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Light disrupts social memory via a retina-
to-supraoptic nucleus circuit

Yu-Fan Huang™ @, Po-Yu Liao" @, Jo-Hsien Yu

Abstract

The formation of social memory between individuals of the oppo-
site sex is crucial for expanding mating options or establishing
monogamous pair bonding. A specialized neuronal circuit that reg-
ulates social memory could enhance an individual’s mating oppor-
tunities and provide a parallel pathway for computing social
behaviors. While the influence of light exposure on various forms
of memory, such as fear and object memory, has been studied, its
modulation of social recognition memory remains unclear. Here,
we demonstrate that acute exposure to light impairs social recog-
nition memory (SRM) in mice. Unlike sound and touch stimuli, light
inhibits oxytocin neurons in the supraoptic nucleus (SON) via M1
SON-projecting intrinsically photosensitive retinal ganglion cells
(ipRGCs) and GABAergic neurons in the perinuclear zone of the
SON (pSON). We further show that optogenetic activation of SON
oxytocin neurons using channelrhodopsin is sufficient to enhance
SRM performance, even under light conditions. Our findings unveil
a dedicated neuronal circuit through which luminance affects
SRM, utilizing a non-image-forming visual pathway, distinct from
the canonical modulatory role of the oxytocin system.
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Introduction

Oxytocin signaling plays a critical role in regulating various social
and sexual behaviors, as well as recognition memory performance
(Ferguson et al, 2000; Ross & Young, 2009; Lukas et al, 2011; Naka-
jima et al, 2014; Oettl et al, 2016). Reduction of oxytocin neurons
number has been shown to be associated with social behavior disor-
der. Oxytocin, which is involved in pair bonding and parental
behaviors, is prominently expressed in the supraoptic nucleus
(SON) and paraventricular nucleus (PVN) of the hypothalamus
(Armstrong, 2015; Liao et al, 2020). Through their central
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projections (Liao et al, 2020) and somatodendritic release
(Ludwig, 1998), oxytocin neurons in these regions modulate neural
activity and exert regulatory effects on memory formation and social
interaction in various brain regions such as the hippocampus, cen-
tral amygdala, medial amygdala, periaqueductal gray (PAG), and
nucleus accumbens (NAc) (Eliava et al, 2016; Xiao et al, 2017; Liao
et al, 2020). Understanding the upstream circuitry that modulates
oxytocin neurons is important for unraveling the mechanisms
underlying social behavior regulation. Recent studies have demon-
strated that sensory input, including physical contact (Resendez
et al, 2020; Tang et al, 2020; Yu et al, 2022) and auditory cues such
as pup’s calling during parenting (Carcea et al, 2021), can activate
oxytocin neurons in the PVN. However, the direct modulation of
oxytocin neuron activity in the PVN or SON by visual stimuli or
other sensory systems remains unclear.

In addition to its role in image-forming functions, the visual sys-
tem of animals also conveys light information that can influence
various physiological processes and behaviors. Recent studies have
highlighted the acute effects of light on physiological functions and
cognitive processes. For example, light exposure has been found to
impact sleep (Lupi et al, 2008; Chellappa et al, 2013; Zhang
et al, 2021), alertness/arousal (Badia et al, 1991; Cajochen
et al, 2000), anxiety (Valle, 1970; Hughes et al, 2014), mood
(LeGates et al, 2012), and cognitive functions such as object and
odor recognition memory (Tam et al, 2016; Hasan et al, 2021). How-
ever, a potential neuronal circuit within the visual system that could
play a role in the regulation of social/sexual recognition memory
remains elusive. Intrinsically photosensitive retinal ganglion cells
(ipRGCs) constitute the majority of retinal innervation to various
brain regions involved in non-image-forming functions. These
regions include the suprachiasmatic nucleus (SCN), olivary pretectal
nucleus (OPN), peri-lateral habenula (pLH), intergeniculate leaflet
(IGL), and supraoptic nucleus (SON) (Hattar et al, 2006). Through
the expression of the photopigment melanopsin, ipRGCs can directly
detect light and mediate the acute effects of light on physiological
functions such as arousal (Milosavljevic et al, 2016), body tempera-
ture, sleep (Rupp et al, 2019), mood (Fernandez et al, 2018), pupil-
lary light reflex (Chen et al, 2011), and circadian photoentrainment
(Hatori et al, 2008; Ecker et al, 2010). Recent studies showed that
ipRGC could regulate neuronal activity in the SON such as oxytocin
neurons during development and AVP neurons in adults (Hu
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et al, 2022; Berry et al, 2023; Meng et al, 2023). However, the role
of this circuitry in the regulation of social and sexual behavior
remains unclear.

Here, we provide evidence for a visual circuit connecting the ret-
ina and the supraoptic nucleus (SON) that plays a role in modulat-
ing social recognition memory (SRM). We found that light exposure
activates GABAergic interneurons located in the perinuclear zone of
the SON (pSON) and inhibits oxytocin neurons in the SON, and
eventually reduces SRM. By genetically eliminating ipRGCs or
silencing GABAergic interneurons in the pSON region, we were able
to block the light-induced reduction in SRM. These findings high-
light the existence of a direct sensory circuit that transmits visual
signals to modulate the oxytocin system in the brain and regulate
the formation of social memory.

Results
Light negatively influences social recognition memory of mice

To test the influence of light on social recognition memory in mice,
we conducted a two-trial social recognition test under dim light con-
ditions (5 lux) using a single stimulus female. Prior to the trials,
wild-type male mice were exposed to either an hour of bright light
treatment (800 lux) or total darkness, referred to as the L and D
groups, respectively (Fig 1A). Our findings revealed that the recog-
nition index of the L group was significantly lower than that of the
D group, indicating a negative impact of light treatment on social
recognition memory (Figs 1B and C, and EV1A-C). Additionally,
further investigation into the impact of light intensity revealed a
dose-dependent relationship between light intensity and social rec-
ognition memory performance. Higher light intensities resulted in
more pronounced impairments in social memory (Fig EV1D and F).
Interestingly, the strongest light we used here (800 1x) was still not
sufficient to produce statistical difference for male-to-male social
memory (Fig EV1IG-I) even under the same condition as male-to-
female experiment, potentially due to low interaction time during
the first trial. To further test the same light effect on other types of
memory, we performed the novel object recognition test, which
showed no significant difference between the L and D groups
(Fig EV2A-E). Next, we conducted three-chamber sociability and
social novelty tests for the L and D groups to investigate whether
light inadvertently affected the recognition index by inhibiting socia-
bility during the first trial (Fig EV2F). The results revealed that an
hour of light treatment did not significantly impact sociability or
social novelty index (Fig EV2G and H). Furthermore, the duration of
investigation during the first trial was comparable between the L
and D groups (Fig 1C, left panel), indicating that impaired SRM in
the L group was not a result of significantly reduced social interac-
tion during the initial trial. Together, we report a significant social
memory reduction by light in a male-to-female condition. However,
our tests are underpowered to find significant reductions in social
memory tests between male-to-male subjects, object memory tests,
and sociability tests with matching light exposure procedures and
comparable sample sizes. Therefore, these results suggest that light
has a profound impact on social memory.

