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ABSTRACT

Rationale: In a social context, individuals are able to detect external information from others
and coordinate behavioral responses according to the situation, a phenomenon called social
decision-making. Social decision-making is multifaceted, influenced by emotional and

motivational factors like stress, sickness and hunger. However, the neurobiological basis for

motivational state competition and interaction are not well known.

Objective: We investigated possible neural mechanisms through which internal states could
shape social behavior in a social affective preference (SAP) test. In the SAP test, experimental
rats given a choice to interact with naive or stressed conspecifics exhibit an age-dependent
preference to interact with stressed juvenile conspecifics, but avoid stressed adult
conspecifics. First, we assessed the effect of hunger on SAP behavior. Behavior in the SAP test
requires the insular cortex, which receives input from the hunger-related peptides
melanin-concentrating hormone (MCH) and orexin neurons of the lateral hypothalamus (LH).

This study aimed to evaluate the role of LH and insular MCH and orexin in SAP test.

Methods: SAP tests were conducted in rats that were sated, food deprived or allowed 1 h of
access to food after 14 h of deprivation (relieved condition). Separate cohorts of sated rats
received cannula implants for microinjection of drugs to inhibit the LH or to block or stimulate

MCH or orexin receptors in the insula prior to SAP tests or social interaction tests.

Results: Food and water deprivation prior to SAP tests with juvenile rats caused a shift in
preference away from the stressed rat toward the naive juveniles. Pharmacological inhibition of
LH with muscimol (100 ng/side) abolished the preference for the juvenile stressed conspecific,
as well as the preference for the adult naive conspecific. The blockade of MCHr1 or orexin
receptors in the insular cortex with SNAP94847 (50uM) or TCS1102 (1pM), respectively, also
abolished the preference for the stressed juvenile conspecific, but only the antagonism of
orexin receptors was able to abolish the preference for the adult naive conspecific.
Microinjection of increasing doses (50 or 500 nM) of MCH or orexin-A in the insular cortex
increased the interaction time in the one-on-one social interactions test with juvenile
conspecifics, however only the microinjection of orexin-A increased the interaction time with

adult naive conspecifics.
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Conclusions: Taken together, these results suggest that lateral hypothalamus peptides shape
the direction of social approach or avoidance via actions MCH and orexin neurotransmission in

the insular cortex.

Keywords: Lateral Hypothalamus, Insular Cortex, Social Affective Preference, Orexin, Melanin

Concentrating Hormone, Hunger
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INTRODUCTION

The ability to generate appropriate behaviors in different social contexts is crucial for
survival and adaptation of social animals (Insel and Fernald 2004). This dynamic process
involves successive prediction and evaluation of the motivations and emotions of others
(Ranote et al. 2004; Rendon et al. 2015). Behavioral responses to others are also influenced by
the environment and internal states such as stress, sickness or hunger (Sandi and Haller 2015;
Toyoshima et al. 2021, 2022; Devlin et al. 2022; Smith and Grueter 2022). In rodents, the
interaction of these factors results in a range of prosocial and avoidance behaviors directed
toward distressed conspecifics (Meyza et al. 2017). Behaviors observed in rodent social
interactions are thought to be the product of the social decision-making network (SDMN)
(O’Connell and Hofmann 2011), a highly conserved system of brain regions comprised of the

mesocorticolimbic reward pathway and the “social brain network” (Newman 1999).

A region highly connected to the SDMN is the insular cortex (reviewed by Rogers-Carter
and Christianson, 2019). Insula is a site of multisensory integration implicated in a wide range
of cognitive domains (Kurth et al. 2010; Gogolla 2017). With regard to social behavior, the
insula is necessary for both prosocial and avoidant responses to socioemotional stimuli. In the
social affective preference (SAP) test, experimental rats exhibit age-specific responses to adult
or juvenile rats that were exposed to stress. Specifically, when presented with a pair of adult
conspecifics, one stressed and one naive to stress, experimental rats avoid interactions with
the stressed conspecifics. In contrast, when presented with a pair of prepubescent juveniles,
experimental rats spend more time investigating the stressed conspecific. Treatments that
inhibit the activity of the insula during SAP tests interfere with this pattern (Rogers-Carter et al.
2018, 2019; Rieger et al. 2022). The insula appears to be an integral circuit component linking
social and situational factors to inform social decisions that, via interaction with the SDMN, can
shape the circuit activity pattern to favor the approach or avoidance behavior strategies.
Consistently, inhibition of affective input from the basolateral amygdala to the insula (Djerdjaj et
al. 2022) or inhibition of insula projections to the nucleus accumbens both interfere with the

approach preference for stressed juvenile animals (Rogers-Carter et al. 2019).
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As noted above, social interactions are influenced by a range of internal factors and
understanding the biological mechanisms by which competing hunger and social motivations
are resolved is fundamentally interesting. Importantly, hunger or direct stimulation of hunger
associated neural circuits can reduce sociability (Burnett et al. 2016, 2019) which was
suggested to be the consequence of the need to find food taking priority over needs for social
interaction in the brain structures responsible for decision making (Sutton and Krashes 2020).
To determine if hunger might influence social interactions in the SAP test, we conducted a
series of three SAP tests in male rats that were sated, with free access to food and water;
hungry, after 14 hours of food and water deprivation; or relieved, after 13 hours of food
deprivation with 1 hour of free access prior to test. As usual, when tested in a sated state, rats
spent more time investigating the stressed juvenile, but in either food deprived state, rats spent
more time investigating the naive juvenile (Figure 1). These observations and the large body of
prior research implicating the insula in several aspects of appetitive and consummatory
behavior (Yiannakas and Rosenblum 2017; Livheh and Andermann 2021) suggested to us that

hunger signals could influence social decision making, in part, by action in the insular cortex.

