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ABSTRACT

The Role of Neuronal Growth Regulator 1
In Mouse Affective Discrimination via
Regulating Adult Olfactory Neurogenesis

Kwang Hwan Kim
Brain and Cognitive Sciences Major
Graduate School of Natural Sciences

Seoul National University

Sensory reactivity and affective recognition are impaired in patients with autism
spectrum disorder (ASD). Affective information is transmitted as sensory inputs such as
facial expression, tone of voice, and body odor. Considering the fact that ASD patients
show atypical sensory vigilance, it is assumable that unregulated affective-sensory
stimulus leads to impairment in affective recognition. However, no ASD mouse model
co-manifesting these symptoms is available, thereby limiting the exploration of the
relationship between affective recognition and sensory processing in ASD. Here |
investigated the function of NEGRL1, a recently-identified risk gene of ASD, in mouse
affective discrimination and olfactory sensory processing using Negrl” mice. Upon
encountering restraint stress or chronic pain demonstrator mice, Negrl’ mice fail to
distinguish them from neutral demonstrators, showing indifferent social investigation.
Besides, although Negrl” mice can detect social odors, they showed aberrant olfactory
habituation and dishabituation against social odors. In electrophysiological studies,
inhibitory inputs to the mitral cells in the olfactory bulb (OB) were increased in Negrl™”
mice compared with wild-type mice, and subsequently their excitability was decreased.
As a potential underlying mechanism, | found that adult neurogenesis in the posterior
subventricular zone (SVZ) was impaired in Negrl”’ mice, which results in the reduction
of newly generated inhibitory neurons in the OB. Taken together, this data reveals an
unexpected correlational link between affective recognition and olfactory sensory
processing modulated by NEGR1. | propose a novel neurobiological mechanism of

autism-related behaviors based on disrupted adult olfactory neurogenesis.
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1. INTRODUCTION

1.1. Background

1.1.1. Sensory processing and socio-affective recognition in autism

Autism is characterized by atypical sensory processing and impaired sociability.
To investigate the underlying neuropsychological features in respect of autism’s
sensory processing and sociability, researchers primarily focused on the visual
processing on the facial stimulation in people with autism (Dalton et al., 2005;
Davies et al., 2011). ASD children, for example, showed an atypical pattern of eye-
movement when conversating with others in-person (Zhao et al., 2022). Moreover,
despite of the case that ASD participants correctly gazed at the target area in social
scenes, they could not recognize social oddities accurately (Benson et al., 2016).
Together, autistic people are impaired in not only regulating sensory-motor
reactions when running into social stimulation but also interpreting social stimuli
even if they rightly notice the target (Hedley et al., 2012; Zhao et al., 2022). This
socio-cognitive abnormality is closely related to atypical neural activation. When
autistic participants were giving attention to emotional stimuli, social-related brain
areas such as amygdala or fusiform gyrus were activated differently from control
participants (Dalton et al., 2005; Deeley et al., 2007; Kleinhans et al., 2011;
Sanders et al., 2022).

1.1.1.1. olfaction for socio-affective recognition

Although vision is regarded as the predominant sensory modality to recognize
social stimulation purportedly, most animals mainly use olfaction to explore,
identify, and interact with their conspecifics (Contestabile et al., 2021; Kristensen
et al., 2001; Mateo, 2009). In human studies, people unconsciously noticed an
intimate person by their body odors (Ravreby et al., 2022), aggressively reacted to
a social chemosignal, or hexadecanal (Mishor et al., 2021), and showed amygdala
activity when smelling emotional stress sweat (Mujica-Parodi et al., 2009). These
findings suggest that socio-affective information is influenced by social
chemosignals when people interact with others. Moreover, considering

dysregulation in olfactory processing of patients with ASD (Rozenkrantz et al.,
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2015; Sweigert et al., 2020), it is assumable that their impaired sociability is linked
with abnormal olfactory function. Endevelt-Shapira et al. (2018), for instance,
revealed that whereas typically-developed participants showed the increase in
physiological arousal and reduction in measured social trust in response to smell of
fear, which was gathered after sky-dive, ASD participants responded to the same
smell in the opposite way. In conclusion, although it is counterintuitive that people
utilize olfactory stimuli as socio-affective information, the findings above
increasingly support the importance of investigating the role of olfaction in a social

context.

1.1.1.2 Olfactory abnormality and social impairment in autism rodent model

Various autism rodent models, developed by adapting genetic and environmental
modifications, have shown social impairment in a number of studies (Hérnberg et
al., 2020; Lim et al., 2021; Pefiagarikano et al., 2015; Peca et al., 2011; Reed et al.,
2020). In those studies, the three-chamber social test (3CST) was mostly used to
assess sociability and/or social novelty (Lim et al., 2021; Pefiagarikano et al., 2015;
Peca et al., 2011; Reed et al., 2020). In the test, autism model mice spent less
investigating time other mice; they also showed diminished interaction time with a
novel mouse when they simultaneously encountered a familiar and a novel mouse.
This indicated that autism model mice were not interested in social interaction
compared to normal mice (Lim et al., 2021; Pefiagarikano et al., 2015) and could
not discriminate between familiar and novel mice (Hérnberg et al., 2020).

Regarding olfactory abnormality, however, studies reported inconsistent results.
Some autism rodent models showed olfactory dysfunction (Levy et al., 2019; Li et
al., 2020; Nakamura et al., 2021); in contrast, other model mice were intact in their
olfactory functions (Kwak et al., 2021; Wang et al., 2018). These discrepancies
may be due in part to the cursory methods applied to study olfactory dysfunction,
merely identifying the presence or absence of olfactory abnormalities. Olfactory
function is composed of sub-skills such as detection, identification, and
discrimination of olfactory stimuli; researchers should examine each skill
separately to reveal olfactory dysfunction in more detail. For example, while
autism patients were able to detect odors as much as normal participants did, they
inaccurately identified odors (Galle et al., 2013; Sweigert et al., 2020) and reacted

.
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to (un)pleasant odors as if they did not distinguish them (Rozenkrantz et al., 2015).
Therefore, a systematic analysis of olfactory behaviors is required to clarify

olfactory dysfunction in autism rodent models.

1.1.1.3 Affective recognition in rodent studies

It has been demonstrated that rodents behave in response to the conspecifics’
affective states in experimental settings (Bartal et al., 2011; Jeon et al., 2010; Smith
et al., 2021). When rodents notice their conspecifics are in stress or pain, they help
out or mimic conspecifics’ behaviors. This indicates that rodents recognize others’
affective state and that affective behavior is contagious among rodents in a social
context.

To investigate affective recognition and its neural underpinnings precisely,
researchers employed the affective state discrimination test (ADT) while
modulating neural activities with opto- or chemogenetics (Ferretti et al., 2019;
Rogers-Carter et al., 2018; Scheggia et al., 2020). Notably, Scheggia et al. (2020)
pointed out that emotional recognition can be studied by isolating it from general
sociability, showing that inhibiting somatostatin interneurons in the medial
prefrontal cortex (MmPFC) altered social preference for emotional conspecifics
during the ADT but did not influence mouse’s sociability during the 3CST. Thus,
ADT now allows researchers to investigate affective perception per se
systematically. Yet, studies using ADT primarily focused on associative brain areas
where affective information was in the middle of neural processing: mPFC
(Scheggia et al., 2020), insular cortex (Rogers-Carter et al., 2018), and central
amygdala (Ferretti et al., 2019). Given that affective information is initiated by
sensory signals, then is integrated and processed via multiple brain areas, a study in
respect of the sensory part of the process is needed to open the door to figure out

the affective discrimination process as a whole.