To further test whether the disrupted social memory observed in
the L group is attributed to sleep deprivation during the inter-trial
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interval, and hence having worse memory consolidation than the D
group, we recorded the locomotor activity of mice in their home
cage during the inter-trial interval (Fig EV3A). Total locomotor
activity, measured by beam crossing and traveling distance, was
assessed. Contrary to the expectation, the L group had lower loco-
motor activity and longer durations of immobility, which challenges
the notion that the negative effect of light treatment on social recog-
nition memory is caused by sleep disturbances (Fig EV3B-D). Sub-
sequently, we examined whether shifting the 1-h light treatment to
the inter-trial interval would affect SRM by impairing memory
retrieval (Fig 1D). If light exposure influenced SRM through
memory retrieval rather than memory formation, we would expect a
lower recognition index in the inter-trial light exposure group com-
pared to the D group. However, our data demonstrated similar rec-
ognition indices between the inter-trial L and D groups (Fig 1E and
F), arguing against that light exposure may affect SRM retrieval.
Taken together, our findings indicate that bright light exposure can
modulate SRM, potentially by impairing the memory formation
stage.

In order to examine the influence of circadian clock on light-
mediated effects on social recognition memory, we conducted the
experiment at CT 6, corresponding to midday (Fig EV3E). The ani-
mals were exposed to the same bright light treatment and total dark-
ness, respectively. Surprisingly, the recognition index of the L and D
groups at CT 6 was comparable (Fig EV3F). Moreover, the investiga-
tion duration of both groups at CT 6 was shorter than those at CT
12 (Fig EV3F and G). These results suggest that the regulation of
social investigation and SRM is circadian clock gated, with light hav-
ing minimal effect during midday. Hereafter, we perform following
experiments at CT 12.

Light inhibits SON oxytocin neurons to reduce SRM

Oxytocin is a neurohormone involved in social interaction, pair
bonding, and social memory formation. To confirm the involvement
of oxytocin in SRM under darkness, we administered an intracereb-
roventricular injection of the oxytocin receptor antagonist (OTA)
through an implanted cannula 30 min prior to the test (Fig 2A and
B). The recognition index of OTA-injected mice was significantly
lower than that of the PBS-injected control (Fig 2C and D), providing
evidence for the role of oxytocin signaling in SRM. Within the hypo-
thalamus, two main regions containing oxytocin neurons are the
PVN and SON. Anatomically, both the PVN and SON receive inputs
from ipRGCs through the SCN and pSON, respectively. Similar to
previous report (Hu et al, 2022), we found that light could increase
the baseline number of c-fos-positive neurons in the SON without
social interaction. To explore the potential modulation of oxytocin
neural activity by light in the PVN and SON for SRM, we collected
brain tissue from mice 1 h after social interaction and conducted c-
fos immunostaining in the light exposure and dark control groups
(Fig 2E). Interestingly, we observed a significant reduction in the
number of c-fos-positive SON°T neurons in the L group compared to
the D group (Fig 2F and H). Conversely, the small reduction in the
number of c-fos-positive PVN®T neurons between the L and D
groups from the same set of mouse brains does not show statistical
difference (Fig 2G and H). Therefore, our results suggest that light
can suppress the activity of SON®T neurons and we will focus our
study on the regulation of SON°T neurons.

© 2023 The Authors
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Figure 1. Social recognition memory (SRM) is impaired following pre-social light exposure.

A Schematic representation of pre-social light exposure and the two-trial social recognition test.

B Comparison of investigation duration and recognition index between the light (L, n = 12 animals) and dark control (D, n = 11 animals) groups. A significant
reduction in the recognition index is observed in the L group compared to the D group (* P = 0.0156, Mann-Whitney test), while no significant difference is observed
in investigation duration during the first trial. Data are shown as mean £ SEM.

C Minute-wise investigation duration of the L (n = 12 animals) and D (n = 11 animals) groups. The L group shows a significant increase in investigation time during
the second trial (*P = 0.0106, Sidak’s multiple-comparison test). Data are shown as mean + SEM for each minute.

D Schematic representation of inter-trial light exposure and the social recognition test.

E No statistically significant difference is observed in the investigation duration and recognition index between the L (n = 8 animals) and D (n = 7 animals) groups
(P = 0.9551, Mann-Whitney test). Data are shown as mean + SEM.

F  Minute-wise investigation duration of the intertrial L (h = 8 animals) and D (n = 7 animals) groups. Data are shown as mean + SEM for each minute.

Source data are available online for this figure.
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Figure 2. Supraoptic oxytocin neurons are inhibited by environmental luminance.

A Schematic representation of the social recognition test for the PBS control and OTA-treated groups.
B Representative photograph showing a brain slice with cannula implantation into the lateral ventricle and dye verification of the implantation site. Arrowhead

indicates the cannula implantation site.

C OTA treatment (n = 6 animals) significantly reduces the recognition index in mice compared to the PBS injection control (n = 6 animals) mice (*P = 0.0260,

Mann-Whitney test). Data are shown as mean + SEM.

D Minute-wise investigation duration of the OTA- (n = 6 animals) and PBS-treated (n = 6 animals) groups. Data are shown as mean + SEM for each minute.

Schematic representation of the c-fos-staining experiment.

F, G Representative confocal images of c-fos staining showing oxytocin neurons in the supraoptic nucleus (SON) (E) and paraventricular nucleus (PVN) (F) in the L and D
groups. Yellow arrows indicate oxytocin neurons co-labeled with c-fos. High-magnification images are 10 um Z-stack (63X, NA = 1.4, pinhole = 1.26 AU), while
low-magnification images are 30 pm Z-stack (20X, NA = 0.7, pinhole = 1.26 AU). Scale bar = 100 pm for low-magnification images and 50 pm for high-

magnification images.

H  There is a significant reduction in the c-fos-positive ratio of SON oxytocin neurons (***P = 0.0002, two-way ANOVA) but not PVN oxytocin neurons (P = 0.7041,
two-way ANOVA) in the L group (n = 4 animals) compared to the D group (n = 4 animals). Left and right hemisphere c-fos-positive ratios were averaged first for

each animal. Data are shown as mean + SEM.

Source data are available online for this figure.