Acute hunger drives exploratory and consummatory behaviors through well defined
hypothalamic circuits. Briefly, as caloric deficits increase, Agouti-related peptide (AgRP)
neurons in the arcuate nucleus ramp up activity in axons that project to the lateral
hypothalamus (LH) (Andermann and Lowell 2017). The LH is a complex diencephalic region
(Saper et al. 1979) involved in the control of behaviors related to arousal, feeding, energy
balance, stress, reward and motivated behavior (Bonnavion et al. 2016; Petrovich 2018). Input
from AgRP neurons evokes activity in LH neurons containing the neuropeptides melanin
concentrating hormone (MCH) and orexin/hypocretin which are among a diverse group of LH
neurons that project widely through the brain (Swanson et al. 2005; Hahn 2010), including to
the insular cortex which contains MCHr1 and both orexin 1 and 2 receptors (Hervieu et al.
2000; Li and de Lecea 2020; Mitsukawa and Kimura 2022). MCH and orexin systems are vital
to feeding and energy balance, however they are also related to sleep, stress, arousal, and
other motivated behaviors (Sakurai et al. 1998; Huang et al. 2007; Matsuki et al. 2009;
Bonnavion and de Lecea 2010; Kaplan et al. 2022). A few recent reports manipulations of the

LH itself, MCH, or orexin systems suggest they contribute to various aspects of social behavior
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(Blouin et al. 2013; Abbas et al. 2015; Nieh et al. 2016; Noritake et al. 2020; Sanathara et al.
2021), leading us to hypothesize that these may be components of the neural circuit through
which internal motivational states are integrated with social affective information to shape
social behavior. Although orexin receptors in the insula contribute to feeding behavior (Hagar et
al. 2017), the role of these LH neuropeptides in the insula on social behavior is unknown. Here
we report on a set of experiments in which we evaluate the role of LH itself and MCH and
orexin neurotransmission in the insula in the social approach/avoidance behavior in the SAP

tests.

Materials and Methods

Subjects

Male Sprague Dawley rats were obtained at either post-natal day PN50, PN22 or PN42
from Charles River Laboratories. All rats were acclimated to the vivarium in the Boston College
Animal Care facility for a minimum of 7 d before surgery or behavioral testing, resulting in
groups of test adult rats at PN60-PN80, juvenile conspecifics at PN30 and adult, post
pubescent conspecifics at PN50 at the time of testing. Subjects were housed in groups of 2 or
3, maintained on a 12 h light/dark cycle, and provided food and water ad libitum. Behavioral
testing occurred within the first 4 h of the light cycle. All procedures were approved by the
Boston College Institution Animal Care and Use Committee and adhered to the National

Institutes of Health’s Guide for the Care and Use of Laboratory Animals.
Summary of Experiments

Influence of food deprivation or relief on SAP behavior. Over 7 days, rats (N=11) were
given SAP tests with juvenile conspecifics under sated, hungry, or relieved conditions (See
Figure 1). On Days 1 and 2 rats were habituated to the SAP arena and on Days 3, 5 and 7 SAP
tests were performed. Rats were subdivided into 3 groups to allow for counterbalancing of
treatment order. Food restriction entailed removal of food and water from the homecage about
14 h prior to SAP testing. For the relief condition, food and water were replaced on the cage for

1 h prior to SAP. Sated rats were allowed free access to food. Following SAP tests, regardless
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of condition, rats had free access to food and water for ~ 48 h. Test order was counterbalanced

in a latin square design and no order effects were evident.

Inhibition of the LH during SAP tests. Rats were implanted with cannula guides for
microinjection of muscimol to the LH. After recovery, SAP tests were performed over 5 days;
experimental rats were tested with either juvenile or adult conspecifics (See Figure 2). Days 1
and 2 were habituation days and on Day 3 and 5, SAP tests 1 h after injection of muscimol or

vehicle. No testing occurred on Day 4 to ensure complete wash out of the drug.

Insula MCH and orexin in social interaction. Rats were implanted with cannula guides to
the posterior insula, the region previously identified as necessary for SAP behaviors. After
recovery, SAP tests were performed with either adult or juvenile conspecifics over 4 days. Days
1 and 2 were habituation days and on Days 3 and 4 SAP tests were conducted 30-40 min after
infusion of MCH receptor 1 (MCHr1) antagonist or dual orexin 1/orexin 2 receptor antagonist in
counterbalanced order. Separate cohorts of rats were used for each SAP age and drug
treatment. To determine if insular MCH or orexin would affect sociability in the absence of
stress, in the week after SAP testing, we conducted 5 min social interaction tests with either

juvenile or adult conspecifics 30-40 min after infusion of MCH or orexin-A at 2 different doses.