1.1.2. Neuronal growth regulator 1 as an autism-relevant molecule

Neuronal growth regulator 1 (NEGR1), also named as Kilon, has been reported
as an ASD candidate risk gene in animal and genome-wide associated studies
(Grove et al., 2019; Singh et al., 2018b; Szczurkowska et al., 2018). In mouse
studies, Negrl”’ mouse showed autistic-like behaviors — social impairment and

repetitive behavior — implied by reduced time in a social chamber, less social
3
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sniffing time, and increased self-grooming time (Singh et al., 2018; Szczurkowska
etal., 2018).

NEGR1 is a glycosylphosphatidylinositol (GPl)-anchored cell adhesion
molecule (CAM) and has three immunoglobulin (Ig)-like motifs in its extracellular
domain (Funatsu et al., 1999) (Figure 1). With the structural characteristics,
NEGRL is classified as IgLON (lg superfamily containing LAMP, OBCAM, and
Ntm) with other GPl-anchored proteins that have three Ig-like motifs (Miyata et al.,
2003). One mechanism of neuronal regulation by NEGRL1 is that it forms a
heterodimer with cis membrane proteins or acts as a ligand for trans membrane
proteins, thereby transducing intracellular signals regulating transcriptions (Noh et
al., 2019; Szczurkowska et al., 2018). Another mechanism is that the extracellular
domain of NEGRL1 is shed by a metalloproteinase, resulting in producing soluble
NEGR1 that modulates neuronal growth (Pischedda & Piccoli, 2016; Sanz et al.,
2015).

IgLONs basically have an effect on neurodevelopment, including synapse and
neurite formation (Hashimoto et al., 2009; Jagomde et al., 2021; Singh et al.,
2018b). NEGRY1, in particular, was reported as being associated with neurogenesis,
neuronal migration, dendritic spine density, and axon elongation (Noh et al., 2019;
Singh et al., 2018a; Szczurkowska et al., 2018). Given that studies using other
autistic models targeting ASD risk genes such as SHANK3, CACNALC, and
CNTNAP2 showed the neural alterations as described above, the NEGR1 is
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Figure 1. The Structure of NEGR1. NEGR1, the GPIl-anchored protein, has three
immunoglobulin-like C2-set domains. Black dots represent N-glycosylation attached

to NEGRL. O R
4 -':lﬂ-."i '..:'._ - T .E



considered to have the convergent neural attribute of autistic symptoms observed in
other mouse models of autism (Bariselli et al., 2016; Birey et al., 2022; Kim et al.,
2022; Pefagarikano et al., 2011; Wegscheid et al., 2021). Thus, it is expected that
investigating the role of NEGR1 in neural maturation encourages may elucidate

cardinal part of pathophysiological mechanism underlying autistic symptoms.

1.1.3. Olfactory neurogenesis and social behavior

Autism models are closely linked with olfactory neurogenesis in that neuronal
proliferation, migration, and synaptic maturation take part in the process of
olfactory neurogenesis. Newly generated olfactory neurons are continuously
integrated into the olfactory bulb (OB) via the rostral migratory stream (RMS) in
the rodent (Doetsch & Alvarez-Buylla, 1996; Lois & Alvarez-Buylla, 1994),
primates (Kornack & Rakic, 2001; Wang et al., 2011), and potentially human’s
brain throughout life (Curtis et al., 2007; Sanai et al., 2011; Wang et al., 2011)
(Figure 2). To be more precise, neuroblasts are generated from neural progenitor
cells embedded in SVZ, then drift to OB along RMS, and are matured to become

diverse subtypes of inhibitory neurons while positioning in the granule cell layer

k ’ 5 \ S
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Figure 2. The pathway between the subventricular zone and the olfactory bulb
in the brains of the adult mouse, the neonatal and adult human. Olfactory
neurogenesis continues for entire life in the mouse brain, which, but, is limited

during neonatal period in the human brain.
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(GCL) or the glomerular layer (GL) (Merkle et al., 2007, 2014).

Olfactory neurogenesis plays a role in olfactory perceptual learning, including
olfactory learning and odor discrimination (Gheusi et al., 2000; Grelat et al., 2018;
Moreno et al., 2009; Shani-Narkiss et al., 2020). For example, when adult olfactory
neurogenesis was disrupted by x-ray irradiation, the mice were impaired in
maintaining odor-cued fear learning, but their basic olfactory functions, such as
detection and acquisition, were intact (Valley et al., 2009). This suggests that
olfactory adult neurogenesis is required for olfaction-mediated cognitive behaviors.

Notably, studies have shown that olfactory neurogenesis also affects social
behaviors (Feierstein et al., 2010; Sakamoto et al., 2011). When newly generated
olfactory neurons were under apoptosis for an extended period by diphtheria toxin
fragment A, mice failed to show normal consummatory social behaviors such as
aggressive, mating, and parental behaviors (Sakamoto et al., 2011). Besides, the
increased olfactory neurogenesis by fluoxetine treatment rescued impaired social
memory (Guarnieri et al., 2020). These findings suggest that olfactory neurogenesis

is necessary and sufficient for sound social interaction.

1.2. Purpose of Research

Despite the fact that deficits in recognizing affective and sensory perception are
concurrently manifested in ASD, the relationship between those two impairments
in a mouse model of autism has not been thoroughly explored. Here, | tested both
affective discrimination and diverse skills of olfactory function in Negrl” mice.
Furthermore, | examined electrophysiological properties in the OB and adult
olfactory neurogenesis to investigate putative neurobiological mechanism of the

deficit in affective discrimination.



2. BODY

2.1. Methods

2.1.1. Animals

Negrl” mice of C57BL6/N background were genotyped by polymerase chain
reaction (PCR) with the tip of the tail (Noh et al., 2019). C57BL6/N wild-type
(WT) mice were purchased from DooYeol Biotech (Seoul, South Korea). Male
mice were used in all experiments aged 9 to 15 weeks old. The animals were
maintained in a temperature- and humidity-controlled room (20-23°C, 55%
humidity) with 12 h light/dark cycles (light for 8 am to 8 pm, dark for 8 pm to 8
am). At least two mice were housed in each home cage, to avoid social isolation,
and provided regular lab chow and water ad libitum. All animal care and
experiments conformed to the guidelines provided by the Institutional Animal Care
and Use Committee (IACUC) of Seoul National University.

2.1.2. Behavioral tests

All testing mice were handled for three days (5 min/day), one week before a test.
Habituation and tests were performed between 12 pm to 6 pm to minimize
circadian variation. The mice were placed inside the soundproof test room at least
30 min before all sessions. The light intensity of the test room was the same as the
daylight of the animal room. For social-related tests, the home cages of observer
mice were put in separate lines of the animal rack to keep them from prior
exposure to social stimuli used in the experiments. Experimental apparatuses were

cleaned with 70% ethanol after each experimental session.

2.1.2.1. Affective state discrimination test (ADT)
Habituation. The ADT was performed as previously described (Ferretti et al., 2019;
Scheggia et al., 2020). Observer mice were habituated for three consecutive days
before the test (10 min/day) in a cage the same size as their home cages (20 x 32 x
14.5 cm, Three-Shine Inc., Daejeon, South Korea). There was a black separator (11
x 14 cm) in the middle of the cage, and two cylindrical wire cups (18 cm in height,
7 cm diameter, 1 cm spaced bars) were placed in two corners of the cage’s long
side. The separator was set to prevent the demonstrator mice from seeing each
.
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other, leaving space for the observer mouse to move freely between two
demonstrator areas. On the same days, demonstrator mice that were matched by
age to the observer mouse were habituated in the wire cup inside the experimental
cage without the observer mouse (10 min/day).