To further confirm light responsiveness of SON°T neurons in
vivo, we performed calcium imaging using fiber photometry. We
injected AAV9/flox-GCaMP6s into the SON region and implanted an
optic fiber above the SON in Oxt“™* mice (Fig 3A and B). Consis-
tent with our expectations, the GCaMP signal from SON®T neurons
in Oxt“®* mice was suppressed during exposure to bright light
(800 lux) compared to the baseline. The GCaMP signal during the
30 s light exposure period was lower than the baseline period
(Fig 3C, black trace). To access the role of ipRGCs in suppressing
SON®T neurons, we performed fiber photometry in Oxt“™®/*;
Opn4PTA/PTA mice, where M1 ipRGCs were primarily eliminated
(Chew et al, 2017). In contrast to Oxt"** mice, the GCaMP signal
remained unchanged during the light exposure period in Opn4°™/
DTA mice (Fig 3C, red trace). Moreover, the difference in mean
GCaMP signal between the baseline and light exposure periods was
significantly larger in control mice compared to Opn4®T*/PT4 mijce,
where it was close to zero (Fig 3D). These results collectively sup-
port the essential role of ipRGCs in transmitting light information to
acutely suppress the activity of SON®T neurons.

The observation suggests a potential mechanism by which light-
induced suppression of SON®T neuronal activity prior to social
encounters may contribute to the subsequent impairment of SRM.
To assess whether the activation of SON°T neurons can rescue the
light-induced impairment of SRM, we implanted an optic fiber above
the SON in Oxt“™/*; ROSA®"R>eYFP/+(A{32) mice to manipulate the
activity of SON®T neurons (Fig 3E and F). Male mice were subjected

to 1 h of light exposure prior to the social recognition test, following
a similar experimental setup as before. However, during the second
half of the light exposure period, SON°T neurons were exogenously
activated using a 470 nm LED (5 Hz, 10 ms per pulse), while a sep-
arate experiment day included a negative control with opto-
stimulation using a 595 nm LED (5 Hz, 10 ms per pulse) before the
social recognition test. The recognition index for the 470 nm opto-
stimulation group was significantly higher than that of the 595 nm
control group (Fig 3G and H). These results indicate that the activa-
tion of SON®T neurons could alleviate light-induced SRM reduction
by potentially modulating the memory formation process.

Brn3b™ M1 ipRGCs transmit environmental light information to
the SON

Recent evidence suggests that distinct subtypes of ipRGCs can pro-
ject to different brain regions, modulating various non-image-
forming functions. Specifically, Brn3b-negative M1 ipRGCs project
to the suprachiasmatic nucleus (SCN), while Brn3b-positive M1 and
non-M1 ipRGCs project to other brain regions. To investigate the
involvement of ipRGCs and their sub-populations in the light-
induced suppression of SON°" neurons, we conducted c-fos staining
of SON°T neurons using the same experimental conditions as previ-
ously described, but in Opn4®™/PTA mice with genetically ablated
M1 ipRGCs. Interestingly, we found that there was no significant dif-
ference statistically in the number of c-fos-positive SON®T neurons

Figure 3. Optogenetic activation of SON°" neurons during light treatment rescues light-impaired social recognition memory (SRM).

A, B Schematics of fiber photometry recording and representative image of the implantation site. Scale bar = 100 pm.

C  Average delta-F/F signal trace from SON oxytocin neurons with 10 s of dim light (5 lux) followed by 30 s of bright light (800 lux) in OPN4PTAPTA, OxtC"¢/+ mice (red
line, n = 4 animals) and OPN4**; Oxt™* mice (black line, n = 5 animals). The color shade indicates standard deviation.

D Mean change of delta-F/F 20AC(C). There is a significant reduction in GCaMP signal in control mice after light exposure (*P = 0.0159, Mann-Whitney test). Data are

shown as mean + 20ACM.

E Schematics illustrating the optogenetic activation of SON°T neurons during pre-social light treatment.

F Schematics illustrating the optogenetic activation of SON®T

bar = 100 pm.

neurons during inter-trial light treatment and the representative image of the implantation site. Scale

G The investigation duration and recognition index of the 595 nm control and the 470 nm activation groups (n = 8 animals). There is a significant increase in the
recognition index in the optogenetic activation group compared to the control (**P = 0.0078, Wilcoxon matched-pairs signed-rank test). Data are shown as

mean + SEM.

H Minute-wise investigation duration of the 595 nm control (black, n = 8 animals) and 470 nm activation (red, n = 8 animals) groups. Data are shown as

mean + SEM for each minute.

Source data are available online for this figure.

© 2023 The Authors

EMBO reports 24:€56839]2023 5 of 17



EMBO reports

A
Optic fiber AAV/Flex-GCaMP6s

SON
Oxtcre*: OPN4** or

OXtCre/+; O PN4mDTA/mDTA

Adaptation (20 min)

Yu-Fan Huang et al

) Social |
1

Baseline (1 min) Social (1 min) DIIUNESN L (30s)

C |r—— D 2— *
2=
:\; 0- - A—
Asidii A bs ol & Y e
o B W WY W T =
VWYY W 5 -
= &
& 24 2 7
i & -6
J ™
—4 P
L] 1
OPN4 +/+ DTA/DTA
= oxtcreh-
10 -5 0 5 10 15 20 25 30
Time (s)
E G
cT1 cT12
T W o 247
g x
800 lux =300 -
5 lux Social 3 €
< 200~ =
Opto (5Hz, 10 ms) & £
s &
(=]
F 21004 — 8
[ o
z
2mo. 4 - 0 T T -0.4 T T
T T2 595 470 nm
Surgery Tests
SON
OXtCre/+~ ROSAChR2-eYFP/+
H
% 507 50-
c
S 40 40
s
3 30 30+
5
2 20 20
©
2
E 10 10
2 T1 T2
-7 1
0 5 0 o 5 10
Time (min) Time (min)
Figure 3.

between the L and D groups in Opn4®™*/°T4 mice (Fig EV4A—C). To
further confirm which population of ipRGCs can modulate SON°T
neurons, we performed c-fos staining in Opn4“™®*; Brn3b”PTA/*+

6 of 17  EMBO reports 24: 56839 | 2023

mice. In this mouse line, the ipRGC to SCN circuit and circadian
photoentrainment remained functional, while the ipRGC to other
brain areas such as the peri-supraoptic nucleus (pSON) was
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eliminated. Similar to Opn4°™/PTA mice, there was no significant
difference statistically between the ratio of c-fos-positive SONT
neurons from the L and D groups in Opn4“"*; Brn3b®®™/* mice
(Fig EV4D-F). Together, the power of our tests can detect the signifi-
cant light effect on the control mice but not enough to distinguish
the difference between light and dark groups from two distinct
ipRGC-eliminating mouse lines with similar sample sizes and experi-
mental procedures. Collectively, these findings suggest that Brn3b-
positive M1 ipRGCs, which project to many brain regions including
the pSON, are essential for light-dependent inhibition of SON©T
neurons.