Social affective preference test

Initially described by Rogers-Carter, Varela et al., (2018), the Social Affective Preference
(SAP) test allows observation of test rat behavior when presented simultaneously with 2
conspecifics, one of them stressed and the other naive to any treatment. The test takes place
in a plastic arena (76.2 x 20.3 x 17.8, cm; L x W x H) lined with beta chip bedding in which the
test rat can move freely. At the extremities, the conspecific animals are positioned inside an
acrylic box (18 x 21 x 10 cm; L x W x H) with rods spaced 1 cm apart to allow interaction with
the test rat. The experimental protocol consists of 2 habituation days followed by 2 test days.
On day 1 the test rats are habituated to the arena with the empty conspecific box for 15
minutes and stay in the experiment room in individual cages for 60 min. On day 2, after 60
minutes of habituation in their respective individual cages, test animals are presented with 2
naive conspecifics for 5 min in the testing arena. For food deprivation/relief experiments, on

days 3, 5 and 7 the test animals underwent SAP tests with juvenile conspecifics under either
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sated, hungry or relieved conditions. Treatment order was counterbalanced across days
(within-subjects design). For pharmacological experiments, on days 3 and 5 (inhibition of the
LH during SAP tests experiment) or on days 3 and 4 (insula MCH and orexin in social
interaction experiments), the test animals received microinjection of vehicle or drug,
counterbalanced between days (within-subjects design), and underwent a simultaneous
interaction with a stressed and a naive to any treatment unfamiliar conspecifics for 5 minutes.
Conspecific stress entailed exposure to 2 footshocks (5 s, 1 mA, inter-shock interval of 50 s (in
a separate sound and odor isolated room) immediately before placement in the SAP test arena.
Interactions always occurred with a novel conspecific. Interaction time with conspecifics are
scored by a trained observer and all tests were recorded on digital video to establish

inter-rater-reliability.

Lateral hypothalamus and insular cortex cannula placement

Cannulas (26-gauge, Plastics One, Roanoke, VA) were inserted inserted bilaterally into
the LH (from bregma: AP: -2.7 mm, ML: +2 mm, DV: —=7.8 mm from skull surface) or into the
posterior insula (from bregma: AP: —1.5 mm, ML: £6.2 mm, DV: —6.8 mm from skull surface)
under inhaled isoflurane anesthesia (2-5% v/v in O2) in a stereotaxic frame. After surgery, rats
received meloxicam (1 mg/kg, Eloxiject; Henry Schein) and the antibiotic penicillin (12,000
units, Combi-pen; Henry Schein) and were allowed to recover undisturbed for 2 weeks before

behavioral testing.

Pharmacological manipulations

All drugs were obtained from Tocris Bioscience. For pharmacological inhibition of LH
cell bodies, test rats received LH injections of 100 ng/side of the selective GABA, agonist
muscimol dissolved in sterile 0.9% saline 60 min before SAP testing. This dose was selected
based on prior experience in our laboratory (Rogers-Carter et al. 2018). For the
pharmacological inhibition of MCHr1 or orexin receptors, experimental rats received,
respectively,the selective MCHr1 antagonist SNAP94847 (50uM) or the dual orexin receptor
antagonist TCS1102 (1uM). Both antagonists were first dissolved in DMSO and diluted to final
concentration in saline. For the activation of the MCHr1 and orexin receptors, the endogenous

agonists MCH and orexin-A, respectively, both at 50 or 500nM, dissolved in saline. All the
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injections had a volume of 0.5 pl/side. Doses were selected based on the Ki values provided by
manufacturers and used at doses comparable or less concentrated than previously reported for
SNAP94847 (Hsiao et al. 2012; Rodrigues et al. 2022) or TCS1102 (Kokare et al. 2006;
Sabetghadam et al. 2018; Li et al. 2021; Liu et al. 2022).

Social Exploration

One-on-one social interaction tests were performed on days 3, 4 and 5 after the end of
the SAP test to determine if MCH or orexin-A administration to the insula was sufficient to alter
social behavior in the absence of stress. On each day, the experimental animals received
microinjection into the insula of vehicle or agonist and 45 minutes later a conspecific naive to
any treatment was introduced into their home cage for 5 minutes. Three tests allowed for a
within-subjects dose-response experiment with each rat tested after vehicle, 50 and 500uM
doses of MCH or orexin-A. Drug order was counterbalanced using a latin square design. During
the entire test period, interaction times with conspecifics were scored by a trained observer

and all of the tests were recorded in a digital video.

Tissue collection and Histology

After the last day of the experimentation, test animals were overdosed with
tribromoethanol (Fisher Scientific). Brains were removed and stored in a 10%
paraformaldehyde solution at 4°C for at least 48h and then transferred to 30% sucrose for at
least 48h. Coronal sections (40um) of the LH or insula were mounted on a gelatin-coated slide
using a freezing cryostat (Leica) and subsequently stained with cresyl-violet for verification of

cannula placement.