Test. The observer mouse was placed inside the experimental cage with empty wire
cups for 10 min before the test. Then, wire cups with demonstrators (one neutral
and another stress- or pain-evoked) were replaced with empty cups, and the 6 min
test was started. All experimental cages were used only once and replaced with an
autoclaved cage to prevent the carryover effects due to remaining social odors. The
neutral and affectively-evoked demonstrators were alternately placed in the two
sides of the cage to counterbalance the spatial effect. All test trials were recorded
by the camera on the top of the cage. Sniffing behavior was scored manually using
videos by the experimenter who blinded to observer genotypes and demonstrator
affective states.

Neutral demonstrator. Neutral mice were housed separately from affectively-

evoked demonstrators to prevent them from affective contagion. As counterparts
for stress demonstrators, neutral mice were maintained in their home cages without
any manipulation. As counterparts for pain demonstrators, neutral mice underwent
sham surgery. Before and after surgery, the von Frey test was performed to confirm
whether the surgery evoked pain, and only mice who did not exhibit pain responses
were used as neutral demonstrators.

Stress demonstrator. Stress was evoked by tube restraint. Stress demonstrators

were restrained in the 50 ml tube with breathing holes for 15 min and then
immediately moved to the experimental cage.

Pain demonstrator. The pain was evoked by sciatic nerve transection (SNT)

surgery, as previously described (Lim et al., 2017) with minor modifications. Mice
were anesthetized by 1.5 to 2% isoflurane with room air. We exposed approximate
L4 to L6 vertebrae by incising the back skin. Under the stereo microscopic view,
the right side of the L5 transverse process was removed with forceps and the L5
spinal nerve was transected. Then the incision was closed with surgical staples. For
sham surgery, the mice underwent the same surgical procedure without the L5
nerve transection. The von Frey test was used to confirm pain before and after the
surgery. The mice were represented as a demonstrator seven days after the surgery.

3 ¥
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2.1.2.2. von Frey test

The von Frey test was performed to measure mechanical allodynia before and
after SNT surgery, as previously described (Lim et al., 2017). One week before the
test, animals were habituated in the transparent acryl chamber (4 x 8 x 4 cm) on an
elevated wire grid (50 cm in height) for three days (2 h/day). On the test day,
animals were habituated for 30 min in the test room to preclude a startle response.
At the beginning of the test, the middle of the plantar surface on the right hind paw,
ipsilateral to the transected nerve, was poked with the 0.6 g von Frey filament
perpendicularly from below the grid. Variable weights of filaments (0.02 to 6 g,
Stoelting, Wood Dale, IL, USA) were used and we increased or decreased the
weights according to their pain responses: heavier filament after the absence of
response, lighter filament after pain response. The pain response — withdrawing,
flicking, or licking the paw — were scored by an experimenter blinded to the group
assignment. Lastly, the scores were calculated with the up-down method (Chaplan
etal., 1994).

2.1.2.3. Three chamber social test (3CST)

The tested mice were habituated in the rectangular acryl arena (63 x 45 x 30 cm)
for three consecutive days before the test (10 min/day). The arena was divided into
three chambers with doorways allowing a mouse in and out of each chamber, and
wire cups, the same ones used in the ADT, were placed in the left and right
chambers of the arena. Simultaneously, mice used as social stimuli were habituated
in the wire cups. On the test day, the test mouse was put in the center chamber with
the doors closed, then 10 min habituation started after the doors were opened. After
the habituation, the doors were closed while the test mouse was in the central
chamber, and a social stimulus was introduced in either the left or right chamber.
The location of social stimulus alternated each session. Then, the doors were
opened, and 10 min sociability test started. Finally, the doors were closed again
while the testing mouse was in the middle chamber. A novel mouse was placed on
the other side of the chamber, where an empty wire cup had been left, then 10 min
social novelty test started. Each experiment was recorded by a camera on the top of
the arena and analyzed with the automatic video tracking system (SMART 3.0;

Panlab, Barcelona, Spain).



2.1.2.4 Sensory-controlled social interaction test

I performed sensory-controlled social interaction tests to examine the roles of
different sensory stimuli during social interaction in the same experimental
conditions as ADT. Cylindrical cups used in this test were designed as previously
described (Contestabile et al., 2021) with minor modifications (all kinds of the
cylindrical cup had the same size, 18 cm in height, 7 cm diameter): (1) black
opaque with small openings (0.3 cm diameter), preventing visual cues but allowing
olfactory cues; (2) transparent without openings, allowing visual cues but
preventing olfactory cues; (3) black opaque without openings, preventing both
visual and olfactory cues. This test followed the same experimental procedure as
the ADT, but the observer mouse interacted with three unfamiliar conspecifics in
different sensory-controlling cylindrical cups (3 days apart). For the visual-only
cup, a non-social stimulus, a bowling pin toy, was presented on the other side of the
cage. The order of the social stimulus presentation was counterbalanced to preclude
the order effect. Behavior was recorded by a camera on the top of the cage, and
sniffing was scored with the videos by an experimenter blinded to observer
genotypes.

2.1.2.5. Buried Food test

The buried food test was performed in the same-sized cage as the home cage.
Animals fasted for 24 hours before the test to motivate them to forage for food. An
autoclaved cage and fresh bedding (3 cm depth) were used for each test. A mouse
was first placed in a clean cage for habituation (5 min), then transferred into
another clean cage where a pellet (3 £ 1 g) was buried beneath the bedding on the
bottom, in the corner of the cage. The mouse was placed in the diagonally opposite
corner from the food pellet. Behavior was recorded by a camera on the top of the
cage and the recording was finished after the mouse found the food. The latency to

finding food was measured by an experimenter blinded to mice genotypes.

2.1.2.6 Odor discrimination learning test

The odor discrimination learning test was performed as previously described
(Imayoshi et al., 2008; Takahashi et al., 2016) with minor modifications. From the
day before this experiment to the last day, food was restricted to maintaining mice’s

body weight at 80 to 85% of their free-feeding weight during the test to increase
10 H =Tl
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the probability of reward association. The mice were trained in a cage with two
types of monoterpenoid odor (S- and R-carvone, 6.4 M, 20 ul, Sigma-Aldrich,
Burlington, MA, USA) alternately for four days. S-carvone was placed on the
surface of the bedding with pieces of crystal sugar (Pastorale, lle-de-France,
France) for reward association, but R-carvone was left without the sugar; both
odors were presented on a piece of laboratory wiper (26 x 26 mm; Yuhan Kimberly,
Seoul, South Korea) in a multiperforated petri dish (35 mm). Tests were performed
on mice (5 min/test). from the fifth to seventh days. On the fifth day, the mice were
placed in a cage where two odors in the petri dish were buried under clean bedding
(5 to 6 cm) it two opposite corners of the cage without sugar. On the sixth and
seventh days, reward-associated S-carvone and neutral R-carvone odor was hidden
under the bedding, respectively. When training and test took place on the same day,
the training was conducted on the mice after the test. The behaviors were recorded
by the camera on the top of the cage to measure digging and analyzed by an

experimenter blinded to mouse genotypes.

2.1.2.7. Odor habituation and dishabituation test

Each mouse was habituated in an autoclaved cage with clean bedding for at least
40 min alone. A total of five odors were used during the test: water, banana extract
(McCormick, Pope County, MD, USA), almond extract (McCormick), and two
social odors gathered from unfamiliar cages. Each odor was presented three times
to the test mouse on a cotton swab (20 ul), and every turn lasted for two minutes,
followed by a one-minute break. The behavior was videotaped on the long side of
the cage, and sniffing was scored by an experimenter blinded to mouse genotypes.
Sniffing score was furtherly analyzed as previously described (Wesson et al., 2010).
For odor habituation, sniffing time during each turn was normalized by the
maximum sniffing time of each odor per mouse (e.g., normalized maximum
sniffing = 1). The normalized scores were used again to assess odor dishabituation,
in which the normalized habituation index of the last turn of each odor was

subtracted from the following first normalized habituation index.

2.1.3. Bromodeoxyuridine (BrdU) incorporation assay
BrdU assays were used to identify cells generated after BrdU administration.

