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SUMMARY

The hypothalamus plays a crucial role in the modulation of social behavior by encoding internal states. The
hypothalamic hypocretin/orexin neurons, initially identified as regulators of sleep and appetite, are important
for emotional and motivated behaviors. However, their role in social behavior remains unclear. Using fiber
photometry and behavioral analysis, we show here that hypocretin neurons differentially encode social
discrimination based on the nature of social encounters. The optogenetic inhibition of hypocretin neuron ac-
tivity or blocking of hcrt-1 receptors reduces the amount of time mice are engaged in social interaction in
males but not in females. Reduced hcrt-1 receptor signaling during social interaction is associated with
altered activity in the insular cortex and ventral tegmental area in males. Our data implicating hypocretin neu-
rons as sexually dimorphic regulators within social networks have significant implications for the treatment of
neuropsychiatric diseases with social dysfunction, particularly considering varying prevalence among sexes.

INTRODUCTION

Social behaviors are an essential component of survival for most
organisms. Effectively and appropriately communicating with
members of one’s species enables an individual to gain access
to information about foraging opportunities, potential mates,
and detection of threats. Interactions between conspecifics
also provide the foundation for social group hierarchies, pro-
viding members with protection from predation, support from
others within the group, and the ability to obtain emotional re-
wards. The importance of these gains for the success of an or-
ganism has led to lasting evolutionary conservation of social be-
haviors, over time reinforcing the development of complex neural
systems for the more sophisticated and refined methods of so-
cial interaction we see in mammals.

For organisms to interact socially, each must collect and pro-
cess sensory signals from its counterparts and its environment,
integrate this information with its internal state (e.g., memories
of prior experiences, affective state, evaluation of risks and re-
wards), determine the appropriate behavioral response for the
situation, and then perform a sequence of corresponding motor
patterns. These processes must function in concert simulta-
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neously and rapidly to accommodate the highly dynamic and un-
predictable process of social interaction.” The resulting neural
networks required to orchestrate this are vast, and we are still
early in our understanding of which anatomical regions of the
brain are involved and what their individual contributions to social
behaviors are. Despite the challenge inherent in elucidating the
underlying mechanisms of such complicated behaviors, many
recent studies have made significant advances in our under-
standing of the neural substrates of social behaviors. Research
in rodent models has demonstrated the involvement of numerous
cortical and subcortical regions in production and direction of so-
cial behavior.?"'” These regions have been found to form exten-
sive functional circuits between one another and work to govern
the array of parallel processes required during social interaction.

The various regions of the hypothalamus play a particularly
important role in the modulation of social behavior by encoding
internal states.'® The evolutionarily conserved hypothalamus
regulates critical survival functions by processing sensory and
neuroendocrine signals and producing internal states to moti-
vate the organism to adjust its behavior to maintain homeosta-
sis.'9?° Certain internal states, including emotion, memories of
past experiences, motivation, and arousal, are critical mediators
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in social behaviors, as they determine the appropriate behavioral
expression in response to incoming sensory information.'® The
modulatory power of these internal states over the social
behavior of an animal is immense, to the degree that identical
sensory stimuli and environmental conditions can elicit
completely different behavioral responses based on the animal’s
internal state.” A shared underlying characteristic of all these in-
ternal states is that behavioral arousal is required to produce
attention to socially relevant signals and motivation to investi-
gate and interact with the conspecific from which they originate.
This systemic arousal directed toward social stimuli is a process
central to social behavior and closely overlaps with the functional
role of the lateral hypothalamus (LH). Since their discovery,”'**
the LH hypocretin (hcrt)/orexin neurons have been shown to
govern arousal,”>’ attentional,”®?° and motivational®®=*
states, which all contribute to modulation of social behavior.
The hcrt neurons extensively project to and modulate the activity
of brain regions involved in social interaction,® =" social
reward,®*%38:3% and social memory.*® However, their direct
role in social behavior has been less studied.

To reveal how hcrt neuron activity contributes to social
behavior, we employed Cre-inducible viral targeting combined
with fiber photometry and optogenetic tools in Hcrt'#ES-Cre
mice during conspecific social interactions. We identified that
hcrt neurons exhibit a robust increase in activity in response to
social interaction. We demonstrate that hcrt neuron activity is
more pronounced during interaction between unfamiliar mice
compared with that observed during familiar interactions. In
contrast, exposing mice to familiar or novel objects does not
lead to a difference in the activity of hcrt neurons, suggesting
that differential activity is driven primarily by social interactions.
We further found that social interaction recruits a larger propor-
tion of hert neurons in males, compared with females. The acute
optogenetic inhibition of hcrt neuron activity and reducing hcrt
signaling by blocking hcrt-1 receptors during social behavior dis-
rupts social interaction in male mice without an effect in females.
In males, we detected increased insular cortex and reduced
ventral tegmental area (VTA) activity in mice injected with the
hecrt-1 antagonist and subjected to social interaction. Together,
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our data provide compelling evidence for a sex-dependent role
for hert neurons and downstream postsynaptic regions in social
behavior.

RESULTS

The activity of the LH hcrt neuron population increases
in response to social investigation

To monitor the activity of the hcrt neuron population in response
to social approach and investigation, we used fiber photometry
while performing a three-chamber sociability test.*' We infused
a Cre-dependent adeno-associated virus (AAV) encoding the
fluorescent sensor GCaMP8s into the LH of Hert'#55C™ mice.
We found that >90% of virus-labeled cells co-expressed Hcrt,
while 58% of Hcrt* cells were transduced with the virus
(Figures 1A, 1B, S1, and S2), similar to the previously published
Hert-cre knockin lines.*>*> An optical fiber was implanted above
the LH to allow the delivery of excitation light and collection of
GCaMP6s fluorescence from hcrt neurons specifically
(Figures 1A and 1B). After 5 min baseline recording in the middle
zone of the three-chamber apparatus, mice were given access to
freely explore the chamber containing a confined social target
(age and sex-matched novel conspecific) in one chamber and
an empty non-social zone in other chamber (Figure 1C). We first
averaged the hcrt Ca®* signals in response to the social interac-
tion that occurred within 2 s of the social zone entrance and
compared this with the Ca®* signals in mice during their interac-
tion with the empty cup in the non-social zone. A 2 s duration af-
ter entrance was selected to restrict our analysis to the bouts in
which mice directly visited the sniffing zones after entering the
chamber. In female mice, the hcrt neuron activity increased after
entering the social and non-social zones (t > 0 s) and during inter-
action in the sniffing zones; however, the activity between social
and non-social zones remained non-significant (two-way
ANOVA,; effect of time, F(2, 18) = 15.96, p < 0.001; effect of
zone, F(1, 18) = 0.07, p = 0.79) (Figures 1D and 1E). The area un-
der the curve of the averaged hcrt Ca?* responses was similar
whether the female mice entered the social zone or the non-so-
cial zone (paired t test; p = 0.96) (Figure 1F). In male mice, the hcrt

Figure 1. Increase in hcrt neuron activity in response to social investigation

A) Schematic and representative GCaMP6s expression in LH hcrt neurons.

C) Three-chamber social interaction paradigm during fiber photometry.
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p = 0.0002, zone, **p = 0.0027).

B) Hypocretin-1 and GCaMP86s co-localization in the LH of an Hert™55-C® mouse infused with the AAV-CAG-Flex-GCaMP6s. Scale bar, 20 um.

D) Averaged hcrt Ca®* traces aligned to the time of zone entrance in female mice (n = 4 mice).

E) Females show increased hcrt Ca®* signal upon entering the social and non-social zones, with comparable activity levels (two-way ANOVA; time, p < 0.001).
F) Area under the curve of the hert Ca®* signal in females is comparable between the zones.

G) Averaged hert Ca?* traces aligned to the time of zone entrance in male mice (n = 5 mice).

H) In males, the hcrt Ca®* signal increases upon entering social and non-social zones, with a significantly higher activity in the social zone (two-way ANOVA; time,

(I) Area under the curve of the hcrt Ca®* signal in males is significantly greater in the social zone (paired t test; *p = 0.025).
(J) Representative photometry traces aligned to the time spent in sniffing zones from a female (top) and a male (bottom) mouse.
(K) Maximum hcrt Ca®* signal during interaction with the social target is significantly larger compared with non-social interaction (two-way ANOVA; zone, *p =

0.023; Fisher’s LSD, #p = 0.004).

(L) The frequency of activity (peaks/s) during interaction with the social target is significantly larger compared with non-social interaction (two-way ANOVA; zone,

*p = 0.014, sex, **p = 0.009; Fisher's LSD, *p = 0.024).