Data analysis

Data from animals with incorrect placement were removed from the analysis. In our
initial report about SAP test behavior, we observed a normal distribution of preferences with a
fraction of rats sometimes displaying avoidance of stressed juveniles, or approach to stressed
adults (Rogers-Carter et al. 2018). In our experience, experiments involving surgery and
injections can increase the frequency of subjects exhibiting unusual behavior, specifically in

SAP tests with adults where social interaction levels are somewhat lower than with juveniles.
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As we have previously described (Rogers-Carter et al. 2019), a few experimental subjects were
excluded from analysis of adult SAP tests with LH muscimol and insula orexin antagonist
experiments because the rats exhibited fewer than 5 seconds of total interaction, or exhibited a
preference for the stressed adult conspecific greater than 50%. These instances are noted in
the corresponding results sections. Social interaction time during the SAP test was analyzed
using repeated measures two-way ANOVA with conspecific stress and drug treatment (vehicle
or antagonist) or hunger state (sated, hungry or relieved) as within-subjects variables. The
preference for the stressed conspecific during SAP test was calculated as a percentage of time
interacting with the stressed conspecifics relative to the total time spent interacting both
conspecifics and was analyzed using repeated measures two-way ANOVA with conspecific age
and drug treatment (vehicle or antagonist) as within-subjects variables or using repeated
one-way ANOVA with hunger state as within-subjects variable. Social interaction time during
the one-on-one social interaction test was analyzed using repeated measures two-way ANOVA
with conspecific age and drug treatment (vehicle or agonist) as within-subjects variables. A
significant effect was considered when p < 0.05 and post-hoc analysis consisted of Sidak’s

multiple comparison tests.
RESULTS
Acute food and water deprivation reversed preference for stressed juvenile conspecifics

To test whether hunger would influence the approach behavior toward stressed juvenile
conspecifics, test rats underwent SAP tests with juvenile conspecifics under sated, hungry, or
relieved conditions (Figure 1A). As expected, sated rats displayed preference for the stressed
juveniles, but hungry and relieved rats avoided the stressed juvenile (Figure 2B). A two-way
ANOVA indicated a conspecific stress main effect (F(1, 10) = 11.48; p = 0.0069) and a hunger
by conspecific stress interaction (F(2, 20) = 22.60; p < 0.0001). Post-hoc analysis indicated that
animals under sated condition preferred to interact with the stressed juvenile conspecific (p =
0.0091). However, animals under either hungry (p = 0.0004) or relieved (p = 0.0002) conditions
spent more time interacting with the naive juvenile conspecific. The preference of stressed
conspecific was calculated as percentage and analyzed with a one-way repeated measures

ANOVA which revealed a main effect of hunger state (F(2, 20) = 19.61; p = 0.0006). Post-hoc


https://www.zotero.org/google-docs/?QpDlH7

Social Affect and LH Peptides 11

analysis indicates an opposite preference for the stressed juvenile conspecific in either hungry
(p = 0.0035) and relieved (p < 0.0001) conditions when compared with sated condition (Figure
10).
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Figure 1. Hunger interferes with social affective behavior. A. Schematic figure of the
experimental protocol, rats (n=11) under sated, hungry, or relieved conditions underwent SAP
test with juvenile conspecific. B. Mean (with individual replicates) time spent interacting with
each conspecific during the 5 min SAP test. Sated rats spent more time interacting with the
stressed juvenile conspecific, but hungry and relieved rats spent more time interacting with the
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naive juvenile conspecific. C. Data from B converted to preference for stressed conspecific in
percentage of total interactions (mean with individual replicates). Sated rats presented a
preference (>50% time interaction) for the stressed conspecific, however either hungry
condition reduced significantly this preference. Panel A created with BioRender.com. **p<0.01,
***p<0.001, ***p<0.0001.

Pharmacological inactivation of LH abolished both preference for stressed juvenile and

naive adult conspecifics

To test whether the LH is necessary for social affective behavior during SAP test, rats
underwent SAP test with either juvenile (n = 13) or adult conspecifics (n = 9) after 60 minutes of
vehicle or muscimol (selective GABA, agonist) (100 ng/side) microinjection in the LH (Figure
2A,B,C). Four rats in the adult condition were excluded from analysis due to unusual SAP
behavior after vehicle injections. Analysis of juvenile SAP tests evidenced a significant
conspecific stress by drug interaction (F(1, 12) = 8.747; p=0.0120) in rats tested with juvenile
conspecific and post hoc tests confirmed that after vehicle injections rats have a preference to
explore the stressed conspecifics (p = 0.0232), however this was not evident after the
pharmacological inactivation of LH (p = 0.4364) (Figure 2D). When tested with adult
conspecifics the analysis indicated a significant conspecific stress by drug treatment
interaction (F (1, 8) = 11.62; p = 0.0092), the post-hoc analyses indicated a preference to the
adult naive conspecific (p=0.0168) under vehicle condition, however muscimol abolished this
behavior (p=0.3830) (Figure 2E). The preference for stressed conspecific was calculated as
percentage, data analysis indicated a significant conspecific age by drug interaction (F (1, 20) =
22.52; p=0.0001), and LH inhibition abolished the preference for stressed juvenile (p=0.0027),