BrdU was dissolved in saline (10 mg/ml) at 55°C and intraperitoneally injected into
11 H =Tl
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9-week-old mice four times every two hours for one day (50 ml/kg). The mice were
sacrificed eight days after BrdU injections, since neuroblasts migrating from SVZ
arrive at the outer layer of the OB, the glomerular layer (GL), six to seven days
after the injection (Kovalchuk et al., 2015; Lois & Alvarez-Buylla, 1994).

2.1.4. Immunohistochemistry (IHC)

Mice were anesthetized with 20% urethane and perfused with 0.1 M phosphate-
buffered saline (PBS), followed by 4% paraformaldehyde (PFA). Mouse brains
were post-fixed overnight with PFA, then dehydrated in 30% sucrose for three days
at 4°C. Brains were coronally sectioned at -21°C with 40 um thickness. The
sections were blocked for 1 h at room temperature (RT) with a blocking solution
(5% normal goat serum, 2% bovine serum albumin, 0.15% Triton X-100 diluted in
PBS), then incubated for 21 to 24 h at RT with primary antibodies diluted in
blocking solution. The sections were washed with PBS for 10 min three times to
wash off the primary antibodies, then incubated with secondary antibodies in 1.5%
normal donkey serum, 0.15% Triton X-100 diluted in PBS for 2 h. The following is
the list of primary antibodies: anti-Ki67 (rat, 1:2000, Invitrogen, Waltham, MA,
USA, 14-5698-80), anti-BrdU (mouse, 1:2000, Invitrogen, MA3-071), anti-GAD67
(rabbit, 1:2000, Invitrogen, PA5-21397), and of secondary antibodies: Cy3-, Cy5-
and FITC-conjugated donkey 1gG (1:200, Jackson Immunoresearch, West Grove,
PA, USA, 712-165-150, 712-165-153, 715-175-150, 715-095-150). The sections
were washed by PBS for 10 min three times, then mounted on coated glass slides
with Vectashield (MVectashield Laboratory, Newark, CA, USA).

2.1.5. Image analysis

Brain sections were imaged on Zeiss LSM800 confocal microscope (Carl Zeiss
Meditec, Thuringia, Germany). Image acquisition conditions were leveraged on a
random slice of WT mice. OB (AP: +4.28 mm), anterior SVZ (AP: +1.62 mm), and
posterior SVZ (AP: +0.74 mm) were selected as regions of interest to identify
neural progenitors (Ki67-expressing) along the RMS. Three slices for each brain
region were collected per mouse with identical gaps. All of the sections were
imaged at 20x magnification. Ki67-expressing cells were manually counted with
ImageJ (NIH, Bethesda, MD, USA). The mean of cell counts was used as a

representative value for each mouse. OB slices were selected as a region of interest
¥l L ||
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to identify newly generated cells (BrdU-incorporated). For whole slice images,
three sections were imaged per mouse at 20x magnification. The counts of BrdU-
incorporated cells were averaged within layers of the OB per each mouse to obtain
a representative value. For z-stacked images (63x magnification, 1 um step size),
four fields of view were randomly selected in the GCL and GL, respectively, and
the cell counts were averaged within each layer per mouse. Co-stained glutamic
acid decarboxylase 67 (GAD67) was used to confirm whether BrdU-incorporated

cells were inhibitory cells.

2.1.6. Whole-cell voltage-clamp

Transverse acute slices of the olfactory bulb (300 um) were prepared. Briefly,
mice were anesthetized with isoflurane and decapitated. The brain was rapidly
removed and placed in ice-cold oxygenated (95% O, and 5% CO,), low-Ca?*/high-
Mg?* dissection buffer containing 5 mM KCI, 1.23 mM NaHPO4, 26 mM
NaHCO3, 10 mM dextrose, 0.5 mM CaClz, 10 mM MgCl,, and 212.7 mM sucrose.
Slices were transferred to a holding chamber in an incubator containing oxygenated
(95% O and 5% COy) artificial cerebrospinal fluid (ACSF) composed of 124 mM
NaCl, 5 mM KClI, 1.23 mM NaH;PQO4, 26 mM NaHCOs, 10 mM dextrose, 2.5 mM
CaCly, and 1.5 mM MgCl, at 28°C-30°C for at least 1 h before recording. After
recovery, slices were transferred to the recording chamber where they were
perfused continuously with ACSF gassed with 95% O./5% CO: at a flow rate of 2
ml/min. Slices were equilibrated for 5 min prior to recordings and all the
experiments were performed at 30°C—32°C. Recordings were obtained using a
Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA, USA) under
visual control with differential interference contrast illumination on an upright
microscope (BX51WI; Olympus). Patch pipettes (4—6 MQ) were filled with 135
mM K-gluconate, 8 mM NacCl, 10 mM HEPES, 2 mM ATP-Na, and 0.2 mM GTP-
Na to record sEPSCs in voltage-clamp mode or neuronal excitability in current-
clamp mode (pH 7.4 and 280-290 mOsm). Patch pipettes were filled with 130 mM
CsCl, 1.1 mM EGTA, 2 mM MgCl;, 0.1 mM CacCly, 10 mM NaCl, 10 mM HEPES,
and 2 mM ATP-Na to record sIPSCs (pH 7.4 and 280—-290 mOsm). Only cells with
access resistance <20 MQ and input resistance >100 MQ were studied. The
extracellular recording solution consisted of ACSF supplemented with picrotoxin

.
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(100 uM) for sEPSC and excitability. The sIPSC was recorded with extracellular
solution ACSF at 0 mV. Data were acquired and analyzed using pClamp 10.5
(Molecular Devices). Signals were filtered at 2 kHz and digitized at 10 kHz using
Digidata 1550A (Axon Instruments, Union City, CA, USA).

2.1.7. K-means clustering

| applied K-means clustering to confirm Negrl’” and WT mice are distinctively
categorized according to behavioral features: the odor habituation, odor
dishabituation, the first stage of affective discrimination, and the total of affective
discrimination. We chose two centroids for the clustering based on both the prior
knowledge that we used two genotypes of mice. The individual points within
clusters were represented on the x-y plane after the applying dimensionality
reduction principal component analysis (PCA). K-means clustering was performed
using R studio.

2.1.8. Statistics

Data were presented as mean * s.e.m. unless otherwise noted. Before group
comparisons, the normality of distribution and the equality of variance were
examined with the Shapiro-Wilk test and Levene’s test, respectively. The t-test or
Wilcoxon signed-rank test were used for two-group comparisons. Two-way mixed
ANOVA with post hoc test, adjusted by Bonferroni correction, was used when
more than two conditions were assigned to each group. Details are described for

each experiment in the corresponding figure legend.
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2.2. Results

2.2.1. Negrl” mice are impaired in affective discrimination for stress and pain

I employed ADT to examine the capability of Negr1l” mice to discriminate the
affective states of conspecifics (Figure 3a, 4a). Before the test, | measured
locomotion and spatial bias during the habituation phase to exclude their
confounding effects on affective discrimination. Neither WT nor Negrl” mice
showed spatial bias, and Negrl” mice exhibited normal locomotion in the
experimental cage (Figure 3b, 4b). After the habituation, | simultaneously
presented stress-evoked and affectively-neutral mice (demonstrator) as social
stimuli in the test cage. The WT observers investigated the stress-evoked
demonstrator more than the affectively-neutral demonstrator in the test. Their
preferential social investigations were noticeable in the first and the second two-
minute durations (Figure 3d). However, the preference for the stress-evoked
conspecifics was significantly attenuated in the Negrl” mice, indicating impaired
discrimination (Figure 3c, d). To determine whether Negrl” mice are able to
discern pain in conspecifics, | presented pain-evoked demonstrators to Negrl™
mice (Figure 4a, 5a). For this, | employed a sciatic nerve transection (SNT) model,
which causes mice to suffer from chronic neuropathic pain (Lim et al., 2017). |
performed SNT and sham surgery on pain- and neutral-demonstrators, respectively
(Figure 5a), and confirmed the pain induction with the von Frey test before and
after the surgery (Figure 5b). Seven days after the surgery, | presented pain-evoked
and affectively-neutral demonstrators to the ADT (Figure 4a). This time, WT mice
preferred neutral mice over pain-evoked demonstrators with significant social
preference in the first and the second two-minute durations. However, Negrl”
mice did not show a social preference for either neutral- or pain-evoked
demonstrators (Figure 4c, d). These data indicate that Negr1” mice are impaired in

discriminating affective states among conspecifics.
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Figure 3. Negrl’” mice are impaired in affective discrimination for stress.