(M) The area under the curve of the hert Ca2* signal in each sniffing zone, normalized by sniffing duration, is significantly larger in males during interaction with the
social target compared with non-social interaction (two-way ANOVA; Tukey’s test, **p = 0.006). All data represent mean + SEM. See Table S1 for complete

statistical output. See also Figures S1 and S2.
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Figure 2. Differential hcrt neuron activity during social interaction in home cage

(A) Experimental paradigm for social interaction test during fiber photometry.
(B) Heatmaps showing hcrt Ca2* signal for each mouse. Data are aligned to initial approach by the resident mouse.
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Ca®* response started to increase within 1 s prior to and reached
maximum levels right after entrance into the social zone (Fig-
ure 1G). The hcrt Ca®* response in male mice was significantly
larger during and after entrance into the social zone compared
with the non-social zone (two-way ANOVA; effect of time,
F(2, 24) = 12.86, p = 0.0002; effect of zone, F(1,24) = 11.2,
p =0.0027) (Figure 1H). The area under the curve of the averaged
hcrt Ca?* responses was significantly larger when male mice
entered the social zone rather than the non-social zone (paired
t test, *p = 0.025) (Figure 1l).

We next compared the difference in the activity of the hcrt
neuron population while mice were actively sniffing the confined
conspecific (social sniffing zone) or the empty cup (non-social
sniffing zone) (Figure 1J). During interaction with the social
target, hcrt Ca®* response was significantly larger regardless
of sex (two-way ANOVA,; effect of zone, F(1, 14) = 6.55, p =
0.0283; effect of sex, F(1, 14) = 4.56, p = 0.051) compared with
the time spent in the non-social sniffing zone (Figure 1K). Further
analysis of the data using planned comparisons between social
and non-social sniffing zones revealed that hcrt Ca®* response
was significantly larger in the social sniffing zone, compared
with the non-social sniffing zone, in males, but not in females
(Fisher’'s LSD; social vs. non-social: females, p = 0.69; males,
p = 0.004) (Figure 1K). The frequency of activity (peaks/s) during
interaction with the social target was significantly higher
compared with the non-social interaction, with females having
an overall greater frequency (two-way ANOVA,; effect of zone,
F(1, 14) = 7.77, p = 0.014; effect of sex, F(1, 14) = 9.15, p =
0.009). Planned comparisons of the frequency between social
and non-social sniffing zones revealed a significant difference
for males but not females (Fisher’s LSD; social vs. non-social: fe-
males, p = 0.16; males, p = 0.024) (Figure 1L). The area under the
curve of the hert Ca®* signal changes was significantly larger
when male mice interacted with the social target compared
with the interaction in the non-social sniffing zone. This differ-
ence was not significant in females (two-way ANOVA, zone X
sex interaction, F(1, 14) = 6.74, p = 0.021; Tukey’s multiple com-
parisons test, social vs. non-social sniffing zone, males
**p = 0.006, females p = 0.99) (Figure 1M).

Taken together, our data show that the response of the hcrt
neuron population is larger when mice are actively sniffing the
social conspecific compared with the non-social exploration of
an empty cup. This response is more prominent in males when
they enter the social zone and interact with the social target,
compared with females. However, regardless of sex, mice
show an overall higher hcrt activity during the time they spent
actively interacting with the social target in the sniffing zone.
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Differential activity in the LH hcrt neuron population in
response to familiar and novel social interaction

While the three-chamber sociability test allows exploration of so-
cial interaction within a controlled setting, it does not allow direct
social interaction. To determine the changes in the activity of the
hcrt neuron population during reciprocal and active social inter-
action, we performed fiber photometry in the resident mice while
they were socially interacting in their home cage. Accordingly, we
performed 5 min baseline recordings, after which the resident
mouse was first introduced to a cage partner (familiar conspe-
cific) and allowed to interact for 5 min. After removing the familiar
conspecific from the cage, followed by a 5 min additional baseline
recording, the resident mouse was introduced to a novel age-,
sex-, and strain-matched conspecific (stranger) and allowed to
interact for 5 min (Figure 2A). This order was selected due to
the possibility that potentially aggressive encounters with the
stranger mice would increase the stress levels and confound sub-
sequent interaction with a familiar mouse. In addition, the
behavior of the familiar mouse toward the experimental mouse
could be influenced by the odor of a previous stranger. To rule
out the possibility of habituation, we determined changes in the
hcrt neuron activity during subsequent interactions. We did not
detect a difference in the hcrt neuron activity in the resident
mouse when a familiar or a stranger mouse was introduced twice
inarow (Figure S3). In the home cage, social interaction was initi-
ated exclusively by the resident mouse approaching the mouse
introduced into the cage (familiar, 1.41 + 0.23 s; stranger, 1.6 +
0.55 s after introduction). Social approach was defined as the
time the resident mouse initiated movement toward the social
target."® Averaging the hcrt Ca®* signals over time in both female
and male mice showed that the hcrt activity in resident mice
started to increase prior to initial approach, reached maximum
levels right after the initial approach and sniffing, and returned
to baseline minutes after the first interaction (Figures 2B and
2C). The analysis of the area under the curve of the averaged
hcrt Ca?* traces showed that the hcrt Ca®* response was signif-
icantly larger in female and male resident mice during interaction
with the unfamiliar conspecific compared with the interaction
with the familiar cage mate (two-way ANOVA; effect of conspe-
cific, F(1, 26) = 8.96, p = 0.006; effect of sex, F(1,26) =1.78,p =
0.19). Planned comparisons between familiar and stranger inter-
actions revealed a significant difference in males but not in fe-
males (Fisher’s LSD; familiar vs. stranger: females, p=0.1; males,
p =0.016) (Figures 2D and 2E). The maximum hcrt activity (max Z
score AF/F) within 10 s of initial approach was significantly
greater during unfamiliar interactions (resident and stranger)
compared with that observed during familiar interactions in

©)
D)

Representative hert Ca* traces during social interaction.

Averaged Ca®* signal changes in hcrt neurons in female (n = 7) and male (n = 8) mice during interaction with a stranger or a familiar mouse.

E) The area under the curve of the hcrt Ca®* response is larger during stranger interactions, compared with familiar interactions (two-way ANOVA; conspecific,

**p = 0.008; Fisher’s LSD, *p = 0.016).

(F) The maximum hcrt Ca®* signal is larger in response to stranger interactions, compared with familiar interactions (two-way ANOVA; conspecific, **p = 0.009,

sex, **p = 0.008; Fisher's LSD, *p = 0.03).

(G) Scatterplot showing the correlation between the maximum hcrt Ca2* signal and time spent sniffing the conspecifics.
(H) The greater hcrt Ca®* signal in response to first interaction decreases over time in both females and males (three-way ANOVA; Tukey’s test: stranger vs.

familiar, *p < 0.05, **p < 0.01; male vs. female, “p < 0.05).

() Social sniffing duration during stranger interactions is longer compared with familiar interactions, which declines over time (three-way ANOVA; Tukey’s test:
stranger vs. familiar, **p < 0.01). All data represent mean + SEM. See Table S2 for complete statistical output. See also Figures S3 and S4.
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both female and male mice, with activity being larger during both
types of social interaction in male mice compared with female
mice (two-way ANOVA; effect of conspecific, F(1, 26) = 8.01,
p = 0.009; effect of sex, F(1, 26) = 8.29, p = 0.008). Planned com-
parisons revealed a significant difference in females (Fisher’'s
LSD; familiar vs. stranger: females, p = 0.03; males, p = 0.1) (Fig-
ure 2F). We did not detect a difference in variances between fe-
males and males (Levene’s test; Z score, F(3, 26) = 1.11, p =
0.36). The social novelty index did not differ between the sexes
(mean + SEM: males, 0.21 + 0.08; females, 0.22 + 0.1; unpaired
ttest,t=0.32, df =13, p = 0.97).

Next, we sought to determine the interaction between the
initial large increase in hcrt activity and social behavior. We found
a significant correlation between the first interaction-induced
maximum hcrt activity and the time the resident mice spent sniff-
ing the stranger mice (interaction %) within the subsequent 5 min
of the social behavior task (stranger, r(13) = 0.58, *p = 0.023;
familiar, r(13) = 0.37, p = 0.18) (Figure 2G). To further determine
the relation between the hcrt signal and social behavior, we
plotted the maximum hcrt activity (Figure 2H) along with the
duration of the time spent by the resident mice sniffing the con-
specifics (Figure 2I) over time. These data were analyzed by
three-way ANOVA with sex and conspecific as factors and
time as a repeated measure. The maximum hcrt activity was
the greatest during the first minute after mice met for the first
time and declined over the subsequent minutes of the task (ef-
fect of time: F(14, 364) = 21.26, p < 0.001). This was found to
be dependent on both sex (time x sex interaction, F(14, 364) =
2.19, p = 0.007; Tukey’s multiple comparisons test: male vs. fe-
male at 20 s p = 0.013, 40 s p = 0.033, all other time points
p > 0.05) and conspecific (time x conspecific interaction, F(14,
364) = 2.32, p = 0.004; Tukey’s multiple comparisons test:
stranger vs. familiar at 20 s p = 0.035, 40 s p = 0.009, all other
time points p > 0.05) (Figures 2H and 2I), suggesting the engage-
ment of this neuron population during initial contact. The time
spent sniffing was significantly greater in males than in females
(effect of sex: F(1, 26) = 4.62, p = 0.041). Both female and male
mice spent a significantly greater time sniffing the stranger
mice compared with familiar cage mates (effect of conspecific:
F(1,26) =11.81, p = 0.002). Similar to the decrease in the hcrt ac-
tivity, the initial difference in the time spent sniffing the stranger
and the familiar mice declined over time (time X conspecific
interaction, F (14, 364) = 3.46, p < 0.001; Tukey’s multiple com-
parisons test: stranger vs. familiar at 40 s p < 0.001, 60 s p =
0.0013, 80 s p = 0.005, all other time points p > 0.05).