as well the avoidance for stressed adult conspecific (p=0.0117) (Figure 2F).
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Figure 2. Pharmacological inhibition of the LH interfered with social affective behavior in
the SAP test. A. Schematic representation of the experimental protocol. Rats had bilateral
cannula implanted in the LH and after 2 weeks of recovery rats received microinjections of
vehicle or muscimol (100 ng/side) into the LH and 60 min later underwent SAP test with juvenile
or adult conspecifics. B. Representative image of bilateral cannula tract in the LH and maps of
cannula placements of the LH microinjections of rats tested with juvenile (dark purple, n = 13)
or adult (light purple, n = 9) conspecifics. C. Mean (with individual replicates) time spent
interacting with each conspecific during the 5 minutes of SAP tests with juveniles (left, PN 30)
or adults (right, PN 50). Test rats spent more time interacting with the stressed juvenile
conspecific, this behavior was not evident after administration of muscimol. In SAP tests with
adults, rats spent more time interacting with the naive adult conspecific, which was not evident
after administration of muscimol. D. Data from C were converted to preference for stressed
conspecific which is the percentage of interaction with the stressed conspecific out of the total
interactions with both naive and stressed conspecifics (mean and individual replicates shown).
Rats tested with juvenile conspecific presented a preference (>50% time interaction) for the
stressed conspecific and those tested with adults preferred the naive conspecific. Treatment
with muscimol reduced the preference for stressed juveniles and naive adults. *p<0.05,
**p<0.01. Panel A created with BioRender.com.
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Melanin concentrating hormone, orexin, and social affective behavior

To determine if the LH neuropeptides MCH and orexin would influence social behavior
by action in the insula, experimental rats received bilateral cannula in the posterior insula and
then underwent the SAP tests with receptor antagonist or vehicle injections. We previously
found other neuromodulator receptors including oxytocin and corticotropin releasing factor 1
receptors to be necessary for SAP behavior and in each case, simply administering the agonist
for these receptors was sufficient to mimic the effect of conspecific stress on social interaction.
For example, oxytocin administered to insula increases social interactions with naive juveniles
but reduces interaction with naive adults, suggesting that this form of neurotransmission is
sufficient to mediate the behaviors observed in the SAP test (Rogers-Carter et al. 2018). To
determine if MCH or orexin are sufficient to influence social interaction, 3 days after the SAP
tests rats received a series of 3 one-on-one social interaction tests with either adult or juvenile

conspecifics after vehicle or either MCH or orexin-A infusions (Figure 3).
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Figure 3. Overview of MCH and orexin experiments. A. Schematic figure of the experimental
protocol. Cannula were implanted in the insula and after 2 weeks of recovery rats received
microinjections of vehicle or either MCHr1 antagonist (SNAP94847) or dual orexin receptor
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antagonist (TCS1102) into the insula and 45 minutes later underwent SAP tests with juvenile or
adult conspecifics. Separate groups of rats were used for adult and juvenile tests, and each
group was only tested with one set of drugs targeting either MCH or orexin receptors. SAP
tests were repeated the next day with the opposite drug treatment in a within subjects design;
drug order was counterbalanced. After 3 days without treatments, rats underwent a series of 3
one-on-one social interaction tests after either vehicle or one of 2 doses of MCH or orexin-A to
determine if administration of the ligand would alter sociability itself. Rats were given 1 social
interaction test per day, treatment order was counterbalanced, and rats were tested with the
same aged conspecifics as in the prior SAP tests. Social interaction tests were conducted over
5 minutes with a test rat and an unfamiliar, naive juvenile or adult conspecific. B.
Representative image of bilateral cannula tract in the insula. C. Placement maps of the insula
microinjections of SNAP94847 in rats tested with juvenile (n = 10) or adult (n = 11) conspecifics
(left) and of TCS1102 in rats tested with juvenile (n = 14) or adult (n = 8) conspecifics (right).

To evaluate the role of insular MCH neurotransmission on social affective behavior, SAP
tests were conducted in rats that received either vehicle or the selective MCHr1 antagonist
SNAP94847 (Figure 4). Analysis of juvenile SAP tests (n = 10) indicated a significant conspecific
stress by drug treatment interaction (F(1, 9) = 12.56, p = 0.0063) and post hoc tests indicated a
preference for the stressed juvenile conspecific after the treatment with vehicle (p = 0.0070),
but this was not present after administration of the SNAP94847 (p = 0.5143) (Figure 4A). Data
from rats tested with adult conspecifics (n = 11) presented a main effect of conspecific stress
(F(1, 10) = 5.1619; p = 0.0393). Although a stress by drug interaction only approached
significance (F(1, 10) = 4.169; p = 0.0684), post-hoc analysis indicated that rats treated with
vehicle had a preference for naive adult conspecific (p = 0.0087) but the time spent interacting
with naive and stress conspecifics did not differ after administration of SNAP94847 (p =
0.7025) (Figure 3B). The preference of stressed conspecific was calculated as percentage and
analysis indicated a main effect of conspecific age (F(1, 19) = 15.11; p = 0.0010) and a
significant conspecific age by drug treatment interaction (F(1, 19) = 14.98; p = 0.0010), the
MCHTr1 inhibition prior the SAP test abolished the preference for stressed juvenile (p = 0.0021),
but not the avoidance for adult stressed conspecific (p = 0.2496) (Figure 4C).