a, The schematic design of emotional discrimination test for stressful/neutral (WT,
n = 9; Negrl”, n = 9). b, Left, time ratio between the right and left social areas
(student’s t-test, P = 0.132). Right, total distance traveled in the test chamber (one
sample t-test, p = 1, WT, P = 0.336; Negrl”, P = 0.448). ¢, The moving traces
during the early phase (0—2 min) of test. d, Left, the total 6 min of the test with
stress/neutral demonstrators is divided into three sessions (each of 2 minutes), the
first 2 min (left; two-way mixed ANOVA, interaction F116 = 2.776, P = 0.115;
Bonferroni post hoc test, *P < 0.05), the second 2 min (middle; two-way mixed
ANOVA, interaction F116 = 1.768, P = 0.202; Bonferroni post hoc test, *P < 0.05),
and the last 2 min (right; two-way mixed ANOVA, interaction Fi1s = 1.634, P =
0.219). Right, during the total of six minutes (two-way mixed ANOVA, interaction
F116 = 2.768, P = 0.116; Bonferroni post hoc test, *P < 0.05).
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Figure 4. Negrl” mice are impaired in affective discrimination for pain.

a, The schematic design of emotional discrimination test for painful/neutral
demonstrators (WT, n = 9; Negrl™, n = 9). b, Left, time ratio between the right and
left social areas (Wilcoxon signed-rank test, P = 0.258). Right, total distance
traveled in the test chamber (one sample t-test, u = 1, WT, P = 0.477; Negr1™”, P =
0.925). ¢, The moving traces during the early phase (0-2 min) of test. d, Left, the
total 6 min of the test with painful/neutral demonstrators is divided into three
sessions (each of 2 minutes), the first 2 min (left; two-way mixed ANOVA,
interaction F116 = 1.701, P = 0.211; Bonferroni post hoc test, *P < 0.05), the
second 2 min (middle; two-way mixed ANOVA, interaction Fi16 = 1.701, P =
0.151; Bonferroni post hoc test, *P < 0.05), and the last 2 min (right; two-way
mixed ANOVA, interaction F116 = 3.494, P = 0.080). Right, during the total of six
minutes (two-way mixed ANOVA, interaction F116 = 1.439, P = 0.248; Bonferroni
post hoc test, *P < 0.05).
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Figure 5. Sciatic nerve transaction induces neuropathic pain.

a, The schematic designs of SNT surgery and von Frey test (Sham, n = 18; SNT, n
= 18). b, The paw-withdrawal threshold during the von Frey test (two-way mixed
ANOVA, interaction Fy 34 = 7.329; Bonferroni post hoc test, ***P < 0.001).
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To determine whether NEGR1 is involved in other social-related behaviors, |
assessed the sociability and social novelty of Negrl” mice using the three-chamber
social test (Figure 6a). Before the test, | measured locomotion and spatial bias
during the habituation phase to exclude their confounding effects. Neither WT and
Negrl” mice showed spatial bias, and Negrl” mice had normal locomotion in the
experimental apparatus (Figure 6b). Similar to WT mice, Negrl” mice preferred
social stimuli over non-social stimuli interacting with conspecific mice as much as
WT mice in the sociability testing phase (Figure 6¢). However, interestingly, they
were slightly impaired in recognizing novel conspecifics in the social novelty
phase, though it was not statistically significant (Figure 6c, d). Taken together,
although Negrl”™ mice showed normal sociability upon encountering social
stimulation, they have difficulty in discriminating different social stimuli and

affective states of conspecifics.
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Figure 6. Negrl” mice are partially impaired in social novelty, but not sociability.

a, The schematic design of the three-chamber social test (WT, n = 12; Negrl™, n =
12). b, Traveled distance during the habituation phase (Bonferroni-corrected paired t-
test, WT, adjusted Pietirignt = 1; Negrl”, adjusted Piet.rignt = 0.801). ¢, Left, the moving
traces during the sociability phase. Middle, time in the interaction zone during the
sociability test phase (two-way mixed ANOVA, interaction F12 = 0.398, P = 0.535;
Bonferroni post hoc test, **P < 0.01, ***P < 0.001). Right, traveled distance during
the sociability phase (student’s t-test, *P = 0.030). d, The moving traces during the
sociability phase. Middle, time in the interaction zone during the social novelty test
phase (two-way mixed ANOVA, interaction F12, = 0.716, P = 0.407; Bonferroni post
hoc test, *P < 0.05). Right, traveled distance during the sociability phase (Welch’s t-
test, P = 0.174).
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2.2.2. Dysregulated olfactory function of Negrl’” mouse.

Affective and social recognition among rodents is mediated by sensory
stimulation, such as visual detection of facial expression and olfactory detection of
social chemicals (Contestabile et al., 2021; Dolensek et al., 2020; Ferretti et al.,
2019; Langford et al., 2010). To identify the types of sensory modality involved in
ADT, | adopted sensory-controlling acryl cups used to differentiate the effects of
each sensory modality in a social test (Figure 7a) (Contestabile et al., 2021). While
both Negrl” and WT mice were able to discern and investigate social stimulation
in the olfactory cue-only acryl cups in which visual cues were blocked (Figure 7D,
c), they did not discriminate conspecific vs. object without olfactory cues (visual
cue only or non-visual & non-olfactory cues) (Figure 7b). These data indicate both
WT and Negrl”™ mice primarily utilize their olfactory function for social
recognition (Figure 7b, ¢). To further characterize the olfactory processing of social
odors in Negrl” mice, | performed the odor habituation and dishabituation test by
sequentially presenting social and non-social odors to the mice (Figure 8a). WT
mice showed odor habituation and dishabituation by repeated exposure to both
social and non-social odors (Figure 8b). However, Negrl” mice were impaired in
habituation and dishabituation to social odors, but not non-social odors (Figure 8c,
d), indicating Negrl” mice have aberrant olfactory processing specifically for
social odors. Along with the impairment in olfactory processing of social odors,
Negrl” mice showed a less sniffing behavior when exposed to non-social odors
during the first trial (Figure 8e).
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Figure 7. Negrl” mouse socially interacts with conspecifics via olfaction.

a, The schematic design of the sensory-controlled social test (WT, n = 8; Negrl”, n
= 7). b, Sniffing time during the sensory-controlled social test divided into three
sessions (each 2 min; upper: WT, bottom: Negrl”). Left, the first 2 min (two-way
RM ANOVA; WT, interaction F214 = 27.6, P < 0.0001; Negrl™, interaction Fi076.42
=16.2, P = 0.006; Bonferroni post hoc test, *P < 0.05, **P < 0.01, ***P < 0.001).
Middle, the second 2 min (two-way RM ANOVA; WT, interaction Fi037.19 = 3.70,
P = 0.094; Negrl”, interaction Fios642 = 2.61, P = 0.156). Right, the last 2 min
(two-way RM ANOVA; WT, interaction Fios71s = 2.18, P = 0.183; Negrl™,
interaction Figoes2 = 1.88, P = 0.218). ¢, Sniffing time for the olfaction-only
condition for the comparison between WT and Negrl™. Top, 0-2 min (two-way
mixed ANOVA, interaction F113 = 0.315, P = 0.584; Bonferroni post hoc test, **P
< 0.01, ***P < 0.001). Bottom: total 6 min (two-way mixed ANOVA, interaction
F113 = 0.381, P = 0.548; Bonferroni post hoc test, **P < 0.01, ***P < (0.001).
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Figure 8. Negrl” mouse shows aberrant olfactory habituation and dishabituation
for social odors.