The greater social interaction-induced hcrt activity increase in
males may depend on a larger number of neurons infected,
compared with females. To determine this, we performed immu-
nohistochemistry for GFP and quantified the number of hcrt cells
expressing GCaMP6s in both sexes. We found no significant dif-
ference in the number of GFP* hert neurons infused with AAV en-
coding GCaMP86s (unpaired t test, t = 1.05, df = 10, p = 0.32)
(Figures S4A and S4B). We next hypothesized that the amount
of hert neurons recruited by the initial interaction may be different
between females and males. To further investigate this, we
perfused mice 90 min after social interaction with a stranger
conspecific and analyzed the percentage of hcrt neurons ex-
pressing cFos in both sexes. We found that the amount of hcrt
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neurons expressing cFos after social interaction was signifi-
cantly larger in male mice, compared with females (unpaired
t test, t = 3.56, df = 6, p = 0.012) (Figures S4C and S4D). In
contrast, we did not detect a difference in the number of hcrt
neurons between females and males (unpaired t test, t = 0.34,
df =6, p = 0.74) (Figure S4E).

Overall, these data show that hcrt neuron activity plays a signif-
icant and differential role in social interaction. We provide evi-
dence that unfamiliar mice evoke a greater response in hcrt
neuron activity than familiar mice. The peak hcrt signal induced
by the initial approach and sniffing determines the subsequent
time of interaction between the unfamiliar animals. Both female
and male mice show an increase in hcrt activity in response to
stranger interaction compared with familiar; however, male
mice show greater hcrt activity and sniffing behavior regardless
of the conspecific. Moreover, males have a greater percentage
of hcrt neurons that are activated in response to social interac-
tion, asindicated by elevated cFos levels compared with females.

Differential hcrt neuron activity during social interaction
persists in the novel cage but is absent in response to
object investigation

The choice of the home cage social interaction assay for our ex-
periments allowed us to assess social interaction within the ter-
ritorial environment of the resident mice. To determine whether
the greater hcrt signal in response to a stranger conspecific per-
sists in a non-territorial novel setting, we placed the experimental
mice in a cage with novel bedding and performed fiber photom-
etry during the interaction with familiar and stranger mice (Fig-
ure 3A). In a novel cage, mice spent significantly more time
engaging in non-social behaviors, including rearing, ambulation,
and grooming, compared with those in the home cage (Fig-
ure S5A). However, the time mice spent interacting with the
familiar or the stranger conspecific was comparable in both ca-
ges (Figures S5B-S5D).

Similar to our observations in the home cage, the increase in
the hert Ca®* signal reached maximum levels in female and
male mice right after the first approach and sniffing in the novel
cage (Figures 3B and 3C). The quantification of the area under
the curve of the averaged hcrt Ca?* traces revealed a greater
hert activity when mice interacted with a stranger compared
with a familiar mouse (two-way ANOVA,; effect of conspecific:
F(1, 18) = 4.91, p = 0.038) (Figure 3D). The maximum hcrt activity
(max Z score AF/F) within 10 s of initial approach was also signif-
icantly greater when mice interacted with a stranger compared
with a familiar mouse (two-way ANOVA; effect of conspecific:
F(1, 18) = 19.14, p = 0.0004). The hcrt activity was significantly
higher in male mice during interaction with both familiar and
stranger mice, compared with females (two-way ANOVA,; effect
of sex: F(1, 18) =4.87, p = 0.041). Planned comparisons between
familiar and stranger interactions revealed a significant differ-
ence for both females and males (Fisher’s LSD; familiar vs.
stranger: females, p = 0.006; males, p = 0.006) (Figure 3E) and
were comparable to the signal observed during interaction in
the home cage (Figures S5E and S5F). Similar to the home
cage setting, the initial interaction-induced maximum hcrt activ-
ity correlated with the amount of interaction with the stranger
conspecifics (Figure 3F). We did not detect a difference in
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Figure 3. Differential hert activity during social interaction persists in a non-territorial setting and is absent during object investigation
(A) Experimental paradigm showing social interaction in the novel cage test during fiber photometry.
(B) Heatmaps of hcrt Ca®* signal for each mouse. Data are aligned to initial approach by the experimental mouse.

(legend continued on next page)
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variances between females and males (Levene’s test; Z score,
F(3, 18) = 3.32, p = 0.3). Social novelty index also did not differ
between females and males (mean + SEM: males, 0.17 + 0.05;
females, 0.23 + 0.07; unpaired t test, t = 0.61, df = 9, p = 0.55).
Altogether, these data show that the activity of the hcrt neuron
population is greater while mice are engaged with stranger con-
specifics, whether they are in their territorial home cage environ-
ment or in a novel cage, with higher hcrt activity and sniffing
behavior in males in both settings.

To identify whether the differential activity in the hcrt neuron
population is a general response to novelty or specific to social
interaction, we performed fiber photometry while mice were
exposed to a familiar or a novel object in their home cage. Exper-
imental mice were pre-exposed to the familiar object for at least
3 days in their home cage.”” In this task, we presented the exper-
imental mice with a familiar or a novel object following a 5 min
baseline recording (Figure 3G). In both female and male mice,
we observed an increase in the hcrt Ca®* signal in response to
initial approach and interaction with the objects (Figure 3H). In
contrast to the differential hcrt signal observed during familiar
and stranger mouse interactions, both the maximum hcrt Ca%*
signal and the area under the curve for the first 2 min of interac-
tion were similar during novel and familiar object interactions
(Figures 31 and 3J). This showed that the significant difference
in the hert Ca®* signal during social interaction was absent
when mice interacted with the familiar or novel objects, suggest-
ing that the differential activity is specific to social interaction.

Because female and male mice employ different strate-
gies, '®*® we further analyzed the two distinct modalities of social
investigative behaviors that the experimental mice engaged in,
including anogenital sniffing (examination of the anogenital
area of the conspecific) and head/torso sniffing (examination of
the head and torso region of the conspecific).®”*® Both female
and male mice spent more time sniffing the anogenital and
head/torso region of the stranger mice compared with the
familiar conspecifics, with males spending a greater time
engaged in anogenital sniffing compared with females (anogen-
ital sniffing: two-way ANOVA; effect of conspecific, F(1, 26) = 18,
**p = 0.002; effect of sex, F(1,26) =8.19, **p = 0.0082; head/torso
sniffing: two-way ANOVA,; effect of conspecific, F(1, 26) = 3.17,
p = 0.087; effect of sex, F(1, 26) = 0.99, p = 0.33) (Figures S6A
and S6B). The analysis of the hcrt activity peaks time locked to
each behavior yielded a significantly larger signal in female and
male mice while they were engaged in the anogenital and
head/torso sniffing of the stranger mice, compared with sniffing
the familiar conspecifics (anogenital sniffing: two-way ANOVA;
effect of conspecific, F(1, 26) = 6.16, *p = 0.02; effect of sex,
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F(1, 26) = 3.62, p = 0.068; head/torso sniffing: two-way
ANOVA,; effect of conspecific, F(1, 26) = 7.21, *p = 0.012; effect
of sex, F(1, 26) = 2.6, p = 0.12) (Figures S6C-S6F). These data
showed a stronger anogenital sniffing drive and a borderline in-
crease in the activity of the hcrt neuron population during ano-
genital sniffing in male mice compared with females.

Taken together, our data showed that the activity of the LH
hcrt neuron population increases in response to social or object
investigation. However, while the larger hcrt neuron activity in
response to novel social interaction indicates social discrimina-
tion, this difference in activity is absent when mice interact with
familiar or novel objects. The sex differences, with males re-
sponding to social interaction with more anogenital sniffing
and greater hcrt Ca®* response compared with females, are
also absent when mice are interacting with objects.

Inhibition of hcrt neuron activity disrupts social behavior
in male mice

Having established that the activity of the hcrt neuron population
is highly responsive to social interaction, we next investigated
whether hcrt neurons are required for social behavior. We infused
a Cre-dependent AAV encoding EYFP (controls) or the blue-light-
activated chloride channel (iC++)*” into the LH of Hert/FES-Cre
mice (Figures 4A and 4B). We validated that hcrt neurons ex-
pressing iC++ are inhibited in response to blue light stimulation
using ex vivo electrophysiological recordings (Figures S7A and
S7B). Because the first social interaction yields the maximum
signal, which correlates with the subsequent interaction amount,
we employed a photoinhibition protocol by silencing hcrt neurons
in resident mice prior to the introduction of familiar or stranger
conspecifics into the home cage (Figure 4C). The social interac-
tion test was repeated on two separate days and the order of
the conspecific was counterbalanced across different days. So-
cial interaction was quantified as the summation of anogenital
and head/torso sniffing. In female mice, the optogenetic inhibition
of hert activity did not affect the time spent interacting with
familiar or stranger conspecifics (two-way ANOVA; effect of
group, F(1, 28) = 1.64, p = 0.21; effect of conspecific, F(1, 28) =
3.41, p = 0.07) (Figure 4D). In contrast, male mice spent signifi-
cantly less time interacting with conspecifics when hcrt activity
was inhibited (two-way ANOVA; effect of group, F(1, 24) =
13.82, p = 0.001; effect of conspecific, F(1, 24) = 2.66, p = 0.12;
Fisher's LSD; EYFP vs. iC++, familiar, p = 0.07; stranger, p =
0.002) (Figure 4E). To verify that the optogenetic activation of
iC++ induces inhibition of hcrt neurons effectively, we perfused
a group of EYFP- and iC++-expressing mice 90 min after social
interaction with a stranger conspecific. cFos immunostaining

(C) Averaged Ca®* signal in hcrt neurons in female (n = 5) and male (n = 6) mice during social interaction in the novel cage.
(D) The area under the curve of the hcrt Ca?* response is larger during interaction with strangers compared with familiars (two-way ANOVA; conspecific, *p =

0.038).