On day 3, 4 and 5 after the end of the SAP test, test rats received microinjection of
vehicle or increasing doses of MCH (50 and 500 nM) in the insula and were submitted to
one-on-one social interaction test with naive juvenile or adult conspecific after 30 minutes.

MCH appeared to selectively increase social interactions directed toward juveniles (Figure 4D).
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Analyses revealed a main effect of conspecific age (F(1, 18) = 19.68; p = 0.0003), and a
significant conspecific age by drug treatment interaction (F(2, 36) = 4.747; p = 0.0148). The
post-hoc test indicated that only rats tested with naive juvenile conspecifics and treated with
the highest dose of MCH (500nM) in the insula showed an increase in interaction time during

the one-on-one social exploration test (p = 0.0240) (Figure 4D).
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Figure 4. MCH neurotransmission affects social approach behavior to juveniles but not
avoidance of adults. Juvenile and adult SAP tests were conducted 45 min after administration
of the vehicle or the MCHr1 antagonist SNAP94847 (50uM) to the insula. A. Mean (with
individual replicates) time spent interacting with juvenile conspecifics during the SAP test. Rats
spent more time interacting with the stressed juvenile conspecific which was not evident after
injection of SNAP94847. B. Mean (with individual replicates) time spent interacting with adult
conspecifics during the SAP test. Test rats spent more time interacting with the naive adult
conspecific, which was not evident after infusion of administration of SNAP94847. C.
Preference for the stressed conspecific expressed as percentage of total interaction time (mean
with individual replicates). Rats tested with juvenile conspecifics presented a preference for the
stressed conspecific which was significantly reduced by SNAP94847. In SAP tests with adults,
SNAP9447 did not consistently alter preference. D. Time spent exploring naive juvenile and
adult conspecifics in a 5 minute social interaction test (box depicts median and first and third
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quartile, whiskers indicate maximum and minimum, and the mean is indicated by a +) 30 min
after insula injections of vehicle or MCH (50 and 500 nM). MCH increased time spent exploring
naive juveniles but did not influence interactions with adult conspecifics. *p<0.05, **p<0.01.

To test whether orexin action in the insula has an influence on SAP behavior and
one-on-one social exploration test rats were submitted to the same protocol described above,
but received microinjection of vehicle or TCS1102 (1uM) 45 minutes before SAP tests (Figure
5). Analysis of SAP tests with juveniles (n = 14) revealed a significant conspecific stress by drug
treatment interaction (F(1, 13) = 13.07; p = 0.0031). Post-hoc test indicated a preference for the
stressed juvenile conspecific after the treatment with vehicle (p = 0.0357), but this was not
present after TCS1102 (p = 0.0622) (Figure 5A). Analysis of SAP tests with adult conspecifics (n
= 8, 4 rats were excluded from analysis because of unusual behavior under vehicle, Figure 5B)
presented a significant conspecific stress by drug treatment interaction (F(1, 7) = 8.909; p =
0.0204). Post-hoc analysis indicated that rats treated with vehicle spent more time interacting
with the naive adult conspecific (p = 0.0342) but this was not evident after administration of
TCS1102 (p = 0.5108) (Figure 4B). The preference for stressed conspecific was calculated as
percentage (Figure 5C); data analysis indicated a significant significant main effect of age
(F(1,20) = 5.917; p = 0.0245) and a conspecific age by drug treatment interaction (F(1, 20) =
18.03; p = 0.0004). Orexin receptor inhibition abolished the preference for stressed juveniles (p
= 0.0051) and the avoidance of stressed adults (p = 0.0264) (Figure 5C).

In the one-on-one social interaction tests, orexin-A appeared to increase interactions
toward both naive juvenile and adult conspecifics (Figure 5D). Data analysis indicated a main
effect of conspecific age (F(1, 19) = 22.90; p = 0.0001) and dose (F(2, 38) = 9.906; p = 0.0003).
Post-hoc tests indicated that 500nM of orexin-A increased social interaction with naive

