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Abstract

Background—The posterior intralaminar (PIL) complex of the thalamus is a multimodal nucleus
that has been implicated in maternal behaviors and conspecific social behaviors in male and
female rodents. Glutamatergic neurons are a major component of the PIL; however, their specific
activity and role during social interactions has not yet been assessed.

Methods—We used immunohistochemistry for the immediate early gene c-fos as a proxy for
neuronal activity in the PIL of mice exposed to a novel social stimulus, a novel object stimulus,
or no stimulus. We then used fiber photometry to record neural activity of glutamatergic neurons
in the PIL in real-time during social and non-social interactions. Finally, we used inhibitory
DREADD:s in glutamatergic PIL neurons and tested social preference and social habituation-
dishabituation.

Results—We observed significantly more ¢-fos-positive cells in the PIL of mice exposed to
social versus object or no stimuli. Neural activity of PIL glutamatergic neurons was increased
when male and female mice were engaged in social interaction with a same-sex juvenile

or opposite-sex adult, but not a toy mouse. Neural activity positively correlated with social
investigation bout length and negatively correlated with chronological order of bouts. Social
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preference was unaffected by inhibition; however, inhibiting activity of glutamatergic neurons in
the PIL delayed the time it took female mice to form social habituation.

Conclusions—Together these findings suggest that glutamatergic PIL neurons respond to social
stimuli in both male and female mice and may regulate perceptual encoding of social information
to facilitate recognition of social stimuli.
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INTRODUCTION

The posterior intralaminar complex of the thalamus (PIL) is considered a relay center by
which sensory information is conveyed to other brain regions for the generation of relevant
social behaviors (1-6). Tracing studies conducted in rodents have provided anatomical
support for this theory, demonstrating that the PIL receives inputs from sensory regions such
as the inferior and superior colliculus, auditory cortex, and spinal cord (3, 7-10) and projects
to socially relevant brain regions including the paraventricular nucleus of the hypothalamus
(PVH), the lateral septum, medial preoptic area (MPOA), and the medial amygdala (11).

Functional studies have also supported the role of the PIL as a relay center for sensory
information. In maternal female rats, a subpopulation of PIL neurons that expresses
tuberoinfundibular peptide 39 (TIP39) were shown to be activated in response to pup
exposure and suckling (2-4). These neurons co-express calbindin and vesicular glutamate
transporter 2 (VGlut2), and form presumed excitatory synapses with oxytocin neurons in
the PVH (3, 12), which are known to regulate a range of social behaviors, from parental
care to social recognition of conspecifics (13-18). The PIL has also been shown to be
activated in rats following the reunion of conspecific females (3) and more recently, shown
to be involved in grooming behavior in males and females (11). While together these
findings suggest that the PIL may play a role in social behavior, it remains unknown how
PIL neurons respond, in real-time, to social interactions with novel same-sex or opposite-
sex counterparts. Additionally, the specific contribution of glutamatergic neurons to social
behaviors has not yet been assessed.

We hypothesized that neural activity in glutamatergic PIL neurons is required and therefore
increased during social interactions in both male and female mice. We also hypothesized
that inactivation of PIL glutamatergic neurons would have a deleterious effect on social
behavior. To address our hypotheses, we first used the immediate early gene c-fosto
examine the activity of PIL neurons following social interaction with a novel same-sex
juvenile in both male and female mice. We then employed fiber photometry calcium imaging
to follow the activity of glutamatergic PIL neurons in behaving mice, during interaction
with a novel same-sex juvenile, novel opposite-sex adult, and novel object stimulus (as

a control). Finally, we used chemogenetic tools to examine the impact of inhibition of
glutamatergic PIL neurons on social behavior, in tasks of social preference and social
habituation-dishabituation.
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METHODS AND MATERIALS

Animals

For detailed methods relating to stereotaxic surgery, histology, immunohistochemistry,
RNAscope, and fiber photometry analyses, please see Supplement.