(E) The maximum hcrt Ca2* signal is larger in response to stranger interactions compared with familiar interactions (two-way ANOVA; conspecific, **p = 0.0004,

sex, *p = 0.041; Fisher's LSD; #**p = 0.006).

(F) Scatterplot showing the correlation between the maximum hcrt Ca2* signal and social sniffing duration.

(G) Experimental paradigm showing fiber photometry during object interaction test.

(H) Averaged Ca®* signal changes in hcrt neurons in female (n = 7) and male (n = 8) mice during interaction with familiar or novel objects, aligned to initial approach.
(I) The areas under the curve of the hcrt Ca* response are comparable during novel and familiar object interactions. ns, non-significant.

(J) The maximum hcrt Ca®* signals in response to initial approach to familiar and novel objects are comparable. All data represent mean + SEM. Complete

statistical output is shown in Table S3. See also Figures S5 and S6.
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Figure 4. Acute optogenetic inhibition of hcrt neuron activity disrupts social interaction in male mice
A) Schematic and a representative image showing iC++ expression in LH hcrt neurons.
B) Hypocretin-1 (red) and iC++ (cyan) co-localization in the LH of an HcrtE5-C"® mouse infused with the AAV-EF1a-DIO-iC++-EYFP. Scale bar, 100 pm.

C) Experimental paradigm for hcrt neuron inhibition during social interaction.
D) In females, hcrt neuron inhibition activity did not affect social interaction.

F) Representative tracks during three-chamber sociability task in the presence of blue light.
G) Inhibition of hcrt neuron activity did not affect sociability in females in the three-chamber test.

¢
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(E) In males, hert neuron inhibition reduced interaction time with conspecifics (two-way ANOVA; group, **p = 0.001, Fisher’s LSD; #p = 0.002).
(
(
(

H) Inhibition of hert neuron activity in males disrupted sociability in the three-chamber test (two-way ANOVA; Tukey’s test, *p = 0.029; ns, non-significant). All data
represent mean + SEM. See Table S4 for complete statistical analysis. See also Figures S7 and S8.

revealed a significant reduction in cFos* hcrt neurons in female
and male mice (two-way ANOVA; effect of group, F(1, 11) =
12.62, p = 0.004) (Figures S7C and S7D). We further found that
male mice showed an overall greater hcrt cFos expression
compared with females (two-way ANOVA; effect of sex, F(1,
11) =6.78, p = 0.02) (Figures S7C and S7D).

To determine whether sociability is affected similarly in a more
controlled setting in which the stranger mouse is confined, we
tested mice in a three-chamber test while inhibiting hcrt neuron

activity. While we detected no difference in sociability in females
(two-way ANOVA; effect of group, F(1, 28) = 2.59, p = 0.12; effect
of zone, F(1, 28) = 26.56, p < 0.001) (Figures 4F and 4G) and con-
trol males (Figures 4F and 4H), all showing a greater preference
for the confined stranger, male iC++ mice spent comparable
times in the social and non-social sniffing zones (two-way
ANOVA; group X zone interaction, F(1, 22) = 4.81, p = 0.039; Tu-
key’s multiple comparisons test; EYFP social vs. non-social, p =
0.029; iC++ social vs. non-social, p = 0.99) (Figure 4H).
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Figure 5. Blocking hcrt-1 receptors with SB-334867 disrupts social interaction in male mice and is accompanied by alterations in the activity
of the insular cortex and VTA

(A) Experimental paradigm for vehicle or SB-334867 injection prior to social interaction and open-field test.

(B) SB-334867 reduced interaction with strangers in male mice, without an effect in females (two-way ANOVA; Tukey’s test; **p < 0.01).

(C-E) Total distance traveled is comparable between vehicle- and SB-334867-injected mice (two-way ANOVA; sex, **p = 0.006). Time spent in the outer zone
(D) and the inner zone (E) of the open field is comparable between mice.

(legend continued on next page)
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Because hcrt neuron activity is linked to locomotion“® and can
be regulated by stress,*°°" we next investigated whether inhibi-
tion of hcrt neurons affects locomotor or anxiety-like behavior.
We performed open-field and elevated-plus maze tests in the
presence of blue light in EYFP- and iC++-expressing female
and male mice. Acute inhibition of hcrt neuron activity during
the open-field test did not lead to changes in distance traveled
(two-way ANOVA,; effect of group, F(1, 25) = 1.46, p = 0.24) or
the time spent in the outer or the inner zone of the open-field
apparatus (two-way ANOVA; effect of group for time in outer
zone, F(1, 25) = 1.45, p = 0.24; effect of group for time in inner
zone, F(1, 25) = 1.45, p = 0.24) in iC++ female and male mice,
compared with mice expressing EYFP (Figures S8A-S8D). In
the open-field test, both groups of female mice traveled a greater
distance than male mice, indicating greater locomotor activity in
females regardless of group (two-way ANOVA, effect of sex, F(1,
25) = 4.62, *p = 0.042). Female mice also spent more time in the
outer zone (two-way ANOVA, effect of sex, F(1, 25) = 4.64, *p =
0.041) and less time in the inner zone of the open field (two-way
ANOVA,; effect of sex, F(1, 25) = 4.64, *p = 0.041), compared
with male mice (Figures S8A-S8D). In the elevated-plus maze,
we did not detect a difference inlocomotion (two-way ANOVA,; ef-
fect of group, F(1,23)=0.64, p=0.43; effect of sex, F(1,23) =3.02,
p = 0.09) or anxiety-like behavior between the groups (two-way
ANOVA,; effect of group for time in closed arms, F(1, 23) = 1.21,
p = 0.28; effect of group for time in open arms, F(1, 23) = 1.19,
p = 0.28) or sexes (two-way ANOVA; effect of sex for time in
closed arms, F(1, 23) = 1.07, p = 0.31; effect of sex for time in
open arms, F(1, 23) = 0.67, p = 0.42) (Figures S8E-S8H).

Overall, acute optogenetic inhibition of hcrt neuron activity
significantly reduced the time resident male mice spent interact-
ing with the conspecifics and decreased the preference of male
mice for the social conspecific without affecting locomotor activ-
ity or anxiety-like behavior. In females, acute inhibition of hcrt
neuron activity did not affect social interaction. These data sug-
gest that hcrt neurons are necessary for normative social
behavior in male mice, while in females, the potential recruitment
of different neural circuits may overcome the effects of reduced
hcrt activity on social interaction.

Reduced hcrt-1 receptor signaling alters the activity of
the insular cortex and VTA and disrupts social
interaction in male mice

The hcrt neurons are a group of heterogeneous cells that project
to and modulate many different brain regions, where they release
hcrt and co-transmitters, including dynorphin or glutamate.®*~>*
To determine whether disrupted social interaction is dependent
on hcrt, we injected male and female mice with the hcrt-1 recep-
tor antagonist SB-334867 or vehicle 30 min before assessing so-
cial behavior (Figure 5A). Similar to the results of the optogenetic
experiments, reduced hcrt-1 receptor signaling with SB-334867
administration significantly decreased social interaction in male
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mice only. SB-334867 did not lead to changes in the duration
of time female mice engaged with the stranger conspecifics
compared with the vehicle treatment; however, females inter-
acted with the stranger mice significantly less compared with
male mice (two-way ANOVA; drug X sex interaction, F (1, 20) =
30.29, *p < 0.001; Tukey’s multiple comparisons test; female
vs. male, vehicle, **p < 0.001; female vs. male, SB-334867, p =
0.53; female, vehicle, vs. female, SB-334867, p = 0.36; male,
vehicle, vs. male, SB-334867, **p < 0.001) (Figure 5B). To inves-
tigate the potential effects of SB-334867 on the locomotor activ-
ity or anxiety-like behavior, we performed open field right after
vehicle and SB-334867 administration and social behavior ex-
periments (Figure 5A). The total distances traveled in the open
field were not different between vehicle- and SB-334867-treated
mice, with females traveling an overall greater distance
compared with males (two-way ANOVA, distance traveled; ef-
fect of drug, F(1, 20) = 2.19, p = 0.15; effect of sex, F(1, 20) =
9.4, *p = 0.006) (Figure 5C). Moreover, SB-334867 administra-
tion did not yield any significant differences in the amount of
time spent in the outer and inner zones of the open field (two-
way ANOVA, time in outer zone; effect of drug, F(1, 20) = 2.1,
p = 0.16; effect of sex, F(1, 20) = 1.7, p = 0.21; time in inner
zone; effect of drug, F(1, 20) = 2.1, p = 0.16; effect of sex, F(1,
20) = 1.69, p = 0.21) (Figures 5D and 5E). This suggested that
changes in locomotor activity or anxiety levels did not contribute
to the observed differences in social behavior.

