. Subjects were given an intra-

peritoneal (IP) injection of either saline or 10mg/kg of CNO 30 minutes prior to testing. Subjects were then released from the initial

holding chamber into the larger chamber and allowed to affiliate with and investigate both sides of the chamber, one side of which

contained a small (2) group and the other side a large (8) group of novel, same-sex conspecifics for the social peer group size pref-

erence test or a small (2) and large (8) group of novel, spiny mouse-sized rubber ducks for the nonsocial group size preference test.

The location of the small and large groups were counterbalanced. After 20 min, the subjects were removed from the chamber and

returned to their home cage. Roughly 1 hr later, subjects were tested again for group size preference (social or nonsocial, depending

on test type for the first test).

The first 10 min of each test were hand scored by a single observer, blind to experimental treatment, using BORIS.75 We quan-

tified the amount of time each subject spent near each group and investigating each group. The chamber was divided into four

quadrants, where the quadrants closest to each group were considered ‘‘near’’ the group, and investigation was considered as

pressing one’s nose up to a chamber containing a stimulus animal. Using these values, we calculated three behavioral scores: (1)

an affiliation score, which was a normalized score based on the time near the large group minus the small group, (2) an investi-

gation score, which was a normalized score based on the time spent investigating the large group minus the small group, and (3)

an antisocial score, which was the percentage of the test time that the subject spent in one of the two quadrants not near either

group. Additionally, the velocity of each animal during the behavioral tests were obtained with automated tracking via Ethovision

XT 17 (Noldus, Leesburg, VA, USA).

Histology and immunohistochemistry

All histology and immunohistochemistry followed our previously published protocol.79 For both IEG studies, subjects were immedi-

ately euthanized at the end of the test by isoflurane overdose and were transcardially perfused with 0.1 M phosphate buffer saline

(PBS) followed by 4% paraformaldehyde. Brains were extracted, post-fixed overnight in 4% paraformaldehyde, and underwent cry-

oprotection in 30% sucrose dissolved in PBS for 48 h. Brains were frozen in tissue-tek O.C.T. compound and stored at -80 �C before

sectioning coronally at 40 for the first or 30mm (due to the retrobead protocol) for the second IEG using a Leica cryostat, with every

third section saved for use in the present study. Tissue sections were immunofluorescently stained for Fos (the protein of the imme-

diate early gene cFos; Synaptic Systems rabbit c-Fos 1:1000 dilution).

For targeting confirmation of the chemogenetic experimental animals, transcardial perfusions, post-fixing, and sectioning

occurred identically to how the IEG study brains were processed. However, no immunofluorescent staining took place. Instead,

sectioned tissue was mounted directly onto slides after rinsing in PBS.

Neural Quantification

Photomicrographs were obtained using a Zeiss AxioImager II microscope fitted with an apotome. For all regions quantified, we took

10 3 images and quantified the average number of Fos-ir+ and retrobead labeled (when appropriate) cells and the number of cells

that co-expressed retrobeads and Fos across 3 consecutive tissue sections that spanned the rostral-to-caudal axis. This totaled 120

or 90mm for the first and second IEG respectively, and the initial anterior-posterior coordinates from bregma are reported in

Tables S1–S3. Due to differences in retrobead staining across consecutive sections, the percent retrobead labeled neurons that

were Fos-ir+ measure was analyzed for each individual section as well as the average across all three, while the Fos-ir+ measure

was analyzed for the average across sections. FIJI73 was used to create standard regions of interest (ROIs) for all regions, and a

Cell Profiler74 pipeline was created to automatically count fluorescent cells and nuclei and to identify colocalized neurons. For retro-

grade tracing analysis, the Fos-retrobead colocalization was calculated separately due to differences in retrobead abundance from

rostral to caudal portions of each region. For all other analyses, however, the Fos-ir values across all sections were averaged

together.

Brain regions analyzed for retrobead labeling included: the anterior cingulate cortex (ACC; implicated in consolation behavior and

contains emotional mirror neurons36,80), the anterior olfactory nucleus (AON; critical for social recognition81 and social odor cue pro-

cessing65), the basolateral amygdala (BLA; responds to social novelty66), the ventral tegmental (VTA; regulates reward82 and aggres-

sion37) and the piriform cortex (PC; involved in processing of social odor cues83).

Brain regions analyzed for anterograde labeling included: the lateral hypothalamus (LHa; involved in aggression and social domi-

nance29,70), the lateral habenula (LHb; facilitates social preferences84), the lateral preoptic nucleus (lPOA; responds to pup retrieval

and parenting behavior85), the median preoptic nucleus (MnPO; shown to have oxytocin producing neurons in spiny mice86), the

mPOA (crucial for parental care43,44), the nucleus accumbens (NAc; promotes social reward87), the paraventricular nucleus of the

hypothalamus (PVN; major source of oxytocin and vasopressin within mammals88,89), and the supramammillary nucleus (SuM; influ-

ences social recognition and social memory90,91).

For tracing studies, subjects were included in the analysis if the injection site was less than 90mm anterior to the merged anterior

commissure (2.3mm anterior to bregma) and between 1.5 and 3.25mm from the top of the cortex. For chemogenetic studies, sub-

jects were included in the analysis if the cre injection was less than 120mm anterior to the merged anterior commissure (2.3mm ante-

rior to bregma) and between 1.5 and 3.25mm from the top of the cortex. Additionally, the hM4Di/mCherry injection site was required

to be between 1.38 and 2.3mm from bregma and not fall below the corpus collosum. All figure schematics displaying injection loca-

tions are adapted from Paxinos The Mouse Brain in Stereotaxic Coordinates.92
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QUANTIFICATION AND STATISTICAL ANALYSIS

Behavioral measurements for each test were analyzed using SPSS 29 (IBM Analytics). Tests used include independent t-tests when

comparing two means for experiments detailed in Figures 1, S2, S4, S7, and S8. General linear models (GLM) that include Exposure

Type and Sex as fixed factors were used for experiments detailed in Figures 2, 5, S1, S3, S6, and S9. GLMswith Condition and Sex as

fixed factors were used for experiments detailed in Figures 3 and 4. To correct for multiple comparisons, all post-hoc pairwise com-

parisons were adjusted using Sidak corrections. The tests used for specific analyses are detailed in the figure legends. We screened

for outliers for each individual test, defined as 3 standard deviations outside the mean, but none were found.
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