SON-projecting ipRGCs mediate modulation of social recognition
by light

To investigate the requirement of melanopsin signaling and Brn3b-
positive M1 ipRGCs in the light-induced modulation of SRM behav-
iorally, we conducted experiments using Opn4“™/* control mice,
Opn4PTA/PTA mice with genetically ablated M1 ipRGCs, and
Opn4“™/*; Brn3b*°™/* mice (Fig 4A). In control mice, the recogni-
tion index of the L group was significantly lower than the D group,
consistent with the findings in wild-type (WT) mice (Fig 1B and 4B,
and EVS5A). However, in both Opn4P™»/PTA and Opn4®™/+;
Brn3b*®™/* animals, there was no significant difference statistically
between the recognition indices from the L and D groups (Figs 4C
and D, and EVSB and C). These data indicate that the power of our
current tests cannot detect the reduction in the SRM by light in
Opn4"”TA/PTA and  Opn4®®/*; Brn3b*®™/* mice. Together, our
results suggest that Brn3b-positive M1 ipRGCs, but not SCN-
projecting M1 ipRGCs, are the primary conduit for light-dependent
SRM reduction.

Remarkably, in melanopsin knockout (MKO) animals, we
observed no significant difference in the recognition index between
the L and D groups (Figs 4E and EV5D). Moreover, in the OPN4°"®/*
control experiment, both the L and D groups showed a higher recog-
nition index compared to OPN4"/* animals (Figs 1B and 4B). This
observation suggests that the level of melanopsin expression and
the function of melanopsin photodetection may play a crucial role
in the sustained inhibition of SON°T neurons and the subsequent
light-induced reduction in SRM. To further confirm the capability of
the signal from SON-targeting ipRGCs in modulating SRM in vivo,
we utilized Opn4“eERT2/+;  ROSACPR2-€YFP/*+(Ai32) mice to

EMBO reports

selectively express channelrhodopsin in ipRGCs and activated their
terminals in the pSON using 470 nm LED light stimulation (10 Hz,
10 ms) delivered through an optic fiber implanted above the SON
(Fig 4F and G). The recognition index in the 470-nm-stimulated tri-
als was significantly lower than in the control 595 nm opto-
stimulation trials (Fig 4H and I), indicating that the activation of
SON-targeting ipRGCs alone is sufficient to reduce SRM. Taken
together, our findings suggest that pSON-projecting ipRGCs are the
primary conduit to modulate SRM by inhibiting SON°T neurons.

ipRGCs synapse on GABAergic neurons in the perinuclear zone of
the SON

According to previous studies (Theodosis et al, 1986; Roland &
Sawchenko, 1993; Brussaard et al, 1997; Engelmann et al, 2004), it
is suggested that GABA release from GABAergic interneurons within
the SON may contribute to the inhibition of SON®T neurons. Next,
we investigate whether the indirect inhibition of SON°T neurons by
ipRGCs occurs through GABAergic neurons in the pSON. To explore
the connectivity between ipRGCs and the SON/pSON region, we
employed triple labeling using GAD67°“""/* to identify GABAergic
neurons, CTB-Alexa 568 injection in the eye to label RGC terminals
in the pSON, and immunostaining of synaptophysin to visualize the
presynaptic site (Fig 5A). Our observations revealed that ipRGC
axon terminals were predominantly localized in the peri-SON region
and formed numerous putative synaptic contacts on the soma of
GABAergic neurons (Fig 5B-F). These findings suggest that ipRGCs
may indirectly suppress SON°T neurons through their interaction
with GABAergic interneurons in the peri-SON region. To investigate
the activation of GABAergic neurons near the SON in response to
light exposure, we conducted fiber photometry recordings using
GCaMP in VGAT®™* mice injected with AAV9/flox-GCaMP7f
(Fig 5G and H). We observed a significant increase in the GCaMP
signal during light exposure compared to the dark baseline (Fig 5I
and J), indicating that GABAergic neurons in the vicinity of the
SON/pSON region are potentially responsive to light stimulation.
These findings suggest that GABAergic neurons in the SON/pSON
region are activated by putative synaptic contacts from the retina.
Furthermore, to confirm the modulatory role of GABAergic neu-
rons in the pSON region on SRM, we conducted optogenetic experi-
ments in VGAT™®/*; ROSAPR*eYFP/*+(Ai32) mice by implanting an
optic fiber above the pSON region. We selectively activated

Figure 4. SON-projecting ipRGCs are required and sufficient for light-induced impairment of SRM.

A Schematics illustrating the pre-social light exposure and two-trial social recognition test for each genotype.
B Light exposure significantly reduces the recognition index in control Opn4cre/+ mice (n = 8 animals in both the L and D group) similar to WT mice (*P = 0.0499,

Mann-Whitney test). Data are shown as mean £ SEM.

C-E There is no significant difference in recognition index between light exposure and dark control groups in OPN4PTAPTA (C, n = 11 animals in both the L and D
groups, P = 0.7969), OPN4<"®/+; Brn3b>®™ (D, n = 9 animals in both the L and D groups, P > 0.9999), and OPN4S"/“® mice (E, L group n = 9 animals, D group
n = 8 animals, P = 0.9551) using the Mann-Whitney test. Data are shown as mean £+ SEM.

F, G Schematics illustrating the optogenetic activation of SON-projecting ipRGCs under darkness and the representative image of the implantation site. Scale

bar = 100 pm.

H During the second trial, the investigation duration of the 470 nm activation group (red) was lower than the 595 nm control (black) (n = 7 animals, *P = 0.011,
Sidak’s multiple-comparison test). Optogenetic activation of ipRGC terminals at SON with 470 nm light significantly enhances the recognition index compared to
the 595 nm control (*P = 0.0156, Wilcoxon matched-pairs signed-rank test). Data are shown as mean + SEM.

| Minute-wise investigation duration of the 595 nm control (black) and 470 nm activation (red) groups (n = 7 animals). Data are shown as mean + SEM for each

minute.

Source data are available online for this figure.

© 2023 The Authors
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Figure 5. GABAergic neurons in the perinuclear zone of the SON are retino-targets and are activated by environmental light.

A Schematics of labeling ipRGC terminals with CTB-Alexa 568 in GAD67-eGFP mice.

B Representative confocal image of the pSON region stained with synaptophysin (blue), CTB-Alexa 568 (red), and GFP from GABAergic neurons (green). Arrowheads
indicate colocalization. Scale bar = 10 pm.
Enlarged image of a GAD67-positive cell with colocalization of CTB-Alexa 568 and synaptophysin. White color indicates triple colocalization. Scale bar = 5 pm.