We next investigated how social interaction in the presence or
absence of hcrt-1 receptor blockade affects the activity of
cortical and subcortical regions that are modulated by hcrt in-
puts and are implicated in social behavior. We perfused vehicle-
and SB-334867-administered female and male mice 90 min after
social interaction with a stranger conspecific and then immuno-
labeled the brains for cFos. We used the Flexible Atlas Segmen-
tation Tool for Multi-Area Processing (FASTMAP) machine-
learning pipeline® for high-throughput quantification of cFos
density in the insular, pre-limbic, and infralimbic cortical regions
as well as the CA1 region of the hippocampus, lateral amygdala
(LA), bed nucleus of the stria terminalis (BNST), nucleus accum-
bens (NAc), and VTA. The comparison of the differences in cFos
density between SB-334867-administered female and male
mice revealed significant differences in two of the brain regions
investigated. The density of cFos-immunoreactive cells was
significantly increased by SB-334867 treatment relative to con-
trol mice in the insular cortex and significantly decreased in the
VTA of male mice, compared with females (two-way ANOVA,;
brain region X sex interaction, F(7, 80) = 4.12, p = 0.0007; Bon-
ferroni’s multiple comparison; males vs. females, insular cortex,
*p = 0.02; VTA, *p = 0.005) (Figures 5G and 5H). Similarly,
compared with the vehicle-injected mice, SB-334867-adminis-
tered males showed significantly increased activity in the insular
cortex and decreased activity in the VTA (two-way ANOVA; brain
region X drug interaction, F(7, 80) = 3.18, p = 0.005; Bonferroni’s

(F) Experimental paradigm for vehicle or SB-334867 injection prior to social interaction and perfusion for cFos immunohistochemistry.
(G) Higher cFos levels in insular cortex and lower cFos levels in VTA of males, compared with females (two-way ANOVA; Bonferroni’s test; *p = 0.02; VTA,

**p = 0.005).

(H) Representative images showing DAPI (blue) and cFos (red) immunostaining in the insular cortex and VTA of female and male mice. Scale bars, 100 pm. See

Table S5 for complete statistical analysis. See also Figure S9.
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multiple comparison test; vehicle vs. SB-334867, insular cortex,
*p = 0.016; VTA, **p = 0.026) (Figure S9A). These changes were
not observed in females (two-way ANOVA,; effect of drug, F(1,
80) = 0.39, p = 0.53; effect of brain region, F(7, 80) = 0.94, p =
0.48) (Figure S9B). These data provide insights into the potential
circuits that hcrt modulates differentially in females and males
during social interaction.

DISCUSSION

Discrete neural subpopulations in the hypothalamus play a crit-
ical role in producing and modulating a variety of social behav-
iors, such as mating, aggression, and social bonding.""+"%:°6-5°
Similarly, research into the functional roles of hcrt neurons has
begun to suggest that these cells are involved in the neural sub-
strates of social processes, but the nature and extent of their
involvement have not yet been determined. Here, using a combi-
nation of fiber photometry, optogenetic and pharmacological in-
hibition, and social interaction assays, we characterized the role
of hcrt neuron activity in social behavior. We demonstrate that the
activity of the hcrt neuron population is regulated by social
approach and interaction and is critical for social behavior in a
sex-dependent manner.

Photometry recordings revealed that hcrt neurons in female and
male mice exhibit a robust increase in activity in response to social
interaction. The elevation in activity was prominent during indirect
social contactinthe three-chamber social interaction test or during
reciprocal social interaction in the familiar home cage or less
familiar novel cage. Moreover, hcrt neuron activity was more pro-
nounced during interaction between unfamiliar mice compared
with the increased activity observed during familiar interactions.
These experiments provide evidence that the discrimination be-
tween familiar and unfamiliar conspecifics is differentially encoded
by the hcrt neuron activity. In contrast, the increase in hcrt neuron
activity remained the same when mice interacted with familiar or
novel objects, suggesting that a greater population of hcrt neurons
is being recruited in response to social novelty.

Earlier work has implicated that hcrt signaling plays arole in so-
cial behavior. Accordingly, male Hert receptor 1 gene (Hertr1='7)-
null mutant mice exhibit reduced sociability and decreased pref-
erence for social novelty compared with wild-type mice.®' Male
orexin-null mutant mice show diminished behavioral response
to an intruder in a resident-intruder paradigm.®® A microdialysis
study in human epileptic patients found maximal hcrt release dur-
ing social interactions.®® Furthermore, orexin/ataxin-3-trans-
genic mice with hert cell loss show deficits in social memory.*°
Supported by these studies, our data suggest a role for hcrt
neuron activity states in the encoding of social discrimination.
We also report a significant correlation between initial social
approach and interaction-induced hcrt neuron activity and the
subsequent time mice spent engaging with stranger conspe-
cifics, suggesting that the initial approach-induced engagement
of the hcrt neurons determines the duration of subsequent social
interaction.

While both females and males show greater hcrt activity in
response to social interaction, we obtained sex differences in
the extent of hcrt activity and social interaction in females
compared with males. Overall, both the hcrt Ca®* signal and
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the amount of time spent in social sniffing habituated faster in fe-
males throughout the reciprocal social interaction test. The faster
habituation of the hcrt neuron activity during social interaction in
females may reflect a disengagement of this system during the
initial stages of interaction. A difference in sex-dependent neural
and social engagement is not surprising given the variable strate-
gies utilized by female and male mice in social behavior.**¢4:5°
Yet, while the optogenetic inhibition of hcrt neurons resulted in
a deficit in the normal behavior of male mice toward conspecifics,
this did not lead to a change in sociability of females. Pharmaco-
logical blockade of hcrt-1 receptors similarly disrupted social
interaction in males only, suggesting that hcrt neuron-induced
modulation of social behavior is sex dependent.

The difference in the activity phenotype of hcrt neurons may
represent sex-specific differences in local LH hcrt neuron network
dynamics, which aligns with the sex differences observed in other
hypothalamic cell subpopulations.®® The mechanisms underlying
the sex differences may also in part be due to the differential stress
response that may be induced by same-sex social interactions in
females and males. As social interactions may be more rewarding
to females than males,® the extent of the engagement of hcrt neu-
rons in same-sex social interaction may be dependent on the pos-
itive or negative valence to a social stimulus. In contrast, same-sex
social interaction may be more stressful for males due to their
increased tendency to show aggressive behaviors when interact-
ing with other males.®® Interestingly, the hcrt/orx system is highly
regulated by stress in a sex-dependent manner.®” Although
mice were not exposed to stress prior to social interaction in our
experiments, the capability of females for social buffering of acute
stress responses®’®® may be a potential determinant in the differ-
ential engagement of neural populations based on the valence of
the behavioral task. Interestingly, inhibition of the paraventricular
CRH neurons (which are under the excitatory regulation of the
hert system)®® similarly decreases social interaction in male
mice.®’ Altogether, the sex-dependent recruitment of hcrt neurons
in social behavior may have important implications for disorders
associated with social deficits and that are more prevalent in
men compared with women.”%""

The hert neurons are key regulators of sleep, wakefulness, and
arousal.”>"® Increased hcrt activity reduces sleep-to-wake tran-
sition,””"® while reduced hcrt signaling or ablation of hcrt neu-
rons has been associated with deficits in wakefulness and nar-
colepsy, respectively.”? 2 Decreased arousal and wakefulness
may contribute to a reduced interest in social interaction. How-
ever, we did not find a change in locomotor activity upon acute
hcrt neuron inhibition or pharmacological blockade of hcrt-1 re-
ceptors, suggesting that reduced interaction with conspecifics is
not simply due to sedation. Given the strong association of nar-
colepsy and social impairments,®*** a correlation between po-
tential changes in sleep/wakefulness parameters and social
interaction upon acute hcrt inhibition will provide more insight.
Due to the involvement of hert in stress response,*®~>' manipu-
lation of hcrt neuron activity may interfere with generalized anx-
iety states. However, we did not observe changes in general anx-
iety-like behavior with acute hcrt inhibition or hcrt-1 receptor
antagonism, suggesting that the association between reduced
hert activity and social interaction may not be attributed solely
to changes in anxiety levels.
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The hcrt neurons are located exclusively in the hypothalamus.
However, they are a heterogeneous group of cells with distinct
neurochemical and electrophysiological characteristics.®>%¢ A
substantial number of hcrt neurons co-express other neuropep-
tides and transmitters, including dynorphin®® and gluta-
mate.>*"-%8 Our experiments involving the blockade of hcrt-1 re-
ceptors revealed a disruption in social interaction, thereby
strengthening the involvement of hcrt release in mediating social
behavior. Further research is necessary to comprehensively un-
derstand how the additional peptides and transmitters co-
released by hcrt neurons may potentially regulate social behavior.
Recent research identified the expression of sex-specific genes,
Ddx3y and Xist, in distinct clusters of hcrt neurons, suggesting a
role for sexual dimorphism in these neurons.®” The specific role of
these genes in hcrt-mediated sex differences and the extent to
which these hcrt clusters contribute to social interaction remain
to be determined. Furthermore, the bulk of our understanding
of hert signaling has been derived from studies primarily focused
on males. In our experiments, we did not consider the estrous cy-
cle due to potential stress-related effects of the procedure as well
as our experimental plan to include a randomized group of fe-
males. The comparison of variances using Levene’s test in key
experiments did not show a significant difference between fe-
males and males, which indicates that sex-dependent differ-
ences in social interaction cannot be solely attributed to varia-
tions in estrous cycles. The absence of androgen and estrogen
receptors in hcrt neurons adds another layer of complexity to
the understanding of hcrt-mediated sex differences.®® Further-
more, it is noteworthy that ovariectomy has been found to have
no discernible effect on the social interaction of females.”® This
finding reinforces the importance of exploring sex-dependent
mechanisms that underlie social behavior from alternative per-
spectives, allowing for a more comprehensive understanding.