Adult (8-12 weeks) male and female C57BL/6 mice (Taconic Biosciences) were used

as experimental subjects. Opposite-sex adults (8—-12 weeks) and same-sex juveniles (4-5
weeks) of the same strain were used as social stimuli in behavioral assays. Animals were
housed in groups of 3-5 mice under a 12-hour light/dark cycle at a temperature of 22 +
2°C with food and water available ad /ibitum. Experiments were conducted during the light
phase cycle. Procedures were carried out in accordance with protocols approved by the
Institutional Animal Care and Use Committee at the Icahn School of Medicine at Mount
Sinai.

Viral vectors

Drugs

For retrograde tracing experiments we used AAVRetro-hSyn-eGFP-Cre (Cat. #105540,
Addgene). To capture glutamatergic neural activity, we used a 1:1 combination of AAV8-
CaMKIla-mCherry-Cre (University of North Carolina [UNC] Vector Core) and AAV9-
CAG-Flex-GcaMP6m (Cat. #100839, Addgene). To inhibit glutamatergic neurons, we used
a 1:1 combination of AAV8-CaMKIlla-GFP-Cre (UNC) and AAV2-hSyn-DIO-hM4D(Gi)-
mCherry (Cat. #44362, Addgene).

For chemogenetic inhibition using DREADDS, clozapine-N-oxide (CNO) was dissolved in
vehicle solution (0.05% DMSO + 0.9% saline) at a concentration of 1 mg/mL then injected
intraperitoneally (IP; 3.5 mg/kg)(19).

c-fos induction and immunohistochemistry

To quantify c-fos expression in the PIL in response to social and nonsocial stimuli, male
and female adult mice were habituated to an open field box for 15 minutes then exposed to
a novel same-sex juvenile, a novel object toy mouse, or no stimulus (n = 3/sex/condition).
They were allowed to freely interact for 1 hour, then immediately after underwent perfusion
and brain collection for ¢-fos staining using immunohistochemistry, which is detailed in the
Supplement.

Behavioral assays

Social/Object Preference—In the social/object preference task (20), either a social
stimulus (same-sex juvenile or opposite-sex adult) or object (toy mouse) was placed into one
compartment with the opposite compartment left empty (counterbalanced) and the subject
mouse was allowed to interact for 10 minutes.

Social Habituation-Dishabituation—In the social habituation-dishabituation paradigm
(21-24), a novel same-sex juvenile was placed into the box and free social interaction was
permitted for 5 minutes (T1). The juvenile was then removed from the box, leaving the
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subject mouse alone in the box for a 10-minute break. This series was then repeated 3 more
times with the same juvenile (T2-T4) to capture habituation to the stimulus. A different
novel same-sex juvenile was then introduced for one final 5-minute bout (T5) to control for
lack of motivation to engage in social interaction.

Fiber Photometry Recording

To measure the bulk activity of glutamatergic PIL neurons during social interaction, male
and female adult mice underwent 3 separate days of recording during social same-sex
juvenile, social opposite-sex adult, and control toy mouse preference tasks (n = 9/sex).
Behavior and calcium activity were recorded using methods previously described (25) with
a 400-um 0.57 N.A. fiberoptic patchcord (Cat. #MFP_400/430/1100-0.57; Doric). More
detailed information is available in the Supplement. Subjects were excluded from analyses
based on lack of viral expression (n = 2 males) or fiber misplacement observed upon
postmortem inspection of the injection site (n = 1 male, 2 females).

DREADDs

To assess the impact of inhibiting PIL glutamatergic neurons on social behavior, male and
female mice were bilaterally injected with inhibitory DREADDs in the PIL. Three weeks
later, mice were handled and habituated to IP injections of vehicle solution. Mice were

then tested in the social preference task (Cohort 1, n = 9 males, 8 females) and/or social
habituation-dishabituation paradigm (Cohort 1 + 2, n = 17 males, 12 females) on separate
testing days following IP injection of either CNO (3.5 mg/kg) or the vehicle solution of an
equal volume (within-subjects, counterbalanced) 15 min before testing. Mice were excluded
from analyses for low viral expression of DREADDs (n = 1 male, 3 females) or aggressive
behavior during free social interaction in the habituation-dishabituation paradigm (n = 3
males).

Analyses

Behavior, fiber photometry, and imaging analyses are detailed in the Supplement and Data
Table. For each measure, differences between sex as a variable were assessed and when
nonsignificant, data from both sexes are presented together. No statistical power estimation
analyses were used to predetermine sample sizes, which instead were chosen to match
previous publications (2, 11, 26-28).