F  Verification of colocalization at different orthogonal sections. Scale bar = 5 pm.

H Schematics of fiber photometry recording and the representative image of the implantation site. Scale bar = 100 pum.
Average delta-F/F signal trace from pSON GABAergic neurons during the transition from baseline to dim light (5 lux, black line, n = 7 trials) and from baseline to
bright light (800 lux, red line, n = 12 trials) in VGATE™®* mice (n = 5 animals). The color shade indicates standard deviation.

J Mean change in delta-F/F between the transitions shown in (1). Light exposure significantly increased the delta-F/F in GABAergic neurons at the pSON region

(*P = 0.0156, Wilcoxon matched-pairs signed-rank test). Data are shown as mean + SEM.

Source data are available online for this figure.
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GABAergic neurons optogenetically under darkness (Fig 6A and B)
and observed a significant decrease in the recognition index during
the 470-nm-stimulated trials compared to the control 595-nm-
stimulated trials (Fig 6C and D), providing evidence for the

Yu-Fan Huang et al

involvement of pSON GABAergic neurons in modulating SRM. Addi-
tionally, we selectively eliminated neurotransmitter release from
PSON GABA neurons by inducing expression of tetanus toxin light
chain (TeLC) using AAV9-Flex-TeLC-mCherry injected into the SON
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Figure 6. GABAergic neurons in the perinuclear zone of the SON are required and sufficient for light-induced impairment of SRM.

A, B Schematics illustrating the optogenetic activation of GABAergic neurons in the pSON in darkness and the representative image of the implantation site. Scale

bar = 100 pm.

C  The investigation duration and recognition index of the 595 nm control and the 470 nm activation groups (n = 8 animals). Optogenetic activation of GABAergic
neurons at the pSON region significantly decreased the recognition index (*P = 0.0156, Wilcoxon matched-pairs signed-rank test). Data are shown as

mean + SEM.

D Minute-wise investigation duration of the 595 nm control (black) and 470 nm activation (red) groups (n = 8 animals). Data are shown as mean + SEM for each

minute.

E, F Schematics of silencing neurotransmitter release of GABAergic neurons in the pSON using tetanus toxin light chain (TeLC) and social recognition test with light

treatment. Scale bar = 100 pm.

G The investigation duration and recognition index of the GFP control (n = 4 animals) and the TeLC-silencing (n = 6 animals) groups. During the second trial, the
investigation duration of the TeLC-silencing group was lower than the GFP control group (*P = 0.0280, Sidak’s multiple-comparison test). The TeLC-silencing group
had a higher recognition index than GFP control group (*P = 0.0317, Mann-Whitney test). Data are shown as mean + SEM.

H Minute-wise investigation duration of the GFP control (black, n = 4 animals) and TeLC-silencing group (red, n = 6 animals) groups. During the first trial, the TeLC-
silencing group displayed higher investigation duration than the GFP control group at the 3™ minute (*P = 0.0280, Sidak's multiple-comparison test). During the
second trial, the TeLC-silencing group displayed lower investigation duration than the GFP control group at the 5% (*P = 0.0390, Sidak’s multiple-comparison test)
and 6 (*P = 0.0499, Sidak's multiple-comparison test) minutes. Data are shown as mean =+ SEM for each minute.

Source data are available online for this figure.
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Figure 7. Graphical summary of current study.
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Light reduces the activity of oxytocin neuron in the SON and SRM through ipRGCs and pSON GABAergic neurons.

of VGAT®™* mice (Fig 6E and F). This manipulation alleviated the
light-induced reduction in SRM (Fig 6G and H). It is worth noting
that our virus injection labeled many GABAergic neurons surround-
ing the SON. Whether all or only subpopulation of these GABAergic
neurons are involved in light-induced SRM regulation is unclear due
to technical limitations. Nevertheless, these findings suggest the
activation of GABAergic neurons in the pSON vicinity as a mecha-
nism through which light modulates SRM.

Discussion
Previous studies have established a link between light exposure and

the downregulation of object and odor recognition memory in an
intensity-dependent manner (Hasan et al, 2021). However, the impact

© 2023 The Authors

of light on other forms of memory remains unclear. In this study, we
demonstrate that optogenetic activation of ipRGC terminals or
GABAergic neurons in the pSON region leads to the inhibition of SRM.
This inhibition of SRM is also intensity dependent, with higher light
intensities resulting in a greater reduction in SRM performance. Con-
versely, optogenetic activation of oxytocin neurons in the SON results
in an increase in SRM. These findings suggest that ipRGCs may acti-
vate GABAergic interneurons in the pSON region, which subsequently
inhibit SON®T neurons. Therefore, our results propose a novel neuro-
nal circuitry involving the ipRGC-pSON-SON®T pathway, through
which the light signal is conveyed to inhibit SRM (Fig 7). This circuit
transmits external light information to modulate the oxytocin system
in the brain, providing a direct functional input from the visual
system to regulate oxytocin neurons and influence social memory via
the retinohypothalamic tract (RHT) pathway.
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With pre-social bright light treatment, naive wild-type male mice
exhibited a significantly lower recognition index compared to dark
control mice. The reduced recognition index could potentially arise
from various factors, including acute inhibition of social interaction,
impairment in memory formation, impairment in memory consoli-
dation, or impairment of memory recall. However, our observations
argue against the possibility of acute inhibition of social investiga-
tion. First, the post hoc minute-wise comparison rarely showed sig-
nificant difference between L and D groups and there was no
significant difference in interaction duration during the initial trial.
Second, sociability and social novelty tests revealed similar indexes
between the light-exposed (L) and dark control (D) groups. These
findings suggest that the decrease in recognition index following
light exposure is unlikely to be due to acute inhibition of social
interaction.

Furthermore, it is important to note that the effects of light expo-
sure and optogenetic activation of SON°T neurons were observed
predominantly before the first trial but not during the inter-trial
interval. This finding indicates that light stimulation mainly influ-
ences the formation of SRM rather than impeding the recall or con-
solidation of SRM. This is supported by a study conducted by
Ferguson et al (2001), where oxytocin injection in oxytocin-
knockout animals before initial social exposure significantly
enhanced social memory, while injection after social exposure had
no effect on social memory (Ferguson et al, 2001). This indicates
that the presence of oxytocin during the acquisition phase facilitates
the processing of social cues but is not necessary for the recall of
social memory. For consolidation, although direct analysis of sleep
episodes was not conducted in current study, light-treated animals
exhibited reduced locomotor activity and longer periods of immobil-
ity during the 1-h inter-trial period, suggesting that they did not
experience sleep deprivation. Therefore, light-induced SRM reduc-
tion is unlikely due to impaired memory consolidation resulting
from sleep disturbance. However, we could not rule out the possibil-
ity that light-treated mice experienced anhedonia (An et al, 2020).