To further investigate the mechanisms underlying the reduced
hert signaling-induced disruption in social behavior of male mice,
we performed cFos-dependent activity mapping in postsynaptic
target regions that are targeted by hcrt neurons and are critical for
social behavior. We identified that the activity of two key brain re-
gions, the insular cortex and the VTA, was significantly altered in
male mice treated with the hcrt-1 receptor antagonist SB-334867
prior to social interaction. In contrast, cFos levels were compara-
ble between vehicle- and SB-334867-administered female mice.
These findings show that, unlike in males, reduced hcrt signaling
in female mice does not result in alterations in social interaction or
have an impact on the social interaction-induced activity of the
examined brain regions. The insular cortex plays a pivotal role
in governing emotional and interoceptive information®"%? and is
a vital component of the network responsible for social deci-
sion-making and social affect.”® The VTA is also critical for moti-
vated behavior, social reward, and social approach.'* Both the
insular cortex and the VTA receive strong hcrt inputs and express
hcrt-1 receptors that modulate the activity of a variety of cell
types in these regions.”*®> The differential sex-dependent
changes in the activity of these regions point to potential circuits
that are preferentially involved in hcrt-mediated social interac-
tion. Both the insular cortex and the VTA show disrupted connec-
tivity in patients with autism spectrum disorders (ASDs), and this
is thought to be a contributing factor to the social impairments
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observed in these conditions.’®~°° Given the higher prevalence
of ASD in males, it is crucial to conduct further research on the
sex-dependent modulatory role of hcrt connections to these re-
gions during social behavior.

Overall, our findings provide a thorough characterization of
hert neuron activity in social interaction and situate the hcrt sys-
tem as a critical part of a larger network that plays an integral role
in the modulation of social behavior. The observed sex differ-
ences further emphasize the need for the incorporation of sex
as a biological variable in the design of studies focusing on the
modulation of social behavior to understand the underlying
mechanisms and circuits. Insights into the role of the hcrt system
in social behavior will be particularly important in paving the way
for novel treatment strategies targeting neuropsychiatric disor-
ders associated with social deficits.

Limitations of the study

With AAV infusions, we were able to infect about 50%-60% of hcrt
cells. Theinclusion of a larger population could potentially amplify
the observed differences in hcrt neural activity. Recording of the
population activity may mask subtle fluctuations in individual
hcrt neuron activity patterns. Imaging at the single-cell level could
offer more insight into sex-dependent activity changes and the
heterogeneity of the hcrt neuron responses. Because the cFos
time course is slow, we carefully controlled the time of exposure
in all groups and limited potential activation by keeping mice un-
disturbed in a quiet room between testing and perfusion. Howev-
er, we cannot rule out that some of the activity-dependent fluctu-
ations can occur in response to environmental alterations that are
independent of social interaction. In this study, we specifically
examined the contribution of hcrt-1 receptor-dependent signaling
to social interaction. Future studies are needed to determine the
role of additional transmitters released by hcrt neurons in social
interaction. Finally, although we showed differential activation
patterns in response to social interaction in females and males
in the insular cortex and VTA, further work is required to map
out the contribution of each and additional circuits in both sexes.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat anti-orexin A Santa Cruz Cat# sc-33339 RRID:AB_2264007

Rabbit anti-MCH
Rabbit anti-GFP
Rabbit anti-cFos

Alexa Fluor 594-AffiniPure Donkey Anti-
Goat IgG (H+L)

Donkey Anti-Goat IgG (H+L) Antibody,
Alexa Fluor 647 Conjugated

Donkey Anti-Rabbit IgG (H+L) Polyclonal
Antibody, Alexa Fluor 647 Conjugated

Phoenix Pharmaceuticals
Molecular Probes (Invitrogen)
Synaptic Systems

Jackson ImmunoResearch

Molecular Probes (Invitrogen)

Molecular Probes (Invitrogen)

Cat# H-070-47 RRID:AB_10013632
Cat# A-11122 RRID:AB_221569

Cat# 226 003 RRID:AB_2231974
Cat# 705-585-147 RRID:AB_2340433

Cat# A-21447 RRID:AB_141844

Cat# A-31573 RRID:AB_2536183

Bacterial and virus strains

AAV9-CAG-flex-GcAMP6s.WIRE.SV40

AAV2/9-EF1a-DIO-iC++-EYFP

AAV2/9-EF1a-DIO-EYFP

Chen et al.'’° DOI: https://doi.org/
10.1038/nature 12354

Fenno et al.2020'%" DOI: https://doi.org/
10.1016/j.neuron.2020.06.003

Deisseroth lab (Addgene
plasmid # 27056)

Addgene Cat# 100842-AAV9

Canadian Neurophotonics Platform Viral
Core Facility RRID:SCR_016477 Lot# 662

Canadian Neurophotonics Platform Viral
Core Facility RRID:SCR_016477 Lot# 1923

Chemicals, peptides, and recombinant proteins

SB-334867 HelloBio Cat# HB2913

Deposited data

Data reported in the paper This paper OSF: DOI: https://doi.org/10.17605/OSF.
10/FXB3C

Fiber photometry scripts This paper GitHub: DOI: https://doi.org/10.5281/
zenodo.8078603

Experimental models: Organisms/strains

Mouse: Hcrt'fES-Cre This paper Leinninger lab (leinning@msu.edu)

Software and algorithms

MATLAB
Prism

FASTMAP

Statistica
SimBA

DeepLabCut

ANY-maze
Doric Neuroscience Studio
llastik

Mathworks Inc
GraphPad Inc.

Terstege et al.>® DOI: https://doi.org/
10.1523/ENEURO.0325-21.2022

TIBCO

Nilsson et al.'® DOI: https://doi.org/
10.1101/2020.04.19.049452

Mathis et al.'®® DOI: https://doi.org/
10.1038/541593-018-0209-y

ANY-maze
Doric Lenses

Berg et al.’® DOI: https://doi.org/
10.1038/s41592-019-0582-9

https://www.mathworks.com

https://www.graphpad.com/
scientific-software/prism/

https://github.com/dterstege/FASTMAP

https://docs.tibco.com/
https://github.com/sgoldenlab/simba

https://github.com/DeepLabCut/
DeepLabCut

https://www.any-maze.com/
https://neuro.doriclenses.com/
https://www.ilastik.org/

RESOURCE AVAILABILITY

Lead contact

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

Sargin (derya.sargin@ucalgary.ca).
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Materials availability
Requests for the mouse line reported in this study should be directed to Dr. Gina Leinninger (leinning@msu.edu).

Data and code availability

o All data that support the findings of this study have been deposited at the OSF and are publicly available as of the date of pub-
lication. DOI: https://doi.org/10.17605/0OSF.I0/FXB3C. DOI can be found in the key resources table.

@ All custom scripts used for photometry analysis are publicly available in a GitHub repository: https://github.com/dterstege/
PublicationRepo/tree/main/Dawson2022. DOI: https://doi.org/10.5281/zenodo.8078603. DOl is also listed in the key resources
table.

e® Additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Experimental animals

We used female and male mice (10 to 16-week old) Hert'55-C™ mice on a C57BL6/J background. Age-, and sex-matched C57BL6/J mice
were used as strangers. For vehicle or SB-334867 injections, C56BI6/J mice were used. Mice were housed in standard housing conditions
on 12 h light/dark cycle (light on at 07:00) with water and food available ad libitum. All experiments were conducted at the same time each
day (12:00 — 16:00 pm). All experimental procedures were performed in accordance with the guidelines established by the Canadian
Council on Animal Care and were approved by the Life and Environmental Sciences Animal Care Committee at the University of Calgary.