juveniles (p = 0.0169) and naive adults (p = 0.0063).
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Figure 5. Orexin neurotransmission affects social behavior in rats during SAP and
one-on-one social exploration tests when tested with juvenile conspecifics and adult
conspecifics. Juvenile and Adult SAP tests were conducted 45 min after administration of the
vehicle or the dual orexin receptor antagonist TCS1102 (1uM) to the insula. A. Mean (with
individual replicates) time spent interacting with juvenile conspecifics during 5 min SAP tests.
Test rats spent more time interacting with the stressed juvenile conspecific, this behavior was
abolished by TCS1102. B. Mean (with individual replicates) time spent interacting with each
adult conspecific during 5 min SAP tests. Under vehicle, test rats spent more time interacting
with the naive adult conspecific, which was not evident after administration of TCS1102. C.
Preference for stressed conspecific in percentage of total interactions time when tested with
juvenile or adult conspecifics (Mean with individual replicates). Rats tested with juvenile
conspecifics presented a preference for the stressed conspecific, the treatment with TCS1102
significantly reduced this preference. Rats tested with adult conspecifics presented a
preference for naive conspecifics, which was eliminated by insular treatment with TCS1102. D.
Time spent exploring naive juvenile and adult conspecifics in a 5 minute social interaction test
(box depicts median and first and third quartile, whiskers indicate maximum and minimum, and
the mean is indicated by a +) 30 min after insula injections of vehicle or orexin-A (50 and 500
nM). Orexin-A increased time exploring conspecific regardless of age. *p<0.05, **p<0.01.
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DISCUSSION

The current studies investigated how hunger and hunger associated neural circuits and
peptides contribute to social decision-making. We demonstrate for the first time that hunger
states interfere in the processes of social affective behavior toward conspecifics in distress.
Indeed, rats with 14 h of food/water deprivation or relieved with 1 h of food/water access after
deprivation preferred to spend more time interacting with naive juvenile conspecific during SAP
test, an opposite behavior from when tested under sated state. Furthermore, in this study we
investigated the role of LH and insular MCH and orexin neurotransmission in shaping social
affective behavior. Pharmacological inhibition of the LH abolished either preference for stressed
juvenile and naive adult conspecifics. Additionally, we observed that blockade of MCHr1 and
orexin receptors in the insula abolished either the preference for stressed juveniles and
administration of either MCH or orexin-A increased social interactions directed toward naive
juveniles. Interestingly, only orexin receptors appeared to contribute to behavior in the adult
SAP test where blockade of both orexin receptors interfered with social affective behavior while
orexin-A itself increased social interaction with naive adults. Taken together, these findings
identify possible mechanisms by which basic motivational states like hunger can interact with

socioemotional decisions.

The social decision making process requires the animal to detect and recognize signs of
the emotional state of others to generate appropriate behaviors toward each situation, which is
important to aggression, mating, maternal behavior and others (Insel and Fernald 2004;

Rendon et al. 2015). In this sense, social affective behavior depends on the integration of social
affective cues to an appropriate behavior response (Rogers-Carter and Christianson 2019). In
addition to external signs of the other individual's emotional state, this behavioral response also
depends on the interoception/internal state (Sandi and Haller 2015; Devlin et al. 2022; Smith
and Grueter 2022), which is in line with our findings that the LH is involved in shaping this
behavior. Indeed, LH has been related to motivated behavior, stress, arousal, sleep/wake
states, feeding behaviors (Bonnavion et al. 2016; Barretto-de-Souza et al. 2022) and, recently,
social aspects have also been related to this hypothalamic nucleus (Nieh et al. 2016; Noritake
et al. 2020). Indeed, exposing a rat to stress either directly or vicariously also changes social

affective preference behaviors (Toyoshima et al. 2021, 2022). Together with our finding that
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hunger also alters social preference underscores the hypothesis that motivational states

interact with social affective processes to organize behavior.

It is tempting to relate the effect of hunger on social behavior to the colloquial
experience of “hanger” which describes the unpleasant affect caused by food deprivation.
Emotional states have a powerful influence on appraisal of environmental cues and research on
humans demonstrated that hunger increased individual's likelihood to rate social stimuli as
aggressive and increased negative social judgements (MacCormack and Lindquist 2019). In the
SAP test, we have argued that approach to the stressed juvenile occurs because the juveniles
emit socially attractive cues (odors, vocalizations) that are not appraised as threatening,
whereas test rats avoid stressed adults because a different set of signals emitted by stressed
adults are appraised as social danger signals. In the SAP test, hunger may have caused the
test rats to appraise the stressed juvenile as relatively more dangerous leading to affiliation with
the unstressed alternative. Prior work on motivational state competition has focused on the
AgRP neurons of the arcuate nucleus (Burnett et al. 2016, 2019) which can alter several
affective behaviors via connections to the LH (Andermann and Lowell 2017). The literature
describes that the downstream connection between the insula and the LH is related to
cardiovascular control, feeding and appetitive behaviors (Yasui et al. 1991; Oppenheimer et al.
1992; Wu et al. 2020). However, the upstream pathway, LH to insula, is less studied.
Anatomical studies show LH projections in the insula (Kampe et al. 2009; Gehrlach et al. 2020)
as well the presence of MCH and orexin peptides (Saito et al. 2001; Jacobson et al. 2022). The
current findings that the LH itself and that MCH and orexin acting in the insula influence social
affective behavior suggests a tripartite circuit where hunger signals originating in the arcuate
nucleus are relayed, at least in part, to the insula via orexin and MCH projection neurons

(Kampe et al. 2009).