In contrast to previous findings by Lister & Hilakivi (1988), who
observed suppressed social interaction in high luminance conditions
among male Swiss mice in an unfamiliar arena (Lister & Hila-
kivi, 1988), our study specifically focuses on measuring male-to-
female investigation time. The discrepancy between our results and
the previous literature could be attributed to the nature of the inter-
actions being examined. In our experimental setup, male mice spent
only around 100 s interacting with another male mouse, compared
to 200-300 s with female mice. Given the relatively short interaction
time during the first trial period, it is possible that our specific
experimental setup could not effectively demonstrate further reduc-
tion in memory impairment with light exposure. Overall, our study
provides strong evidence highlighting the significant impact of light
on social recognition memory. However, further investigations uti-
lizing alternative testing protocols are needed to determine whether
light can influence social recognition memory specifically between
pairs of male mice.

In addition to the experiments conducted at early night, we also
investigated the impact of light exposure on SRM at midday. Sur-
prisingly, our data revealed that SRM was close to zero in both the
L and D groups during this time period. Moreover, the social inter-
action duration was considerably lower (around 100 s) compared to
the other experimental conditions. These observations indicated a
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circadian clock regulation. The observed reduction in SRM at mid-
day may be attributed to several factors. Firstly, it is possible that
the natural circadian rhythms and behavioral patterns of mice dur-
ing midday contribute to decreased social investigation and memory
formation. Previous studies have demonstrated that mice exhibit
reduced locomotor activity and increased rest during this time,
suggesting a period of reduced exploratory behavior. This decreased
activity and exploration could potentially influence social interac-
tion and memory processes, leading to the observed low recognition
indexes. Secondly, it is possible that SON°T neurons exhibit a circa-
dian fluctuation of neuronal excitability and oxytocin release
(Devarajan et al, 2005). SON°T neurons may exhibit decreased
activity and oxytocin release during midday, explaining that light
exposure during this time did not lead to further suppression of
SRM. Future investigations are required to explore the specific
mechanisms underlying the reduced SRM at midday.

Previous research has established the crucial role of oxytocin in
social recognition, as male mice without oxytocin exhibit impaired
recognition of female mice (Ferguson et al, 2001). In our study, we
demonstrated that ipRGCs could specifically suppress the activity of
SON®T neurons following light exposure, as confirmed by c-fos
staining and in vivo calcium imaging using fiber photometry. Our
findings are supported by the work of Devarajan & Rusak (2004),
who reported that a nocturnal light pulse can suppress oxytocin
concentration, indicative of decreased neural activity (Devarajan &
Rusak, 2004). Unlike previous studies highlighting the activation of
PVN®T neurons through contact and sound inputs, we observed that
light exposure differentially affected the activation ratio of SON°T
neurons but not PVN®T neurons. Interestingly, the sensory inputs
for regulating PVN®" activity originated primarily from the somato-
sensory and auditory cortex, corresponding to touch and sound,
respectively. Given that specific patterns of physical contact and
sound, such as gentle touch and pup calling during parenting, have
been shown to significantly promote oxytocin release, it is plausible
that a unique sensory input and cortical computation modality are
necessary to activate oxytocin neurons. In contrast, our study
revealed that light, through the activation of ipRGCs and mela-
nopsin photo-response, directly inhibited oxytocin neurons in the
SON. This suggests that a simple luminance signal is sufficient to
modulate the oxytocin system and its associated physiological func-
tions. Furthermore, our findings imply that the PVN and SON may
serve as distinct target sites receiving signaling inputs from different
origins to regulate the oxytocin system. We speculate that under
normal physiological conditions, light exposure at dawn may signal
exploration rather than looking for mating opportunities. Therefore,
reducing oxytocin levels and switching to food-seeking behavior
may benefit individual survivability in the wild.

Previous studies have demonstrated that ipRGCs consist of dis-
tinct subpopulations, classified as M1-M6, based on their morpho-
logical and electrical characteristics. Additionally, genetic markers
such as Brn3b, glycine, and GABA can further differentiate ipRGCs
into functional groups. In our study, we observed that the activation
ratio of SON®T neurons, as indicated by c-fos staining, did not differ
between the L and D groups in Opn4®™/PTA and Opn4“™/+;
Brn3b”™/* mice. Furthermore, the recognition indices were similar
between the L and D groups in two different ipRGC-eliminated mice.
In a previous study by Li & Schmidt (2018), the absence of ipRGC
innervation in the SON was observed in Opn4®re/tautacz,
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Brn3b*PT4/* mice (Li & Schmidt, 2018). Collectively, our findings
suggest that Brn3b+ M1 ipRGCs serve as the primary retinal input to
the SON for modulating the activity of oxytocin neurons. Without
ipRGC projection, SON®T neural activity and SRM are no longer
modulated by environmental light. Interestingly, we observed that
light exposure was unable to modulate SRM in the absence of mela-
nopsin (with ipRGCs intact), indicating the essential role of
melanopsin photodetection for sustained inhibition of SON°T neu-
rons. This phenomenon distinguishes it from other ipRGC-
dependent functions such as circadian photoentrainment, where rod
and cone signals can compensate for the absence of melanopsin.
Due to the prolonged and weakly adapting nature of the melanopsin
photodetection system compared to rods and cones (Berson
et al, 2002), sustained activation of the ipRGC-SON circuit is likely
necessary to modulate oxytocin and SRM. Collectively, our results
highlight the important role of melanopsin in modulating physiolog-
ical functions.

Recent studies have provided insights into the neurotransmitter
release profiles of ipRGCs. While most ipRGCs release glutamate
and PACAP as neurotransmitters, a subset of ipRGCs in the supra-
chiasmatic nucleus (SCN) has been shown to co-release GABA
alongside glutamate (Sonoda et al, 2020). However, in the context
of SON-innervating ipRGCs, it has been reported that these cells pre-
dominantly release glutamate (Berry et al, 2023). In our study, we
discovered that ipRGCs can inhibit SON°T neurons following light
exposure. This inhibition may occur through direct contact and
GABA release or via an indirect pathway. Our data revealed numer-
ous synaptic contacts between retinal ganglion cell (RGC) terminals
and the soma of GABAergic neurons in the perinuclear zone of the
SON (pSON). Previous studies have demonstrated that GABAergic
input to the SON can decrease the firing rate of oxytocin neurons
(Brussaard et al, 1997; Engelmann et al, 2004; Lee et al, 2015).
Although our study did not completely eliminate the possibility of a
small parallel pathway in which ipRGCs directly inhibit SON°T neu-
rons through GABA release, we demonstrated that the activation of
pSON GABAergic neurons is both necessary and sufficient to modu-
late SRM behaviorally. Notably, a recent study by Hu et al (2022)
demonstrated that ipRGCs could activate SON°" neurons during the
early postnatal stage (Hu et al, 2022). Although their findings
presented contrasting effects of light on oxytocin content in the
brain compared to our study, it is important to consider that our
experiments were conducted in adult mice after sexual maturation.
This raises three potential hypotheses to explain the discrepant
results. First, GABAergic circuits may act as a positive stimulus for
oxytocin neurons in the SON during the early postnatal period,
thereby enabling light to activate SON°" neurons through the same
pathway proposed in our study. Second, SON°T neurons may be
divided into two groups, one group is directly activated by ipRGCs,
and another group is indirectly inhibited by ipRGC through
GABAergic neurons specifically during social interaction. Finally,
the circuit from ipRGC to oxytocin neurons in the SON may not be a
direct di-synaptic connection in adult mice. Additional brain regions
downstream of ipRGC may serve as a bridge in conveying light
information to SON to reduce SRM. Conducting further studies to
investigate the functional or anatomical changes in the ipRGC cir-
cuitry could provide additional insights into this phenomenon.