RESULTS

Novel social interaction elicits c-fos activation in the PIL

Previous research in rats and mice has shown that neuronal activity in the PIL is increased
during mother-pup interactions, as well as during social interaction between familiar female
conspecifics (3, 11). However, whether neuronal activity is increased in males and females
during an interaction with an unfamiliar social stimulus has not been investigated. To
examine PIL neuronal activity in response to novel stimuli, we quantified the number of
neurons that express the immediate early gene, ¢-fos, in the PIL as a proxy for neuronal
activity, following a one-hour free social interaction between an adult subject mouse and an
unfamiliar same-sex juvenile mouse, a non-social stimulus (toy mouse), or no stimulus (Fig.
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1A-B). The number of ¢c-fos™ cells in the PIL was higher in male and female mice exposed
to a novel social stimulus (M= 485, SD = 64.64), compared to those exposed to a novel
object stimulus (M= 385.1, SD = 41.42) or no stimulus (M= 233.2, SO=51.52; A2,11) =
28.52, p<.0001; Fig. 1C). These findings suggested that activity in the PIL is significantly
increased in the presence of a social stimulus.

Previous research has suggested that excitatory projections from the PIL to the PVH are
involved in social interactions in females and may contribute to oxytocin release via direct
inputs to oxytocin cells (3). By combining retrograde tracing in the PVH and RNAscope in
the PIL (using vg/ut2 probe), we confirmed the existence of glutamatergic projections from
the PIL to the PVH in mice (Supplementary Fig. 1). We therefore decided to further focus
our studies on glutamatergic activity in the PIL.

Real-time activity of glutamatergic PIL neurons increases during novel same-sex and
opposite-sex social interactions, but not novel object interaction

We aimed to expand upon our c¢-fos findings by capturing real-time PIL activity in response
to same-sex social stimuli, as well as opposite-sex social stimuli, while focusing on
glutamatergic neurons. To gain temporal resolution of PIL neuronal activity, we used /in vivo
fiber photometry calcium imaging coupled with a genetically encoded calcium indicator
(GcaMP). To specifically target glutamatergic PIL neurons, we used a dual viral approach
where one virus expresses a cre-recombinase under the control of a CaMKIla promoter,
thus providing specificity to glutamatergic neurons (Supplementary Fig. 2), and the other
expresses a cre-dependent GecaMP (Fig. 2A). Three weeks following viral expression,
GcaMP6m fluorescent signals were recorded on three separate testing days: interaction with
a novel same-sex juvenile, interaction with a novel opposite-sex adult, and interaction with
a novel object (moving toy mouse). In all tests, the stimulus mouse or object was contained
in one of two opposing compartments within the testing arena (Fig. 2B, upper panel), thus
allowing the transmission of auditory, visual, and olfactory, but not somatosensory (touch)
information.

At the behavioral level, as expected, male and female mice exhibited social preference such
that they spent more time investigating the compartment containing a same-sex juvenile (M
=203.1, SD=91.33) versus empty (M= 100.5, SD=63.72; HA1,13) =9.07, p=.01; Fig.
2B, lower panel blue), as well as the compartment containing an opposite-sex adult (M=
273.3, SD=81.69) versus empty (M= 103.8, SD=61.15; A1,13) = 33.14, p< .0001;

Fig. 2B lower panel pink). For the object task, females spent more time overall investigating
both the compartment containing an object and empty compartment than males (p < .001).
However, there was no significant difference in investigation time between the compartment
containing a moving toy mouse versus empty (p = .341; Fig. 2B, lower panel yellow).