A central idea relating to motivational state competition is that some needs should
outweigh others, such as the need for food prevailing over the need for social interaction
(Sutton and Krashes 2020). While this state competition likely unfolds across several levels of
neural processing, the insula is site of multisensory integration receiving information from
different parts of the brain containing information about social, interoceptive, affective, and

motivational states (Krushel and van der Kooy 1988; Paulus and Stein 2006; Damasio and
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Carvalho 2013; Gogolla et al. 2014; Rogers-Carter and Christianson 2019). Thus, the insula is
likely to be central to resolving motivational state conflicts or, more simply, a neural locus for
internal states to influence the appraisal of external cues. While we assume this is a part of the
cognition underlying partner choice in the SAP test, a similar phenomenon is well described for
hunger and thirst. Specifically, insula responses to cues that predict the availability of food and
water are dynamically shaped by satiety state (Livneh et al. 2017). A goal of future work will be
to determine if insula responses to social affective cues are similarly influenced by hunger,

stress and other states that affect the direction of social behavior.

The orexin system is composed of 2 metabotropic receptors called OXR1 and OXR2,
and 2 peptide endogenous ligands called orexin-A and orexin-B. The endogenous ligands have
different affinity profiles between receptors, orexin-A has high affinity for both OXR1 and OXR2
receptors, while orexin-B has a higher affinity for OXR2 (Jacobson et al. 2022). Orexin neurons
are predominantly found in the LH (Swanson et al. 2005). As previously mentioned, we
observed that insular treatment with a dual orexin receptor antagonist abolished the preference
for the stressed juvenile and naive adult conspecifics during the SAP test. Also, insula
treatment with the endogenous agonist orexin-A increased social exploration time with either
naive juveniles and adults conspecific during the SE test. These results corroborate the fact
that the insula would be receiving signals from the internal state and together with social
affective information influencing approach/avoidance behavior during SAP test. In this sense, it
is known that orexin neurotransmission acts as an important neuropeptide in the process of
arousal, stress, motivated behavior and reward, which are important components for social
affective behavior (Jacobson et al. 2022). In fact, studies show that orexin stimulation of the
posterior insula region promotes an increase in the "liking" reaction to sucrose, showing a
hedonic role of this neurochemical mechanism in the insula (Castro and Berridge 2017). It is
possible that orexin may contribute to the selection of appetitive or avoidant outputs of the
insula via modulation of insular synaptic transmission and integration. Interestingly, OXR1
receptor agonists potentiating GABA mediated fast inhibitory transmission in the insula (Usui et
al. 2019) which is necessary for some aspects of typical rodent sociality (Gogolla et al. 2014).
The current results warrant further investigation of the cellular distribution of orexin receptors

and their postsynaptic signaling mechanisms.
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MCH cell populations are also predominantly found in LH (Hahn 2010). The MCH
system consists of two class | G-protein-coupled receptors called MCHr1 and MCHr2, and one
endogenous ligand, MCH. The MCH system has an important role in feeding behavior and
energy balance (Ludwig et al. 2001; Karlsson et al. 2012), but it is also involved in other
functions such as sleep/wake (Monti et al. 2013), maternal behaviors (Alachkar et al. 2016) and
locomotion (Marsh et al. 2002). Expressions of MCH receptors are different between species,
the MCHr1 is widely expressed in rodents and primates brains and the MCHr2 were identified
in humans, fishes, dogs, ferrets and non-human primates, but not rodents (Tan et al. 2002;
Presse et al. 2014). Thus, the effects observed with the MCH antagonist and agonist should be
attributed to MCHr1. The results obtained in this study show that MCH neurotransmission in
the insula also influences social affective behavior during SAP tests, however, unlike orexin
neurotransmission, the effect of the agonism of MCH receptors was observed only when tested
with juvenile conspecifics during SE test. Orexin and MCH neuron populations are found in
different locations in the LH and they do not overlap (Hahn 2010), indicating that they may be
acting independently. In the insula, MCH appears necessary and sufficient for appetitive social
approach behavior to juveniles and so it is possible that both MCH and orexin are released
during juvenile social interactions, but only orexin is released in adult interactions. Further,
states like hunger may alter the tone of these inputs to the insula as a mechanism for
motivational states to interact with social decision making; direct observation of these peptide

dynamics will be necessary to test this hypothesis.

In humans, some psychiatric conditions such as autism and schizophrenia present an
impairment in detecting the emotional state of others and a subsequent inability to generate
appropriate social behaviors (Edwards et al. 2002; Lozier et al. 2014), therefore it is important to
better understand the neurobiology of this behavior. Importantly, people with autism spectrum
disorder, which is characterized by abnormal communication, social interaction, and
impairments in interoception (Quadt et al. 2018), have a decreased volume of LH (Kurth et al.
2011) and numerous differences in insula function (Di Martino et al. 2009). Furthermore, the
MCH system is involved in the neurodevelopmental processes, and the deletion of MCHr1
generates schizophrenia-like phenotypes (Vawter et al. 2020). Therefore, these new

observations may help identify previously underappreciated targets for therapeutic intervention
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and new understanding of the pathobiology underlying social and affective symptoms of

psychopathology.
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