Overall, our findings reveal a functional circuitry originating
from ipRGCs to modulate the oxytocin system in the SON. In
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addition to touch and sound sensory inputs, luminance signals
from the visual system can also modulate SRM and potentially
other oxytocin-related physiological functions. Finally, the ipRGC-
PSONCABASONOT circuitry that we propose may serve as a paral-
lel pathway within the visual system to regulate oxytocin content
in the brain. This suggests that canonical vision input can func-
tion as salient interaction stimulation during social interactions to
regulate social behaviors.

Material and Methods

Animals

Adult C57BL/6] wild-type (WT) mice were purchased from the
National Laboratory Animal Center (NLAC), Taipei, Taiwan. Other
transgenic mice used in this study were kept and bred at the Animal
Facility of the Department of Life Science at National Taiwan Uni-
versity, Taipei, Taiwan. All transgenic mouse lines were maintained
on a C57BL/6J background. Animals were housed under 12:12 h
light-dark cycle (lights on 0800-2000) at a temperature of 22°C, and
had ad libitum access to normal chow and water unless otherwise
stated. Experiments were approved by the Institutional Animal
Ethics Committee of National Taiwan University, Taipei, Taiwan,
and conducted in accordance with guidelines of the National Labo-
ratory Animal Center. The RRID for Opn4“™ mouse is
IMSR_JAX:035925, for Opn4®™ mouse is IMSR_JAX:035927, for
Opn4“ERT2 mouse is IMSR_JAX:035926, for Oxt“" mouse is IMSR_
JAX:024234, for ROSAPR*YFPAi3) mouse is IMSR_JAX:024109,
and for GAD67°C™® mouse is IMSR_JAX:003718. Sample size was
estimated according to prior experiments.

Two-trial social recognition tests

Two-trial social recognition tests were conducted following the
established protocol. Female mice from NLAC with wild-type back-
grounds were obtained and used only once, each paired with a sin-
gle male subject. The male subjects were individually housed and
kept in social isolation for at least 1 week prior to the experiment.
To ensure consistent conditions, both the male subjects and female
stimuli mice were kept in constant darkness (DD) for 1 day before
the experiment. The two-trial social recognition test took place at
CT 6 and CT 12.

During the test trial, the male subject was transferred to a novel
cage and introduced to a female mouse for a duration of 10 min
under dim light conditions (5 lux). Following the completion of the
first trial, the male and female were returned to their respective
home cages and kept in complete darkness (0 lux) for a period of
1 h. Subsequently, the second trial was conducted in the same cage
as the first trial, using the same female stimulus. In one experimen-
tal condition, an hour of bright light treatment (800 lux) was admin-
istered prior to the social recognition test at CT 11. In another
condition, the bright light treatment was given between the two tri-
als at CT 12. In the third condition, the bright light treatment was
given prior to the social recognition test at CT 5.

Throughout the test trials, the interactions within the cage were
recorded using an infrared camera to capture the behavioral
responses of the male subjects and the female stimuli. Recording
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files were numbered without experimental conditions for blind scor-
ing of interaction time. The recognition index was calculated as the
following equation, where T1 and T2 are the total time spent on
the social investigation during the first and the second trials, respec-
tively.

Social recognition memory index = (T1-T2)/(T1 + T2).
Three-chamber test

Three-chamber test was performed under dim light (5 lux) in a rect-
angular acrylic apparatus comprised of three chambers measuring
30 x 30 cm each, with two metal cups placed in the corner of each
side chamber. Male subject mice and stimulus female mice were
housed in same conditions as mice in social interaction assay. Mice
habituated in the apparatus alone for 5 min and were reintroduced
into the center compartment at the beginning of each 5 min phase.
At CT12, a naive WT female mouse was put in the metal cup of
either side compartment (Phase 1), then another stranger female
mouse was placed into the other cup (Phase 2). Animals were sent
back to their home cages in the darkness for 1 h, after which the
first female mouse and second stranger female were introduced into
the cups (Phase 3). Behaviors were recorded and analyzed with
ANY-Maze (San Diego Instruments). Time spent close to the metal
cups was detected and their difference was analyzed for sociability
(P1) and social novelty (P2) (and social memory (P3)) for both D/L
groups.

Novel object recognition test

NORT was performed in testing cage measuring 16 x 13 cm, fol-
lowing paradigm modified from Lueptow, 2017. Subject mice were
housed in same conditions as mice in social interaction assay.
Briefly, mice habituated in the cage for 5 min and were reintro-
duced before both 10 min trials. During first trial at CT12, two
identical transparent plastic tubes were placed at opposite corners
in the cage (Trial 1), and one of the tubes was replaced by a dark
glass bottle in Trial 2. Between two trials animals were sent back
to their home cage for 1 h in the darkness. Behaviors were
recorded and analyzed with ANY-maze (San Diego Instruments).
Time spent investigating the objects was detected and the discrimi-
nation index (Tnovel - Tfamiliar / Tnovel + Tfamiliar) was Compared
between D/L groups.

Inter-trial locomotor activity recording

Following the completion of the first trial of the two-trial social rec-
ognition test, the male subjects were returned to their individual
home cages. Subsequently, a 1-h video recording of their behavior
was conducted using an infrared camera. The recorded videos were
then analyzed automatically using ANY-maze software.