At the neuronal activity level, we extracted and analyzed the GcaMP6m signals during each
interaction with the novel stimulus (Fig. 2C). We then focused on the average neuronal
activity 5 sec just before and 5 sec just after the initiation of interaction. We observed

that GcaMP6m signals increased during interaction with novel same-sex or novel opposite
sex stimuli, but not during interaction with a novel object (Fig. 2D). To quantify those
differences, we calculated the average area under the curve for the average of each of these
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signals and compared between the 5 sec before and 5 sec during social interaction. The
average area under the curve significantly increased in response to the same-sex juvenile
from before (M= -0.06, SD = 1.26) to during investigation (M =151, SD=2.11; A1,
13) = 10.68, p=.006; Fig. 2E blue). Similarly, activity in the PIL increased in response
to the opposite-sex adult from before (M= 0.19, SD = 1.46) to during investigation (M=
1.78, SD=1.54; A1, 13) = 24.08, p< .001; Fig. 2E pink). However, no changes in neural
activity were observed in response to investigation of the object toy mouse (p = .747; Fig.
2E yellow). These results demonstrate that glutamatergic neurons in the PIL specifically
respond to novel social stimuli, but not a novel object, in both male and female mice.

Glutamatergic PIL neural activity is positively associated with length of social
investigation bouts, and negatively associated with the chronological order of social
investigation bouts

Following our observation that the activity of glutamatergic PIL neurons was heightened
in response to social stimuli (same-sex juveniles and opposite-sex adults), we performed
additional analyses with a linear mixed model to understand how neural activity is
associated with the length and order of social investigation bouts. We observed a positive
correlation between investigation bout length and the maximum Z(dF/F) value in response
to both the same-sex juvenile (beta = 0.032, {221.3) = 3.93, £ < .001; Fig. 3A-B) and the
opposite-sex adult (beta = 0.019, 4200.3) = 3.88, p < .001; Fig. 3D-E). Alternatively, we
observed a negative correlation between the chronological order of social investigation bouts
and the maximum Z(dF/F) value in response to both the same-sex juvenile (beta = -0.069,
%220.2) = -3.59, p<.001; Fig. 3C) and the opposite-sex adult (beta = —0.066, {203.4) =
-3.70, p< .001; Fig. 3F). Together, this demonstrates that the peak of PIL neural activity
increases with longer bouts of social investigation and decreases over subsequent bouts of
investigation throughout the testing session.

Chemogenetic inactivation of glutamatergic PIL neurons does not affect social preference
in males and females

Following our observation that glutamatergic neural activity was elevated during social

but not object interaction, we sought to determine whether suppression of glutamatergic
PIL neurons would affect social behavior. Previous research in male and female rats using
non-specific chemogenetic inhibition of PIL neurons found no effect on social novelty
preference of a same-sex adult rat (11). Here, we aimed to examine how specific inhibition
of PIL glutamatergic neurons impacts social preference in mice and further expand our
studies to include not only a same-sex juvenile stimulus but also an opposite-sex adult. We
first confirmed in a separate cohort of mice that the dose of CNO (3.5 mg/kg)(19) does not
impact locomotor behavior (p = 0.262; Supplementary Fig. 3). We then used a dual viral
chemogenetic approach with inhibitory DREADDs (AAV8-CaMKIlla-GFP-Cre + AAV2-
hSyn-DIO-hM4D(Gi)-mCherry) injected bilaterally in the PIL (Fig. 4A-B). Following IP
injection with CNO or vehicle, male and female mice underwent a social preference task
with a novel same-sex juvenile or opposite-sex adult on separate testing days (Fig. 4C).

In the juvenile social preference task, males and females preferred the same-sex juvenile
to the empty chamber (A1,12) = 81.25, p < .0001); however, there was no effect of CNO/
vehicle treatment (p = .956; Fig. 4D-E). Additionally, there was no effect of treatment
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on the discrimination index (p = .262; Fig. 4F). Similarly, in the adult social preference
task, males and females preferred the opposite-sex adult to the empty chamber (H1,11)
=40.33, p<.0001); however, there was no effect of CNO/vehicle treatment (p = .096;

Fig. 4G-H). Additionally, there was no effect of treatment on the discrimination index (p
=.16; Fig. 41). We also observed no effect of treatment with CNO on locomotor behavior
in the social preference task (Supplementary Fig. 4). Together these findings suggest that
although glutamatergic PIL neurons are activated during social investigation, this activity is
not essential for the initiation and engagement in social interaction.