a, The schematic design of odor habituation-dishabituation test (WT, n = 13;
Negrl”, n = 11). b, Raw sniffing time during the test (two-way mixed ANOVA,
interaction Fi430s = 4.787, P < 0.0001, Bonferroni post hoc test, *P < 0.05, **P <

0.01, ***P < 0.001). c. First sniffing time for non-social odors (left; Wilcoxon

signed-rank test, ***P < 0.0003), for social odors (right; student’s t-test, P = 0.063).

d, Normalized olfactory habituation index for non-social odors (left, two-way
mixed ANOVA, interaction F,44 = 5.310, P = 0.009; Bonferroni post hoc test, ***P
< 0.001), for social odors (right; two-way mixed ANOVA, interaction Fpas =
12.377, P = 0.0005, Bonferroni post hoc test, ***P < 0.001). e, Dishabituation
index for non-social odors (left; Wilcoxon signed-rank test, P = 0.147), for social
odors (right; Welch’s t-test, P < 0.003). Habituation index = sniffing/max(sniffing)
in each session, dishabituation index = following 1st normalized habituation index

— preceding 3rd normalized habituation index.
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To confirm that the olfactory function for non-social odors is intact in Negrl™”
mice, | tested the ability of Negrl” mice to detect non-social odor by a buried food
test (Figure 9a). Negr1” mice foraged hidden food as fast as WT mice by olfaction
(Figure 9b), suggesting Negrl’ detected non-social odors as efficiently as WT
mice. Therefore, | hypothesized that although Negrl” mice had intact ability to
detect social odors, they did not process social odors normally. As the odor-reward
association accounts for the odor discrimination (Grelat et al., 2018; Pool et al.,
2014), | tested whether Negrl” mice have impaired odor-reward associations by
the odor discrimination learning test (Figure 10a). | trained both Negrl” and WT
mice for four days to selectively associate S-carvone with rewards, crystal sugar,
while R-carvone was not associated with the rewards. On the fifth day, after
burying S- and R-carvone under the bedding, we tested whether mice showed
preferential foraging behavior (i.e., digging) for the reward-associated odor, S-
carvone, rather than the neutral odor, R-carvone. | found that Negr1” mice did not
show preferences for S-carvone, indicating that they failed to discriminate between
the reward-associated and the neutral odor (Figure 10b). Since Negrl” mice
displayed aberrant olfactory habituation and dishabituation (Figure 8), it was
unclear whether they failed to discriminate these two given odors or impaired in
learning the rewarding value of S-carvone. To address this issue, we tested if
Negrl”mice successfully associated S-carvone with reward by presenting only S-
carvone on the sixth day. Interestingly, while WT mice dug the S-carvone side
preferentially over empty side, Negrl” mice did not dig bedding on the S-carvone-
buried side (Figure 10b). These data indicate that Negrl’ mice are impaired in

associating odor with reward.
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Figure 9. Negrl” mouse normally detects non-social odor.

a, The schematic design of the buried food test (WT, n = 9; Negrl”, n = 8). b,
Latency time to find food (Wilcoxon signed-rank test, P = 0.963).
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Figure 10. Negrl” mouse failed to associate a novel odor with reward.

a, The schematic design of the odor discrimination learning test (WT, n=8; Negrl™,
n = 8). b, Digging time for the area under which odors are buried. Left, the first-day
test for odor discrimination (two-way mixed ANOVA, interaction Fy14 = 5.740, P =
0.031; Bonferroni post hoc test, **P < 0.01). Middle, the second-day test for
reward-odor association (two-way mixed ANOVA, interaction Fi14 = 7.309, P =

0.017; Bonferroni post hoc test, *P < 0.05). Right, the last-day test with the neutral
odor (two-way mixed ANOVA, interaction F114 = 0.043, P = 0.839).
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Then, | conducted both odor habituation/dishabituation test and ADT in each
mouse to test whether impaired affective discrimination is associated with social
odor habituation and dishabituation (Figure 11a). Once again, social-odor
habituation, dishabituation (Figure 11b, ¢) and social discrimination (Figure 11d, €)
were significantly reduced in Negrl” mice. In these mice, affective discrimination
is positively correlated with odor dishabituation during the early stage (0-2 min)
and the total duration of the test (Figure 11d, €). In the correlation plot between
odor dishabituation and affective discrimination (Figure 11d, ), Negrl” mice were
plotted mostly on the left bottom, while WT mice were on the right top of the graph.
This indicated that two groups were distinguished by olfactory dishabituation and
affective discrimination features. | confirmed this finding by k-means clustering
analysis, an unsupervised machine learning algorithm. In this analysis, Negrl”
mice were distinctively categorized by odor (dis)habituation and affective
discrimination measures (Figure 11f, g). These data demonstrate that affective
discrimination and odor (dis)habituation are not only associated with each other but

specify Negrl™ is the atypical group.
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Figure 11. Negrl” mice are clustered distinctly from WT mice with olfactory
(dis)habituation and affective discrimination.

a, The schematic design of the experimental schedule (WT, n = 7; Negrl™”, n = 6).
b, Raw sniffing time during the odor habituation-dishabituation test (two-way
mixed ANOVA, interaction Fggs = 5.318, P < 0.0001, Bonferroni post hoc test, *P
< 0.05, ***P < 0.001). c, Left, olfactory habituation index for social odors (two-
way mixed ANOVA, interaction F22,; = 8.603, P = 0.008; Bonferroni post hoc test,
***p < (0.001), Right, olfactory dishabituation index for social odors (Welch’s t-test,
**p = (.004). d,e, The ADT in the early stage and in the total duration. Left, the
sniffing ratio for the stress demonstrator (student’s t-test, early, P = 0.092; total, *P
= 0.034). Right, scatter plot with olfactory dishabituation index for the x-axis and
sniffing ratio for the y-axis (Pearson correlation, early versus sniff, r = 0.526, P =
0.065; total versus sniff, r = 0.512, P = 0.037). f, The input behavioral measures
used for k-means clustering. g, The scatter plot representing clusters on the x-y
plane of the reduced dimensionality by the principal component analysis. Enlarged

plots indicate the computed means of each group.
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2.2.3. Inhibitory inputs in the mitral cells of Negrl” mouse were increased
along with their decreased excitability

The findings indicated that Negrl’ mice were impaired in social odor-
processing functions. Odor information, such as value and identity, is represented
by the mitral cell activities (Doucette et al., 2011; Gire et al., 2013; Wang et al.,
2019; Xu et al., 2021), which are also involved in social recognition (Oettl et al.,
2016) and social learning (Liu et al., 2017). Accordingly, to explore the functional
alterations in mitral cells of Negr1” mouse, | performed whole-cell recordings of
mitral cells in acute OB slices and recorded the spontaneous excitatory and
inhibitory post-synaptic currents (SEPSCs and sIPSCs) and excitability (Figure
12a). Although I did not observe sEPSC changes (Figure 12b), sSIPSCs were more
frequently transmitted to mitral cells of Negr1” mice (Figure 12c¢) implicating an
altered balance of excitatory and inhibitory synaptic transmissions (E/I balance) in
mitral cells of Negrl’” mice. In addition, the excitability of mitral cells was
significantly decreased in Negrl” mice (Figure 12d). These data indicate that
mitral cells of Negrl” mice are under decreased E/I ratio, and subsequently their

action potentials being suppressed.
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Figure 12. Inhibitory inputs are increased in the mitral cells of Negrl”’ mouse
with a decrease in their excitability.

