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ABSTRACT

The sense of smell, known as olfaction, is greatly affected by age, with older
individuals often experiencing a decline in their ability to smell. These deficits are
typically permanent and can significantly impact their quality of life, eating habits,
and may serve as early indicators of cognitive decline, and dementia. Despite
their impact in life quality, we currently lack basic understanding regarding the
effects of both natural and pathological aging on the ability to smell. A particularly
intriguing category of olfactory information pertains to social odors, the disruption
of which could potentially contribute to reduced social interactions and increased

health issues.

Our study of the vomeronasal organ, which serves as the primary gateway for
pheromone-encoded information, revealed distinct effects of both natural and
pathological aging on the neurogenic capacity of the vomeronasal sensory
epithelium. In an animal model of Alzheimer’s disease (double mutant APP/PS1
mice), cell proliferation largely remained intact, but naturally aged animals
showed significant deficiencies in the number of mature, proliferative, and

progenitor cells.

Our findings suggest that aging hinders the processing of social olfactory cues,
leading to reduced exploration, discrimination, and habituation to social odors in
both wild-type senescent mice (2-year-old) and in 1-year-old APP/PS1 mice.
These changes may contribute to age-related difficulties in recognizing social
cues and displaying social behaviors. As expected, social novelty was diminished
in 1-year-old APP/PS1 mice, indicating that alterations in the processing of social
cues occur more rapidly in pathological aging. This study unveils fundamental
differences in the cellular processes through which natural and pathological aging

disrupt the exploration of social information and social behavior.



RESUMEN

El sentido del olfato se ve afectado por la edad. Estos déficits olfativos suelen
ser permanentes y pueden tener un impacto significativo en la calidad de vida y
habitos alimenticios, ademas de servir como potenciales indicadores tempranos
de deterioro cognitivo y demencia. A pesar del impacto en la calidad de vida,
actualmente desconocemos como el envejecimiento natural y patolégico afectan
a la funcion olfativa. Un tipo particularmente interesante de informacion olfativa
implica la deteccion de olores sociales, cuya alteracion podria afectar a la

conducta social agravando otros problemas de salud.

Nuestro estudio ha analizado el efecto del envejecimiento natural y patolégico
sobre el érgano vomeronasal, un érgano sensorial especializado en la deteccion
de feromonas. Nuestro trabajo ha identificado que los procesos de
envejecimiento natural y patolégico afectan de manera distinta la capacidad
neurogénica del epitelio sensorial del 6rgano vomeronasal. De manera
inesperada, se observd que la proliferacion celular en un modelo animal de
enfermedad de Alzheimer (EA; linea transgénica doble mutante APP/PS1)
presentaba niveles similares a la de animales control, mientras que los animales
envejecidos de manera natural mostraban deficiencias significativas tanto en el
numero de células maduras y en estado proliferativo, asi como de células

progenitoras.

A pesar de no identificarse efectos en la capacidad proliferativa del 6rgano
vomeronasal, se observo una reduccion significativa en el procesamiento de las
sefales olfativas sociales, indicado por una menor tasa de exploracion,
discriminacion y habituacion a los olores sociales en ratones APP/PS1 de 1 afio,
déficits que se encontraron exacerbados en comparacion con la disminucion de
los mismos parametros en ratones senescentes (2 afios). Estas alteraciones en
el reconocimiento de senales sociales podrian contribuir a déficits en la conducta
social. Para comprobar esta hipotesis analizamos la sociabilidad y novedad
social en animales envejecidos de forma natural y ratones APP/PS1 de un afio
mediante un test de tres camaras. Nuestros resultados indican que a pesar de

que la sociabilidad general no se encuentra alterada, existe una disminucion muy
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significativa de la novedad social en el modelo de Alzheimer. Este estudio revela
diferencias fundamentales en los procesos celulares a través de los cuales el
envejecimiento natural y patolégico afectan a la exploracion de informacion

social, su procesamiento y, finalmente el comportamiento social.
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1. INTRODUCTION
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1.1. What importance does olfaction have in human life?