The ANY-maze software was utilized to track the position of the
animals throughout the recorded session. Various behavioral
parameters, including the total time spent mobile and immobile, the
speed of their movement, and the number of line crossings, were
quantitatively analyzed using the software. These analyses provide
insights into the locomotor activity and exploratory behavior of the
male subjects during the post-trial period.
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Stereotaxic injection

Animals were initially anesthetized with gaseous isoflurane. For the
SON, the stereotaxic coordinates were —0.82 mm from bregma,
4+1.35 mm lateral from the midline, and 5.4 mm below the surface of
the skull. Glass needles with a 20 pm diameter at the tip were filled
with oil and connected to a Hamilton syringe (#700, 5 ul) for viral
injection. A volume of 300 nl of virus was infused into the SON at a
rate  of 50 nl/min. The GCaMP (Addgene #104492 and
Addgenev#100842) and TeLC (Addgene #159102) AAV vectors were
obtained from Addgene and prepared in-house. For optic fiber implan-
tation, the fiber was gradually lowered into the brain at a speed of
approximately 0.5 mm/min using a cannula holder (RWD, 68214,
China). Dental cement (Hygenic, USA) was applied to secure the optic
fiber to the skull. Unilateral implantation of the optic fiber was
performed using the same stereotaxic coordinates as the viral injection.
For bilateral implantation (optogenetics), the fibers were tilted at a 10-
degree angle toward the midline. The stereotaxic coordinates for bilat-
eral implantation at the SON were —0.82 mm from bregma, +1.61 mm
lateral from the midline, and 5.35 mm below the cortical surface. For
pharmacological experiment, cannulas were placed into the lateral ven-
tricle (LV) (+0.02 mm (AP); —0.84 mm (ML); —2.22 mm (DV)) and
secured with denture resin (Coltene Whaledent), with two screws fas-
tened on the skull to provide additional friction. Home-made cannulas
were prepared with modified protocol from Kokare et al (2011). Briefly,
23-gauge stainless metal needles were grinded to make the guide can-
nula, while 30-gauge stainless metal needles were grinded to make the
internal and dummy cannula. Central infusion of 1X PBS (1 pl) or oxy-
tocin receptor antagonist d(CH2) 51, Tyr(Me) 2, Thr4, Orn8, and des-
Gly-Nh29—vasotocin trifluoroacetate salt (OTA; 1 ng/pl, BACHEM,
#1065058)—was performed at CT 11.5 under dim red light.

Eye injections

Animals were anesthetized with avertin (2,2,2-tribromoehanol;
Sigma Aldrich; 20 mg/ml). Hamilton syringe (#1700, 50 pl) and
needle made from glass capillaries (World Precision Instruments,
#4878) were used to deliver the injection. For RGC labeling, intravi-
treal injections of 2 pl anterograde tracer CF®568 Cholera Toxin
Subunit B (CTP) (Biotium, #00071) were performed on GAD67-
GFP mice.

Immunohistochemistry staining

Mice were deeply anesthetized with 1 ml (overdose) of Avertin (2,
2, 2-tribromoethanol; Sigma Aldrich, 20 mg/ml) and perfused intra-
cardially with 12 ml of iced PBS, following 25 ml of 4% paraformal-
dehyde (PFA). Brains were collected from the perfused animals and
post-fixed in the same fixative at 4°C overnight. The 80-pm-thick
coronal brain sections were obtained using a vibratome (Campden
Instruments, UK). For immunostaining, brain slices were incubated
in blocking solution (6% goat serum in 1XxPBST( ) for 2 h at room
temperature. Rabbit anti-oxytocin (Immunostar #1607001, 1:5,000),
chicken anti-synaptophysin (Abcam ab130436, 1:1,000), and mouse
IgGla anti-c-fos (Abcam ab208942, 1:1,000) were diluted in
blocking solution. Samples were incubated on an orbital shaker
with primary antibody at 4°C overnight. Brain sections were washed
and incubated in secondary antibody solution with goat anti-rabbit

© 2023 The Authors
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(Biotium, 1:500), goat anti-mouse IgGla, and goat anti-chicken
(Invitrogen, 1:500) for 2 h at room temperature. After washing,
brain slices were mounted in mounting solution (Vectashield hard
set with DAPI). Images were acquired using an inverted phase con-
trast fluorescence microscope (Zeiss Axio Observer Z1).

Fiber photometry recording

The fiber photometry recording system was custom-built based on
the schematics on Thorlabs’ website (Thorlab, USA). The system
consisted of two excitation sources, 405 nm and 470 nm LEDs. The
LEDs were alternately turned on and off at 200 Hz in a square pulse
pattern, which was driven by a PowerLab (ADInstruments, New
Zealand). The illumination power of the LEDs was tuned to 0.4—
0.9 mW/mm? for the 405 nm LED and 0.7-1.4 mW/mm?® for the
470 nm LED at the tip of the optic fiber by LED drivers (Patel
et al, 2020). Finally, GCaMP fluorescence was detected by a photodi-
ode and the PowerLab at 1 kHz sampling rate. The fluorescence sig-
nal was processed by custom-written Python codes referencing the
open-source toolbox GuPPy (Sherathiya et al, 2021). During data
processing, the signals were down-sampled to 100 Hz. The 405 nm
LED exciting signal was used as the isosbestic control. After both
signals were low-pass filtered at 4 Hz, the isosbestic control was
fitted to the data (F470) using a least squares polynomial fit of degree
1, creating a fitted control (Ffitted contro) @s a result. AF/F was calcu-
lated by subtracting the fitted control from the data, and then divid-
ing by the fitted channel.

AF/F = (F470_Fﬁned comrol)/Fﬁned control -

The mice were kept in constant darkness for 1 day, then placed
into recording cages and allowed to rest for 10 min while the LED
excitation was turned on. Throughout this process, the environment
was maintained under dim light conditions (5 lux). First, baseline
was recorded for 1 min, and a stimulus female mouse was intro-
duced to the cage to interact with the subject for a duration of
1 min. Following the interaction period, dim-to-bright light transi-
tions were recorded. During each transition, the two mice initially
interacted under dim light for 30 s, after which the entire cage was
illuminated by white LED light, providing a bright light condition
(800 lux), for an additional 30 s. The social interaction between the
mice during the recording session was captured by an infrared cam-
era, allowing for subsequent video analysis. For fiber photometry of
PSONCAPA neurons, the recording session commenced with a dim-
to-dim light control followed by dim-to-bright light trials, with each
lighting condition lasting 30 s.

Optogenetic activation

Preparations for the social recognition test followed the description
above. The male subject was tethered to the optic fiber cable at
CT11 under darkness (0 lux) or bright light (800 lux) according to
description. At CT11.5 to CT12, the subject was optogenetically
stimulated with blue light (470 nm, 10 ms duration, 5 Hz for SON©T
activation, and 10 Hz for ipRGC and SON““P4) or amber light
(595 nm) as control. The light intensity was adjusted to 4 mW at
the fiber tip. From CT12, the social recognition test proceeded as
previously described.

© 2023 The Authors
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Data availability
This study includes no data deposited in external repositories.
Expanded View for this article is available online.
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