METHOD DETAILS

Generation of the Hcrt'RES-Cr¢ knock-in mouse line
HcrtES-C™ mice were generated and gifted by Dr. Gina Leinninger. Briefly, a targeting vector for homologous recombination was
generated by inserting an internal ribosome entry site (IRES)-Cre cassette into the 3’ end of the hypocretin mRNA product. A frt-
flanked neo cassette was placed upstream of the IRES-Cre sequence. This Hcrt'?5-C" targeting vector was linearized and electro-
porated into C57/BI6 mouse embryonic stem cells. DNA from ES cell clones was analyzed via gPCR for loss of homozygosity using
Tagman primer and probes for the genomic Hcrt insertion sites (Hert: Forward: TTTACCAAGAGACTGACAGCG, Reverse: CGG
AGTCTGAACCCATCTTC, Probe: TCCTTGTCCTGATCCAAACTTCCCC). NGF was used as a copy number control.'® Putative pos-
itive ES clones were expanded, confirmed for homologous recombination by Southern blot for neo and injected into blastocysts to
generate chimeric mice. Male chimeras were bred with C57BL/6 albino females and produced germline progeny that express Cre
and/or wild type hcrt (as assessed via PCR genotyping), confirming successful establishment of the Hcrt'"€5-C" line. (Forward
Cre: CAC TGA TTT CGA CCA GGT TC, Reverse Cre: CAT CGC TCG ACC AGT TTA GT; Forward Hcrt wt: CTG GCT GTG TGG
AGT GAA A, Reverse Hert wt: GGG GGA AGT TTG GAT CAG G. Cre band = 255 bp, Hert wt band = 460 bp).

Hert'FES-Cre mice were initially bred with FlpO-Deleter mice (Jackson Laboratories B6.129S4-Gt(ROSA)26Sor™2FlPI5er j  stock
#012930) to remove the frt-flanked neo cassette. Neo-deleted Hert5-C mice were then bred with C57/BL/6J mice (Jackson Lab-
oratory, Strain #000664) to propagate the line.

Stereotaxic virus injection and optical fiber implantation

Mice were anesthetized with 5% isoflurane before being transferred to a stereotaxic head frame (Kopf Instruments) and maintained at
2% isoflurane. Mice received analgesia (5 mg/kg meloxicam, s.c.) and fluid support (Lactated Ringer’s solution, s.c.) during surgery.
Viral infusion was performed using a glass micropipette attached to a Nanoject lll infusion system (Drummond Scientific) at 25 nl/sec
for 10 sec. The infusion pipette was kept in place for 5 min after viral delivery and slowly elevated over 5 min. The following coordi-
nates were used for virus injections: LH (from Bregma: AP -1.5 mm; ML +1.0 mm; DV -5.2 mm). For fiber photometry experiments,
mice received a unilateral infusion of AAV9-CAG-flex-GcAMP6s.WIRE.SV40'°° (Addgene viral prep # 100842-AAV9; 1.5 x 10'3 vg/ml,
250 nl). For optogenetic experiments, mice received bilateral infusions of AAV2/9-EF1a-DIO-iC++-EYFP'?! (Canadian Neurophoton-
ics Platform Viral Core Facility RRID:SCR_016477; 1.7 x 103 vg/ml, 250 nl per hemisphere) or AAV2/9-EF1a-DIO-EYFP (Canadian
Neurophotonics Platform Viral Core Facility RRID:SCR_016477; 1.9 x 10" vg/ml, 250 nl per hemisphere).

For fiber photometry experiments, viral infusions were followed by implantation of mono fiber optic cannulae (Neurophotometrics;
400 um, AP -1.5 mm; ML £1.0 mm; DV -5.2 mm). For optogenetic experiments, dual fiber optic cannulae (Doric Lenses; 200 um, AP
-1.5 mm; ML +£1.0 mm; DV -4.9 mm) were used. Implants were secured to the skull using super glue and dental cement. Behavior
experiments were performed at least 3 weeks after surgery.

Drug injections

The hcrt receptor-1 antagonist SB-334867 (HelloBio) was dissolved in sterile water with 2% v/v DMSO and 10% w/v B-hydroxy-
propyl-cyclodextrin. SB-334867 or vehicle (2% v/v DMSO and 10% w/v B-hydroxypropyl-cyclodextrin in water) was injected intra-
peritoneally at a concentration of 30mg/kg 30 min prior to social interaction.”® 9410
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In vivo fiber photometry recording and analysis

A Doric Lenses fiber photometry system with an LED driver and console was used to deliver the 405 nm isosbestic control and 465 nm
excitation light during recordings. LEDs were connected to a Mini Cube filter set and a dichroic mirror array was used to permit simulta-
neous delivery of excitation light through a low autofluorescence mono fiber-optic patch cord to the fiber optic cannulae. The signal was
detected by a photoreceiver (Newport Visible Femtowatt Photoreceiver Module Model 2151). A lock-in amplification mode controlled by
the Doric Studio software was implemented (modulation frequencies: 208.6 Hz for 456 nm, 166.9 Hz for 405 nm, cut-off frequency for
demodulated signal: 12 Hz). Light power was calibrated to deliver 30 uW light at the tip of the fiber using a photometer (Thor Labs).

The Doric Lenses fiber photometry console was set to trigger recording on remote delivery of a time-to-live (TTL) pulse from a sepa-
rate computer running ANY-maze behavior capture software to time lock video and photometry recordings. Data from photometry
and behavioral recordings were extracted and exported to MATLAB (MathWorks). Using custom MATLAB analyses, the 405 nm
channel was used as an isosbestic control and the data recorded using this channel was fit to a biexponential decay. Data from
the Ca®*-dependent 465 nm channel were then linearly scaled using the fitted decay of the isosbestic channel, correcting for any
photobleaching which occurred during the recordings.’®” The resulting vector was converted to a AF/F trace as previously
described, % and each trace was normalized as a z-score.'%® Z-scored AF/F traces were analyzed for area under the curve, peak
frequency, and maximum fluorescence.

For social behavior recordings in home and novel cages, mice were first habituated to the fiber for 5 min. Fiber photometry analysis
was conducted based on the baseline of 20 sec prior to the initiation of the social behavior test. 20 sec baseline period was selected
to avoid the effects of the activity changes that can take place within a longer time window and may mask social interaction-induced
changes that take place minutes after. Area under the curve was operationally defined as the summed area between the X-axis and
the z-scored AF/F trace. Comparisons of AUC during specific behaviors were normalized by the summed duration of the behavioral
epochs of interest. Peak frequency was refined using a peak detection filter of 2 standard deviations above the median z-scored AF/F
value of the recording session.'%®'"° For all behavior-specific analyses, photometry and behavioral timeseries vectors were aligned
using nearest-neighbours approximation to account for differences in framerates across recording modalities.

In vivo optogenetic inhibition

Mice expressing EYFP (AAV2/9-EF1a-DIO-EYFP) or the inhibitory opsin iC++ (AAV2/9-EF1a-DIO-iC++-EYFP) were used for optoge-
netic inhibition experiments. Laser driver (Opto Engine LLC) was connected to a 1 x 2 fiber optic rotary joint (Doric Lenses) attached to
a dual fiber-optic patch cord. Mice were habituated to the patch cord for 5 min prior to starting the behavior experiments. Blue light
(470 nm, 17 mW) was delivered continuously via ANY-Maze software-controlled AMi-2 optogenetic interface (Stoelting Co.) con-
nected to the laser driver.

Behavioral testing

The order of behavior tests was counterbalanced to control for any effect of testing order. Before each test, the area around and un-
der cages or the surfaces of the apparatus were sprayed with 70% ethanol and wiped down with paper towel to reduce any residual
odour. Prior to testing, mice were handled and habituated to the fiber optic patch cord for 4 days.

3-Chamber social interaction test

The 3-chamber social interaction test was performed in two-stages in an acrylic 105 cm X 45 cm apparatus containing two plexiglass
dividers, splitting the chamber into three equal areas. During the habituation stage, each mouse was first placed in the middle cham-
ber for 5 min. The removal of the dividers allowed mice to freely explore the chamber for an additional 5 min. During the test stage, one
area contained a sex- and age-matched C57BL/6J mouse confined in an inverted pencil cup (social zone) while the other area con-
tained an empty cup (non-social zone). Mice were first placed in the middle chamber with dividers in place for 5 min. Dividers were
then removed and mice were allowed to explore the chamber for 5 min. Time spent in each area was tracked and analyzed using
ANY-Maze video tracking software (Stoelting Co.).