Chemogenetic inactivation of glutamatergic PIL neurons delays the formation of social
recognition in females

Following up on our findings demonstrating increased activity of PIL glutamatergic
neurons during social interaction, with decreasing peak activity over successive bouts of
investigation, we hypothesized that these neurons may play a role in a different aspect of
social behavior. We therefore chose to test the performance of mice following inhibition

of PIL glutamatergic neurons on the social habituation-dishabituation task (21-24), which
allowed us to capture two important components of social behavior: 1) engagement in free
social interaction and 2) the perceptual recognition of a social stimulus over time (Fig.

5A). On this task, mice are exposed to a novel social stimulus on a first session (T1) and
then exposed again to the same stimulus on three additional sessions (T2-T4). During these
four sessions, the investigation time is expected to decrease, reflecting recognition of the
social stimulus. In a fifth session (T5, novel), mice are introduced to a novel stimulus, to
ensure that the decrease in investigation time across the previous sessions is reflecting social
recognition and not lack of motivation to social interaction. Accordingly, mice are expected
to spend significantly more time investigating the novel stimuli during this last session.
Using this task in male mice, we found no significant changes in investigation ratio over
time (T1-T4, p=.067) or between treatments (T1-T4, p=.607) (Fig. 5B) or any significant
difference between treatments in investigation ratio on T5 (novel mouse) compared to T1
(p=.575; Fig. 5B). Furthermore, we found no effect of CNO/vehicle treatment on the total
investigation time on T1 (p=.066; Fig. 5C) or on T5 (p = .684; Fig. 5D). Since the data
indicate that males did not show evidence of habituation on T1-T4, even when receiving a
vehicle injection, we were unable to conclude any effects of CNO treatment on performance
in the social habituation-dishabituation task. However, in female mice, there was an effect of
time over T1-T4 (F(3,24) = 3.31, p=.037) with a significant interaction between time and
treatment (F(3,24) = 3.17, p=.043) such that female mice displayed a higher investigation
ratio to the first interaction at T2 under CNO (M= 1.22, SD = 0.61) versus vehicle (M=
0.83, SD=0.35; {24) = 2.91, p=0.03) and at T3 under CNO (M= 1.25, SD = 0.64) versus
vehicle (M=0.73, SD=0.28; {24) = 3.92, p=0.003) but not at T4 (p=.799; Fig. 5E). No
differences were observed in investigation ratio on T5 to T1 between treatments (p = .734;
Fig. 5E). Additionally, there was no difference in investigation time between CNO/vehicle
treatment groups in response to the novel mouse at T1 (p = .876; Fig. 5F) or the final

novel mouse (p = .694; Fig. 5G). In summary, our findings demonstrate that chemogenetic
inactivation of glutamatergic PIL neurons following CNO blunts the formation of social
recognition in female mice.
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DISCUSSION

Social interaction is a dynamic sequence of events that requires detection and efficient
integration of social sensory cues (29). The PIL, located at the posterior thalamus, is well-
positioned to convey sensory cues to the brain social network to modulate social behavior
(1). For example, studies on the PIL in the context of maternal reflexes have shown that c-
fos-immunoreactivity of PIL neurons, particularly TIP39" neurons, is increased in maternal
rats following suckling (2, 4). Based on neuroanatomical studies in lactating rats showing
that TIP39* neurons project to the MPOA (4, 30) and the PVH (3), it has been suggested
that sensory information from pups during maternal reflexes and behavior is conveyed to
the MPOA and PVH of the lactating mothers through the PIL=>MPOA and/or PIL=>PVH
pathways. It has also been demonstrated that the PIL—=>MPOA pathway is involved in
grooming between conspecific female rats during social interaction, therefore playing a
role in affiliative social interaction (11). A recent study conducted in mice focused on

the subparafascicular nucleus (SPFp), which shares neuroanatomical borders with the PIL,
and identified a population of SPFp neurons that express calcitonin gene-related peptide
(CGRP). This study revealed that CGRP expressing neurons respond to multi-sensory threat
stimuli and project to the lateral amygdala to regulate fear memory (26). Together, the
results from rat and mouse studies suggest that the PIL plays a role in processing sensory
inputs, although the specific neural pathways involved may differ depending on the species,
seX, and behavioral context.