In humans, who mainly use visual signals for navigation, the sense of smell has
historically been undervalued. However, olfaction plays an essential role as a
defense mechanism and alertness (e.g., to detect harmful gases). In fact, it is
reported that nearly 80 % of people with functional impairments in the olfactory
system have faced a domestic accident commonly related to fire or spoiled food
(Bonfils et al., 2008). Additionally, the sense of smell plays a crucial role in
interpersonal relationships exhibiting high inter-individual heterogeneity (Hummel
and Nordin, 2005).

Furthermore, olfaction is known to decline with age in humans, during both
natural and pathological conditions. These alterations have been correlated with
disease advancement in dementia patients, posing a risk factor for mild cognitive
impairment (MCI) to progress to Alzheimer’s disease (AD). So, in addition to the
contribution to overall quality of life, olfaction has gained attention as a potential
predictive tool for neurodegenerative diseases, an aspect that will be discussed

in section 1.7. of this Introduction.

1.2. Studying chemical communication in animal models to understand

olfactory dysfunction in humans

In rodents, chemosensory systems play a critical role influencing various aspects
of their behavior and survival. These sensory systems primarily involve the
detection and interpretation of chemical cues from the environment, allowing
mice to navigate, communicate, and make decisions essential for survival.
Particularly, rodent social and reproductive behaviors heavily rely on
communication using pheromones, secreted or excreted signals that commonly

trigger innate behaviors in conspecifics (Karlson and Luscher, 1959).

In rodent species, both pheromones and olfactory cues related to social
communication are detected mainly by the vomeronasal organ (VNO) (Halpern
and Martinez-Marcos, 2003). Numerous studies have demonstrated the

fundamental role of pheromonal detection in social and sexual behaviors in mice.
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A good example involves the significant reduction of ultrasonic vocalizations in
response to either female or female urine presentation in males in which the VNO
was ablated (Wysocki et al., 1982).

While the VNO is considered to extend the complexity of chemosignal detection
in some mammalian species, a potential functional role of the vestigial VNO-like
structure found in humans remains controversial. Nonetheless, the neuronal
structure surrounding the vestigial human VNO suggests a function, perhaps

related to an enhancement of odor discrimination capabilities (Smith et al., 2014).

In parallel to other sensory systems, olfaction is known to decay with age.
Olfactory impairments have been identified as one of the major sources of
nutritional deficiencies and eating disorders in the elderly. These effects may be
at the root of broader health complications ranging from immune deficits to
depression. Importantly, olfactory deficits have been shown exacerbated and to
appear early in the context of neurodegenerative disorders, mainly AD (Hummel
and Nordin, 2005). Thus, we are in need to further investigate how both natural
and pathological aging impact olfaction in order to gain basic knowledge which
could lead to early diagnosis and/or therapeutic interventions for ameliorating

neurodegenerative disorders.

1.3. Olfactory systems in mice

The olfactory systems in mice can be categorized into different subsystems
based on various factors, including the location of their sensory neurons, the
types of olfactory receptors, the signaling pathways to transmit chemosensory
signals, the specific odors detected, and the connectivity of sensory neurons to
the forebrain (Munger et al., 2009a). In rodents, the primary distinction lies
between the main olfactory system (MOS) and the vomeronasal system, also

called the accessory olfactory system (AOS) (Figure 1).

-12 -
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Figure 1. Basic models of the olfactory bulb (OB) network. a, Image used by
Santiago Ramoén y Cajal in his Croonian Lecture in 1894, showing the pathway
that the olfactory information would take from the olfactory receptor cells (A),
forming the glomeruli in the OB (B), to the mitral cells (C), whose axons would
constitute the lateral olfactory tract (E), allowing the olfactory information to reach
the olfactory cortex (F; figure adapted from Jones, 1994). b, Current basic model
of the OB circuitry (adapted from Nagayama et al., 2014).
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Throughout the 20" century, our comprehension of the olfactory system made
significant advances, primarily driven by the emergence and optimization of
molecular biology and physiology techniques. This progress reached a peak with
the groundbreaking cloning of the olfactory receptors in the late 20" century. In
recognition of their remarkable contributions to the field, professors Richard Axel
and Linda Buck were awarded the Nobel Prize in Physiology and Medicine in
2004, for their pioneering research concerning the organization of the olfactory
system. Their work led to the characterization of 18 distinct members of a
multigene family responsible for encoding seven-transmembrane helical protein
domains with highly selective expression in the olfactory epithelium. This
discovery marked the identification of the first olfactory receptors (ORs) and
provided a crucial step for understanding the intricacies of the olfactory system
(Figure 2; Buck and Axel, 1991).