Reciprocal social interaction test

To examine reciprocal social behavior, resident experimental mice were kept in their home cage. Cage mates were separated for at least
15 min. For fiber photometry experiments, 5 min after being connected to the fiber optic patch cord, the cage mate (familiar mouse) of the
experimental mouse was placed in the home cage and animals were allowed to freely interact for 5 min. 5 min after removal of the cage
mate, a sex- and age-matched C57BL/6J mouse (stranger mouse) was placed in the home cage, and mice were allowed to freely interact
for 5 min. For optogenetic experiments, the tests were spread across two consecutive days to reduce the likelihood of potential effects of
prolonged light delivery and continual photoinhibition. The order of familiar or stranger mice introduced into the home cage of the exper-
imental mice was counterbalanced across days. Blue light (470 nm, 17 mW) was turned on to allow 2 min of initial inhibition before the
introduction of the familiar or stranger mouse. The experimental mouse and conspecific were allowed to freely interact for 5 min during
continuous light delivery. Reciprocal social behavior in a novel cage was examined using the similar paradigm above in a novel mouse
cage with new bedding material. Different stranger mice were introduced to mice tested in home cage and novel cage experiments. Mul-
tiple social encounters have been avoided to keep stranger mice unfamiliar. Different familiar mice were used in each day and cage mates
were tested on different days. All videos were recorded using ANY-Maze video tracking software (Stoelting Co.).
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Social behavior analysis

We used the open-source automated positional tracking and behavioral classifications algorithms DeepLabCut (DLC) -~ and Simple
Behavior Analysis (SimBA) ' to allow for unbiased, high-precision quantification and machine analysis of social behavior. A subset of
social interaction trials was also manually scored by an experimenter blind to the groups to validate the resulting behavioral classi-
fiers. Behavioral classifiers from SimBA quantified social behavior as the time the experimental mice engage in head-torso sniffing
(snout of the experimental mouse was in direct proximity or direct contact with the head or torso of a conspecific) and anogenital
sniffing (snout of the experimental mouse was in direct proximity to the anogenital region of a conspecific, including when actively
following behind and sniffing a conspecific). Social novelty index was calculated as follows: (% time interacting with stranger — % time
interacting with familiar) / (%time interacting with stranger + % time interacting with familiar).

For automated analysis of social behavior using behavioral classification algorithms, video recordings of social behavior experi-
ments were first exported from ANY-maze to 20 frames-per-second MP4 video files. A subset of these video files was imported
into DLC, where the experimenter blinded to the groups labelled the nose, left & right ears, left & right latissimus dorsi, tail base,
and the centre of the torso for each animal present in the frames. These frames were then used by DLC to train the neural network
to label the seven body parts described above. The trained neural network then analyzed all video recordings of social behavior ex-
periments to track and plot the Cartesian coordinates of animals’ body parts for every frame of each video. This effectively provided
the detailed spatial location of mice for every point in time throughout the experiment.

The results of the positional tracking analysis from DLC were exported to SimBA. We used a supervised-learning deep neural
network within SimBA to create predictive classifiers for head-torso and anogenital sniffing. The resulting predictive classifiers
were then used to automatically identify patterns in the positional data from DLC. Automated behavioral labels were validated for
accuracy by reviewing visualizations of classification results produced by SimBA.

For verification, all results from SimBA were visualized and reviewed by the experimenter, and a subset of experiments were hand-
scored to compare against the results of the automated analysis. The results of SimBA’s predictive classification for each experiment
were exported for both analysis of behavior alone and combined analysis with the photometry recordings from the respective exper-
iment. For photometry experiments, SimBA data and raw photometry traces were imported and aligned by a custom MATLAB script.
For optogenetic experiments, SimBA data were analyzed and plotted.

103

Object interaction test

Mice were made familiar with an object (a small plastic puzzle piece) placed in their home cage for 72 h prior to the day of testing. A
round glass marble was used as a novel object. 5 min after being connected to the fiber optic patch cord, novel or familiar object was
introduced into the home cage of the experimental mouse. Each mouse was allowed to interact with the objects for 5 min. Videos
were tracked and the time spent with each object was analyzed using ANY-Maze software (Stoelting Co.).

Open field test

Mice were placed in an acrylic 40 cm x 40 cm apparatus and allowed to explore for 5 min. Blue light (470 nm, 17 mW) was kept on
continuously while the animal was in the open field. Videos were recorded and the total distance traveled, and the time spent in the
outer and inner zones were analyzed using ANY-Maze video tracking software (Stoelting Co.).

Elevated plus maze

Mice were placed in the center of a plus-shaped apparatus consisting of two closed (36 cm) and two open (36 cm) arms. Blue light
(470 nm, 17 mW) was kept on continuously while mice were allowed to explore for 5 min. Videos were recorded and the total distance
traveled, and the time spent in each arm were analyzed using ANY-Maze video tracking software (Stoelting Co.).

Slice electrophysiology

400 um coronal slices comprising the LH were obtained in ice-cold oxygenated sucrose-substituted artificial cerebrospinal fluid
(ACSF) using a Leica VT1000 S vibratome. Slices were recovered in aCSF (128 mM NaCl, 10 mM D-glucose, 26 mM NaHCOg3,
2 mM CaCl,, 2 mM MgSO,4, 3 mM KCI, 1.25 mM NaH,POy4, pH 7.4) for a minimum of 2 hours. During recovery and recordings, slices
were saturated with 95% 0,/5% CO, at 30°C. Recording was performed in oxygenated aCSF flowing at a rate of 3-4 ml/min. The
internal patch solution contained 120 mM potassium gluconate, 10 mM HEPES, 5 mM KCI, 2 mM MgCl,, 4 mM K5-ATP, 0.4 mM
Na,-GTP, 10 mM Na,-phosphocreatine, with pH adjusted to 7.3. Neurons were visualized using IR-DIC on an Olympus BX51WI mi-
croscope and hcrt neurons were identified based on the expression of EYFP. Whole-cell recordings were obtained in current clamp
mode using a MultiClamp 700B amplifier (Molecular Devices). Optogenetic inhibition through activation of iC++ was elicited using
CoolLED pE-300“"" jllumination system at 470 nm. Data were filtered at 4 kHz and digitized at 20 kHz using Digidata 1550B and
Clampex software (Molecular Devices).

Histology, immunohistochemistry and imaging

Mice were deeply anaesthetized by isoflurane and transcardially perfused with 0.1 M PBS and 4% paraformaldehyde (PFA). Brains
were extracted and post-fixed in 4 % PFA for 24 h and cryoprotected in 30% sucrose in 0.1 M PBS for 3-5 days until sunk. Brains were
frozen and 40 pM thick coronal sections were obtained using a cryo-microtome (ThermoFisher) and collected in 6 series. Sections
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were stored in an antifreeze solution containing 30 % ethylene glycol, and 20 % glycerol in 0.1 M PBS and stored at -20°C for further
analysis.

For immunolabeling, sections were washed three times in 0.1 M PBS for 10 min each. Sections were incubated with goat anti-hy-
pocretin-1/orexin A antibody (1:500, Santa Cruz, sc-8070) and/or rabbit anti-melanin concentrating hormone (MCH) (1:500, Phoenix
Pharmaceuticals), rabbit anti-GFP (1:500, Invitrogen) or with rabbit anti-cFos (1:1000, SYSY) antibodies diluted in 3 % normal donkey
serum, 0.3 % Triton-X and 0.1 M PBS for 24 h. After three washes with 0.1 M PBS for 10 min each, sections were incubated with
donkey anti-goat Alexa Fluor 594 (1:500, Jackson ImmunoResearch) and/or anti-goat Alexa Fluor 647 (1:500, Invitrogen), or anti-rab-
bit Alexa Fluor 647 (1:500, Invitrogen) diluted in 0.1 M PBS for 24 h. After three 10 min washes with 0.1 M PBS, sections were mounted
on glass slides and coverslipped with PVA-DABCO mounting medium. Sections immunostained for cFos were were incubated with
DAPI (1:500, HelloBio) in PBS for 15 min and washed three times in 0.1 M PBS before mounting.

Sections were imaged using an Olympus FV3000 confocal microscope. Images were acquired with a 10X and 60X oil immersion
objectives, with the aperture set to 1 airy unit. Z-stack image sequences were maximum intensity projected as a 2D image using Fiji.
2-3 sections comprising the LH were analyzed per mouse. Quantification of cells labeled with GFP and hypocretin-1 was performed
using Fiji image processing software. Only mice with accurate stereotaxic targeting and viral expression were included in the ana-
lyses. For cFos analysis, sections were scanned at 10X magnification using a slide scanner (OLYMPUS VS120-L100-W; Richmond
Hill, ON, CA). cFos positive cells were segmented from background based on fluorescent intensity and label morphology using
Ilastik.'®* Images were then registered to the Allen Brain Institute mouse brain reference atlas to assess the expression density of
segmented cFos positive cells using FASTMAP.>® Cells in the following regions were quantified: Insular cortex, infralimbic cortex,
prelimbic cortex, CA1 region of the hippocampus, lateral amygdala, bed nucleus of the stria terminalis (BNST), nucleus accumbens
(NAc), and the ventral tegmental area (VTA). The expression density was calculated as the number of cFos positive cells divided by
the area of the region for each brain section.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad Prism 9, except three-way ANOVAs which were conducted using Statistica soft-
ware. Tukey’s multiple comparisons tests were applied when the F test for the interaction is significant.”'" In the absence of a sig-
nificant interaction, we planned a priori comparisons between the groups and separately analyzed these comparisons using Fisher’s
LSD test. These differences are indicated on the graphs with an octothorpe signal. In cFos mapping experiments, Bonferroni adjust-
ments were used to reduce the risk of Type 1 error with the large number of regions analyzed. The AUC of the Ca>* signal from one
mouse in Figure 1 was identified to be an outlier (Grubb’s test; alpha = 0.05, G=1.77, outlier Y = 533.7) and removed from the analysis.
Data were considered statistically significant when p < 0.05. All statistical data are reported in Tables S1, S2, S3, S4, S5 and S6.
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