Here we show that in both male and female mice, PIL glutamatergic neurons are also
activated in response to social interactions with a novel social stimulus and that their
response decreases over time as social stimuli become less novel, which could point to a
role in conveying the salience of a social stimulus. Furthermore, we demonstrate that this
activation occurs during both same-sex and opposite-sex social interactions, suggesting that
the PIL may function to communicate information about social stimuli not only during
maternal and same-sex behaviors but also during opposite sex behavior. The role of the PIL
in sexual behavior is supported by earlier work showing increased c-fos-immunoreactivity
following ejaculation in male rats and vaginocervical stimulation in female rats in the SPFp
(31-33).

Using targeted chemogenetic tools, we show that inhibiting glutamatergic PIL neurons does
not impact the mice’s ability to form social preference of a same-sex juvenile stimulus. This
observation is in line with recent findings from Keller and colleagues in male and female
rats, which showed that rats maintained social preference for a novel conspecific versus
familiar cage mate following inhibition of PIL neurons (11). These findings suggest that the
increase in activity of PIL glutamatergic neurons, which we observed during constrained
social interaction, is not critical for the initiation and/or engagement of social interaction,
but may rather play a role in conveying sensory information about the identity and/or the
salience of the social stimulus, thus facilitating social recognition memory (1), which is the
ability of the animal to recognize other conspecifics (34).

To address this proposition, we chose the habituation dishabituation task (21-24), which
allowed us to examine the effect of PIL inhibition on social interaction and/or social
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recognition within the same paradigm. While our data in males were not conclusive,
possibly due to increased aggressive behavior, in females, we found that initial social
interaction with a novel stimulus was not impacted by the inhibition of PIL glutamatergic
neurons (no difference between CNO and vehicle treatment on T1 or T5), thus confirming
that PIL activity is not required for social interaction per-se. However, we found that
inhibition of glutamatergic PIL neurons delayed the time to habituation (CNO treatment led
to a higher ratio of investigation at T2 and T3), suggesting a delay in social recognition.
Notably, our observation that social recognition is eventually achieved (on T4), indicates that
glutamatergic neurons of the PIL are not the only player in encoding social sensory and/or
somatosensory information during social recognition and that other neuronal populations

of the PIL and/or brain regions may be involved and can eventually compensate for the

lack of PIL glutamatergic activity, yet with some delay. For instance, structures such as the
lateral septum, hippocampus, amygdala, and medial prefrontal cortex have been identified as
key players in the social recognition memory network (35-38). These regions may receive
sensory information via other brain regions and operate within pathways separate from the
PIL that could compensate for the decrease in neural activity of PIL glutamatergic neurons,
yet with a delay. Furthermore, considering the fact that PIL neurons project to OXT neurons
of the PVH and OXT is known to be involved in social recognition memory (13, 21, 34;
39-44), it is possible that inhibition of neural activity of PIL glutamatergic neurons could
affect social recognition memory by reducing the release of OXT. This, in turn, could
potentially hinder the processing of the social stimulus salience and delay the formation of
social recognition memory, a possibility which should be explored in forthcoming research.

Together our findings suggest that glutamatergic PIL neurons are involved in communicating
sensory information to promptly mediate social recognition. Future research should be
aimed at dissecting the contribution of specific glutamatergic PIL pathways in social
recognition and social behaviors in general, with consideration of possible sexual
dimorphism in the function of the PIL in different behavioral contexts. We believe that

such studies will be of translational significance for brain disorders that are characterized
by social behavior and social recognition deficits, including autism spectrum disorder (45—
48), where several autism-risk genes were reported to encode for glutamatergic synaptic
components and to impact social recognition memory (49-51). Of relevance would be the
PIL—>PVH pathway, specifically glutamatergic inputs from the PIL to the oxytocin neurons
of the PVH, given the role of glutamatergic circuits within the hypothalamus in the release
of oxytocin (52) and the well-established role of oxytocin in social behaviors and social
recognition (13, 21, 34; 39-44).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Social interaction elicits more c-fos expression in the PIL than object interaction or no
stimulus interaction in males and females.