a, The schematic design of the whole-cell recording experiment. b, Representative
current traces and quantified graphs of sEPSC. Left, amplitude (WT, n = 20
neurons, 3 animals; Negrl”, n = 15 neurons, 3 animals; student’s t-test, P = 0.308),
Right, frequency (WT, n = 14 neurons, 2 animals, Negrl”, n = 14 neurons, 2
animals; student’s t-test, P = 0.983). ¢, Representative current traces and quantified
graphs of sIPSC. Left, amplitude (Wilcoxon signed-rank test, P = 0.352), Right,
frequency (student’s t-test, **P = 0.008). d, Representative voltage traces and
quantified graphs of excitability (WT, n = 18 neurons, 3 animals; Negrl™, n = 12
neurons 2 animals; two-way mixed ANOVA, Fg2ss = 2.526, P = 0.008, Bonferroni
post hoc test, *P < 0.05).
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2.2.4. The number of neural progenitor cells are reduced in Negrl’” mouse.

It was previously reported that NEGR1 is required for adult hippocampal
neurogenesis (Noh et al., 2019). Considering that adult olfactory neurogenesis
affected olfactory discrimination (Shani-Narkiss et al., 2020), reward association
(Grelat et al., 2018), and social recognition (Guarnieri et al., 2020), | determined
whether impaired olfactory neurogenesis in Negrl”’ mice underlies the neural
mechanism of olfactory dysfunction and impaired affective discrimination. |1
measured neural progenitor cells (NPCs) in SVZ, where adult olfactory
neurogenesis begins, and in the OB, the final destination of olfactory progenitor
cells (Figure 13a). The number of Ki67* NPC was significantly reduced in the
posterior part of SVZ (pSVZ), but not in the anterior part of SVZ (aSVZ) or in the
OB, of Negrl” mice compared with WT mice (Figure 13b, c), indicating adult
neurogenesis of Negrl” mice is impaired in a particular region of the SVZ.

Olfactory neurogenesis is spatially patterned between the SVZ and the OB
(Merkle et al., 2007, 2014). Thus, | performed the BrdU incorporation assay to
measure the number and the location of newly generated neurons in the OB eight
days after BrdU administration (Figure 14a). | chose the GCL and GL as regions of
interest since newly generated olfactory neurons are integrated in these layers
(Merkle et al., 2007) (Figure 14e, f, and 15a). Compared with WT mice, the
number of newly generated inhibitory cells (BrdU* and GAD67") was decreased in
the GL, but not in the GCL, of Negrl” mice (Figure 14g, h, and 15b). Taken
together, these data indicate that adult SVZ neurogenesis and subsequent
integration of new neurons into the GCL are reduced in Negrl” mice, which might

contribute to aberrant olfactory processing and impaired affective discrimination.
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Figure 13. The number of pSVZ NPCs is reduced in Negrl’ mouse.

a, Along the rostral migratory pathway, posterior subventricular zone (pSVZ2),
anterior SVZ (aSVZ), and olfactory bulb (OB) were chosen (WT, n = 8; Negrl™, n
= 7). Dashed lines on the brain saggital image indicate collected sections, and
dashed line squares show regions of interest. b, Immunostaining showing Ki67
(organge) in pSVZ (top; scale bar, 500 pm, 100 um), aSVZ (middle; scale bar, 500
pm, 100 pm), and OB (bottom; scale bar, 200 um, 50 pum). White dashed line
squares are magnified on the right side of the images. ¢, The number of Ki67* cells
in b, pSVZ (top; student’s t-test, **P = 0.005), aSVZ (middle; student’s t-test, P =
0.227), and OB (bottom; student’s t-test, P = 0.915).
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Figure 14. The number of newly generated inhibitory neurons is reduced in

the GL of Negrl” mouse.

a, The schematic design of bromodeoxyuridine (BrdU) incorporation assay. b, The
whole image of olfactory bulb delineating granule cell layer (GCL) and glomerular
layer (GL). Scale bar, 500 um. c, Representative immunostaining images showing
BrdU (red), DAPI (blue), and GAD67 (orange). Scale bars, 50 um. d,e, The
number of GAD67* and/or BrdU* cells in GL (d) and GCL (e). Ind (GL; WT, n =
5; Negrl”, n = 5), GAD67 and BrdU double positive cells (left; student’s t-test, *P
= 0.421), GAD67 negative but BrdU positive cells (middle; student’s t-test, P =
0.963), and total number of BrdU positive cells (right; student’s t-test, *P = 0.048).
In e (GCL; WT, n = 5; Negrl”, n = 5), GAD67 and BrdU double positive cells
(left; student’s t-test, P = 0.222), GADG67 negative but BrdU positive cells (middle;
student’s t-test, P = 0.243), and total number of BrdU positive cells (right; student’s
t-test, P = 0.605).
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a, Immunostaining wide images of BrdU (red), DAPI (blue), and GADG67
(organge) in GL (left) and GCL (right). scale bars, 100 pum. b, The number of
BrdU* cells in GL (top; student’s t-test, *P = 0.013), GCL (middle; student’s t-test,
P =0.739), and both GL and GCL (bottom; student’s t-test, P = 0.186).
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3. CONCLUSION

3.1. Summary

Deficits in affective recognition is one of the key features of ASD patients
(Fridenson-Hayo et al., 2016), but little is known about how mouse models of autism
respond to the affective states of conspecifics. Here, | reveal that Negrl deficiency
results in impairments in affective discrimination along with olfactory processing
deficit. The co-manifestation of impairment in affective discrimination and olfactory
processing in Negrl’ mice allowed us to test whether neural alteration in the olfactory
brain regions is involved in impaired affective recognition. | demonstrated that the
excitability of olfactory mitral cells was decreased in Negrl’ mice, with increased
inhibitory synaptic transmissions. As a potential underlying mechanism, | found that
adult olfactory neurogenesis was downregulated in the Negrl” mice, indicating that the
defect in neuronal integration into the olfactory bulb may be responsible for the impaired

olfactory processing and the affective discrimination in Negr1” mice (Figure 16)
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Figure 16. Graphical summary. Negrl-deficient mouse is impaired in discriminating
affective states of other mice. The affective discrimination is associated with olfactory
functions, in which the decrease in mitral cell excitability by Negrl deficiency can
reduce efficiency of processing social olfactory information. The attenuated mitral cell
excitability can be induced by increased inhibitory inputs, which can be related to the

decrease in olfactory neurogenesis by Negrl deficiency.
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3.2. Implication

In the present study, | demonstrated that Negrl deficiency impairs affective
discrimination, resulting in unbiased social investigation regardless of the affective
states of their conspecifics. This suggests that Negrl deficiency can disrupt the
ability to recognize affective states in mice, which might induce inadequate
motivational behaviors (i.e., approach or avoidance) to their conspecifics. In
previous studies (Ferretti et al., 2019; Scheggia et al., 2020), normal mice showed
preferential investigating behaviors depending on the affective states (e.g., stress,
relief, fear) of conspecific, indicating affective information modulates motivation
to interact with their conspecifics. However, as | observed in Negrl-deficient mice,
the severity of ASD symptoms is negatively correlated with emotional reactivity
and awareness, suggesting atypical emotional responses hindered engaging in
social behaviors (Dijkhuis et al., 2019). According to the social motivation theory
of autism, ASD people do not have an interest in others due to atypical processing
of social stimuli regarding the generation of motivational valence in the brain
circuit (Clements et al., 2018). However, the molecular entities underlying atypical
information processing has remained elusive. The data in this study suggest that
NEGRL is involved in processing affective information to elicit social motivation.
Of note, | found that Negrl” mice are impaired in habituation and dishabituation
for social odors. This suggest that NEGR1 deficiency impairs social odor
processing, which in turn disrupts the normal information transmission to the
afferent pathway. Motivation-related brain areas, such as the basal nucleus of stria
terminalis, cortical amygdala, and medial preoptic area, lie upstream of the
olfactory pathway and are involved in social preference and consummatory social
behaviors (Hu et al., 2021; Jones et al., 2011; Kim et al., 2015; Kwon et al., 2021).
Thus, these findings suggest that Negrl-deficient mice aberrantly process social
odors, which may prevent them from receiving intact social chemical signals in
motivation-relevant brain areas. It is therefore conceivable that Negrl’ mice are
not motivated to interact with or avoid affective conspecifics because of impaired
information processing of affective states of conspecifics.