(A) Schematic of social, object and no stimulus interaction paradigms. (B) Sample patterns
of c-fos expression in the PIL using immunohistochemistry with anti-c-fos antibodies
(yellow) in response to a social stimulus (upper panel), an object stimulus (middle panel),
or no stimulus (lower panel). [MG, medial geniculate; 10X magnification; scale bar (100
pum)]. (C) Quantification of c-fos+ cells per mm2 in the PIL of male and female mice reveal
higher c-fos expression in response to a same-sex social stimulus compared to an object
(toy mouse) or no stimulus. Each point represents one subject (13-15 sections/subject).
Open symbols denote male subjects and closed symbols denote female subjects. (Two-way
between-subjects ANOVA, *p<.05, **p<.01, ****p<.0001; no sex difference; n = 3/sex/
condition).
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Figure 2. Activity of PIL glutamatergic neurons is increased during same-sex and opposite-sex
social interactions, but not object interaction, in males and females.

(A) Schematic of viral injection and fiber photometry, with sample histology showing
GCaMP6m expression (green; top), CaMKIlla-Cre-mCherry (red; middle), and overlap
(bottom) with fiber placement. [MG, medial geniculate; 10X magnification; scale bar

(100 um)]. (B) Upper panel, behavioral recording paradigm; lower panel, behavioral
outcome showing male and female mice spent significantly more time with the compartment
containing a same-sex juvenile or opposite-sex adult, but not with the object stimulus
(Two-way mixed ANOVA with Sidak’s adjusted *p=.01, ***p<.001; n = 6-8 males, 7-8
females). Open symbols denote male subjects and closed symbols denote female subjects.
(C) Representative traces of Z scored AF/F of GCaMP during interactions with a same-sex
juvenile (top, blue), opposite-sex adult (center, pink) and object toy mouse (bottom,
yellow). (D) Fiber Average standardized traces from male and female mice aligned to

the onset of investigation (5 sec before to 5 sec during) of a same-sex juvenile (blue),
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opposite-sex adult (pink) or object (yellow). (E) The area under the curve (AUC), calculated
from average standardized traces, significantly increased during investigation of same-sex
juvenile and opposite-sex adult stimuli, but not object (Two-way mixed ANOVA with
Sidak’s adjusted **p<.01, ***p<.001; no sex effect; n = 6-8 males, 7-8 females; open
symbols denote male subjects and closed symbols denote female subjects).
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Figure 3. Correlations between maximum standardized signal Z(dF/F) and length of
investigation bouts or chronological order of investigation bouts.

(A) Schematic of the behavioral paradigm to record from glutamatergic neurons in the

PIL during same-sex juvenile social interaction. (B) Positive correlation between length of
investigation bout and maximum standardized signal [Max Z(dF/F)] for same-sex juvenile
social interaction (linear mixed model with individual as a random factor, beta = 0.032,
t(221.3) = 3.93, ***p< .001). (C) Negative correlation between the chronological order of
bouts and Max Z(dF/F) for same-sex juvenile social interaction (linear mixed model with
individual as a random factor, beta = —-0.069, t(220.2) = -3.59, ***p< .001). (D) Schematic
of the behavioral paradigm to record from glutamatergic neurons in the PIL during opposite-
sex adult social interaction. (E) Positive correlation between length of investigation bout
and maximum standardized signal Max Z(dF/F) for opposite-sex adult social interaction
(linear mixed model with individual as a random factor, beta = 0.019, t(200.3) = 3.88, ***p<
.001). (F) Negative correlation between the order number of bout and Max Z(dF/F) for
opposite-sex adult social interaction (linear mixed model with individual as a random factor,
beta = -0.066, t(203.4) = -3.70, ***p< .001). All data points represent individual bouts of
social investigation, n = 67 males, 7-8 females.
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Figure 4. Inhibiting glutamatergic neurons in the PIL does not impact juvenile or adult social
preference.

(A) Schematic of viral injection of inhibitory DREADDs in the PIL (bilateral). (B)
Representative histology showing CaMKIla-GFP (left, green), hSYN-DIO-hM4D(Gi)-
mCherry (middle, red) and overlap (right) with specificity to the PIL [MG, medial
geniculate; 10X magnification; scale bar (100 pm)]. (C) Social preference behavioral
paradigm following CNO/vehicle injection. (D-E) Males and females exhibited preference
for the compartment containing the same-sex juvenile stimulus vs the empty, with no effect
of CNO treatment (Three-way mixed ANOVA with Sidak’s adjusted *p<.05, ****p<.0001;
n =9 males, 5 females). (F) No differences were observed between treatment groups in the
discrimination index ([Social — Empty]/[Social + Empty]); Two-way mixed ANOVA p > .05;
no sex differences; n = 9 males, 5 females; open symbols denote male subjects and closed
symbols denote female subjects) (G-H) Males and females exhibited preference for the
compartment containing the opposite-sex adult social stimulus vs the empty, with no effect
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of CNO treatment (Three-way mixed ANOVA with Sidak’s adjusted **p<.01, ***p<.001,
n =9 males, 4 females). (1) No differences were observed between treatment groups in the
discrimination index (Two-way mixed ANOVA p > .05; no sex differences; n = 9 males, 4
females; open symbols denote male subjects and closed symbols denote female subjects.).
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Figure 5. Inhibiting glutamatergic neurons in the PIL delays social recognition in females but not
in males.

(A) Social habituation-dishabituation behavioral paradigm following CNO/vehicle injection
in male and female subjects injected with CaMKIla-GFP/hSYN-DIO-hM4D(Gi)-mCherry
in the PIL. (B) In males, no differences were observed over time or between treatment
groups in ratio to the first interaction (Two-way repeated measures ANOVA p >.05,

n=13). No differences were observed between contact ratio of the novel mouse to T1
(Paired samples t-test p>.05, n = 13) (C) No differences were observed in males in
investigation time between treatment groups at T1 (Paired samples t-test p>.05, n=13).

(D) No differences were observed in males in investigation time between treatment groups
at the presentation of the final novel mouse (Paired samples t-test p>.05, n=13). (E) In
females, there was a significant interaction between treatment and time (Two-way repeated
measures ANOVA *p<.05) such that female mice displayed a higher contact ratio to the first
interaction under CNO at T2 (Sidak’s adjusted *p<.05) and at T3 (Sidak’s adjusted **p <
.01) but not T4 (Sidak’s adjusted p>.05). No differences were observed between contact
ratio of the novel mouse to T1 (Wilcoxon matched-pairs signed rank test p>.05, n = 9).

(F) No differences were observed in females in investigation time between treatment groups
at T1 (Paired samples t-test p>.05, n=9). (G) No differences were observed in females in
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investigation time between treatment groups at the presentation of the final novel mouse
(Paired samples t-test p>.05, n=9).
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ACDBio

ACDBIo Cat: #323137

RNAscope /n situ
hybridization

Organism/Strain

Mouse: C57BL/6,
male and female

Taconic Biosciences

Software; https://github.com/shainetser/

Algorithm TrackRodent TrackRodent) Behavioral tracking
Software; https://www.mathworks.com/

Algorithm Matlab products/matlab.html Behavioral tracking
Software; TDT Extraction/ https://github.com/

Algorithm Conversion talialerner/)) Fiber Photometry
Software; OpenEx Software https://www.tdt.com/support/

Algorithm 2.20 downloads/ Fiber Photometry
Software;

Algorithm EthoVision XT11 Noldus Fiber Photometry
Software; Statistical Analysis and
Algorithm GraphPad Prism 9.0 https://www.graphpad.com Graphing

Software; Microscopy Analysis and
Algorithm Fiji ImageJ https://imagej.net/software/fiji Image Editing
Software; https://www.adobe.com/

Algorithm Adobe Illustrator products/illustrator.html Figure Creating
Software;

Algorithm BioRender https://www.biorender.com Figure Creating
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1duosnuen Joyiny
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Resource Type

Specific Reagent or

Source or Reference

Identifiers

Additional Information

Resource
RNAscope /n situ
Other Opal Dye 520 Akoya Biosciences Cat: #FP1487001KT hybridization
RNAscope /n situ
Other Opal Dye 570 Akoya Biosciences Cat: #FP1488001KT hybridization
RNAscope /n situ
Other Opal Dye 690 Akoya Biosciences Cat: #FP1497001KT hybridization
Jackson Cat.# 017-
000-121; RRID:
Other Donkey serum Jackson Immunoresearch #AB_2337258 Immunohistochemistry
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