In this study, | demonstrate that Negrl-deficient mice were distinct from WT

mice in olfactory habituation, dishabituation, early affective discrimination, and

3]
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total affective discrimination. In addition, | found a positive correlation between
social odor dishabituation and affective discrimination. This implies that the less
dishabituated for changes in social odors mice are, the worse they are at
discriminating conspecific affective states. Thus, Negrl-deficient mice are a useful
mouse model to study the association between olfactory processing and affective
recognition. Olfactory function and social-affective interaction are also associated
with each other in people with ASD (Endevelt-Shapira et al., 2018; Rozenkrantz et
al., 2015; Sweigert et al., 2020). For example, ASD children respond differently to
(un)pleasant odors from typically-developed children, and this atypicality is
associated with the social affect score of the autism diagnostic observation
schedule (ADOS) (Rozenkrantz et al., 2015). Likewise, ASD children show
abnormal autonomic response to fear-related body odor, which is also correlated
with ADOS scores (Endevelt-Shapira et al., 2018). This indicates that autistic
symptoms are linked with the olfactory function. Therefore, | suggest that Negrl-
deficient mice are an appropriate animal model to dissect the underlying
mechanism of ASD involving defects in olfactory sensory processing and affective
recognition.

As for cellular mechanisms, | detected increased inhibitory synaptic inputs into
and diminished excitability of olfactory mitral cells of Negrl-deficient mice. The
increase in inhibitory inputs to the mitral cells can reduce their excitability, which
in turn impair olfactory processing in Negrl-deficient mice. As the main output
signaling for olfactory information, mitral cell temporal activity patterns are
required to identify and discriminate odors accurately (Gschwend et al., 2012,
2015; Yamada et al., 2017). In this regard, inhibitory inputs to the mitral cell
population may play roles in odor identification by tuning output properties
(Cavarretta et al., 2016; Gschwend et al., 2015). Specifically, a subset of mitral
cells, which fire spontaneously in the absence of any odor stimulation, is inhibited
when an odor is presented (Kollo et al., 2014), and such temporal inhibition is
critical for olfactory discrimination because it enhances signaling contrasts in
response to odor stimuli (Wang et al., 2019). However, considering that mitral cell
firing was suppressed at the basal level in Negrl”™ mice, olfactory signaling
contrasts before and after odor presentation might be impaired, thereby resulting in

the dysfunction of odor recognition.
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Along with the functional alteration in the mitral cells, 1 showed that Negrl
deficiency decreased neurogenesis in the adult olfactory bulb. The decreased
olfactory neurogenesis in Negrl-deficient mice explains altered inhibitory inputs to
the mitral cell population and the impaired olfactory processing of Negrl’ mice. It
has been reported that adult olfactory neurogenesis influences olfactory functions,
such as odor discrimination and identification (Gheusi et al., 2000; Grelat et al.,
2018; Moreno et al., 2009; Shani-Narkiss et al., 2020). Consistent with present
findings, in particular, inhibiting adult-born olfactory neurons suppressed mitral
cell activation and impaired odor discrimination (Shani-Narkiss et al., 2020).
Adult-born interneurons have increased excitability with promiscuous connectivity
within the olfactory microcircuit (Livneh et al., 2014), and this heightened basal
excitability is maintained even after they are fully matured (Fomin-Thunemann et
al., 2020). Considering olfactory interneurons inhibit other inhibitory neurons (i.e.,
lateral inhibition) and mitral cells, adult-born olfactory interneurons can transmit
stronger and broader inhibitory outputs to both pre-existing inhibitory neurons and
mitral cells. In a previous study, inhibiting adult-born interneurons reduced the
dynamics of neuronal activity patterns in the microcircuit, and the basal and odor-
evoked mitral cell activities were therefore unable to make contrast in electrical
signals generated by olfactory stimuli (Shani-Narkiss et al., 2020). Thus, |
hypothesized that the decrease in adult olfactory neurogenesis due to Negrl
deficiency simultaneously reduces inhibitory outputs to pre-existing inhibitory
neurons and mitral cells. Taken together, | argue that the impairment of olfactory
information processing observed in Negrl-deficient mice is at least partly due to
the decrease in adult olfactory neurogenesis with an inefficient signal transmission
within the OB.

3.3. Limitation and Future Research

In this study, there are some limitations that will be addressed in future work.
First, 1 did not identify mechanisms to explain how NEGR1 deficiency affects
olfactory neurogenesis. In a previous study, NEGR1 modulates adult hippocampal
neurogenesis by interacting with the leukemia inhibitory factor (LIF) receptor and
inducing lipocalin-2 expression (Noh et al., 2019). LIF receptor in SVZ, however,
has been reported to downregulate neurogenesis in the presence of LIF (Bauer &
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Patterson, 2006). Thus, it is not likely that NEGR1 contributes to olfactory
neurogenesis by interacting with the LIF receptor. Instead, NEGR1 forms a
heterodimer with fibroblast growth factor receptor 2 (FGFR2), which supports the
downstream signaling of FGFR2 (Szczurkowska et al., 2018). The FGFR2 is
known to be expressed and promotes adult neurogenesis within SVZ (Chadashvili
& Peterson, 2006; Frinchi et al., 2008). Therefore, it is conceivable that NEGR1
plays a role in adult olfactory neurogenesis by interacting with FGFR2, a
relationship that needs to be tested in the future studies by identifying the
expression level of FGFR2 with western blot and gPCR, then comparing the
amount of neurogenic marker proteins between WT and Negl-deficient
mouse after overexpressing FGFR2 level in the SVZ.

Second, | did not clearly address the difference in olfactory behavioral reactivity
between the novel (water, banana, and almond) and familiar (a regular chow) non-
social odors in Negrl-deficient mice. According to a previous study (Magavi et al.,
2005), adult-born olfactory neurons are involved in an initial response to a novel odor
and odor familiarization. When assessing the response of c-fos, one of the immediate
early genes, in the OB, the expression level of c-fos was increased in adult-born
neurons after mice were exposed to the odor not only for the first time (i.e., novel
condition) but after consecutive three days (i.e., familiarization condition) compared to
preexisting neurons. This may explain the insensitive reaction to novel odors and the
failure to associate a reward with novel odors during the four-day learning phase in the
Negrl-deficient mouse. To confirm the involvement of adult-born neurons in the
behavioral aberrations in Negrl-deficient mice, in vivo calcium recordings for OB
neurons can be employed to observe neuronal signaling dynamics at an initial response

to novel odors as well as during and after associating a reward with odors.

3.4. Concluding Remarks

Conclusively, I showed that Negrl deficiency, a risk factor gene of ASD, leads to
deficits in social-affective discrimination and abnormal olfactory processing with
reduced OB neurogenesis. These data reveal an unexpected link between affective
recognition and olfactory processing mediated by NEGR1, and | propose a novel
neurobiological mechanism of autism-related behaviors based on disrupted adult
olfactory neurogenesis and processing.
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