Figure 2. The olfactory receptor gene family. Comparison of mouse (green)
and human (red) ORs subfamilies represented in a phylogenetic tree (adapted
from Godfrey et al., 2004).

Thus, the MOS underlies the sense of smell and the mechanisms responsible for
detecting and processing olfactory stimuli, playing a pivotal role in shaping
behavior and physiology. It serves as a compass for animal actions, helping them
locate food sources, recognize potential mates, and evade predators.

Additionally, it exerts an influence on physiological responses, including

-14 -



hormonal fluctuations and reproductive behaviors. Understanding the olfactory
system in mice is essential for studying their behavior, including their food
preferences, social interactions, and navigation abilities. Given the similarities
between the rodent and human olfactory systems, mouse models of olfactory
dysfunction may provide relevant insights for understanding pathological

conditions.
1.3.1. Molecular mechanisms of odor perception

The perception of odors relies on the reception and coding by the sensory

olfactory epithelium, located in the nasal cavity (Figure 3).

SAGITAL VIEW OF THE MOUSE HEAD

MOE coronal section

nasal cavity

N

oral cavity

Figure 3. The Main Olfactory Epithelium (MOE). a, Olfactory Sensory Neurons
(OSNs) in the olfactory epithelium detect and send their axons encoding sensory
information to cells in the OB. b, Representative image of a transverse section of
a mouse MOE stained with anti-OMP antibody (adapted from Barrios et al.,
2014). Scale bar: 500 pm.

Volatile particles traverse the mucus before interacting with the ORs (Buck and
Axel, 1991), located in the membrane of the dendrites of OSNs within the
olfactory epithelium (Figure 4a). These receptors possess a highly variable region
that provides them with substantial structural and functional diversity, constituting

the domain where olfactory molecules bind (Katada et al., 2005).

The molecular and cellular machinery necessary for the transduction of olfactory

stimuli is localized in the cilia of OSNs (Figure 4b). This process begins with the
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specific binding of the olfactory molecule to distinct receptors on the outer surface
of the olfactory cilia of OSNs. Due to the hydrophobic nature of most olfactory
molecules, the stimulus-receptor interaction can occur directly or through proteins
that facilitate the receptor assembly (i.e. OBPs, from Olfactory Binding Proteins)

and also act as solubilizing agents (Breer, 2003), among other functions.

In mammals, the main signaling cascade involved in olfactory transduction
utilizes cyclic nucleotides as second messengers. Commonly, the odorant
molecule binds to the receptor, which is associated with a specific G protein of
the olfactory system called Golf, activating a specific olfactory processing
adenylate cyclase (ACIIl), leading to an increase in intracellular cyclic AMP
(cAMP) levels within milliseconds (Breer and Boekhoff, 1992). The increased
intracellular cAMP activates ion channels, allowing the entry of sodium (Na*) and
calcium (Ca?*), which in turn, activates chloride channels (CI) that reduce the
concentration of intracellular CI. The resulting depolarization is passively
transmitted from olfactory cilia to the axonal growth cone of OSNs, where action
potentials are generated and transmitted to the OB (Figure 4a). The signaling
cascade concludes when cAMP production ceases through feedback reactions
(Mori and Yoshihara, 1994).

-16 -
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Figure 4. Mechanism of olfactory transduction. a, The detection of odorants
in mammals is mediated by OSNs that reside in the olfactory epithelium of the
nose. b, The molecular and cellular machinery necessary for the transduction of
olfactory stimuli is localized in the cilia of OSNs.
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1.3.2. OSNs enables adaptations to specific olfactory stimuli.

OSNs have mechanisms that enable them to work efficiently under various
conditions. For example, these cells possess specialized features that allow them
to be selectively triggered in response to olfactory cues, achieved through the
precise configuration of cAMP-gated ion channels. Alterations in the
concentration of specific odors can lead to changes in the timing, duration, and
even the firing rate of OSNs. Consequently, each OSN can process specific
information about the environment to higher brain centers, which integrate these
diverse inputs to generate appropriate responses in different contexts (Kim et al.,
2023).

Additionally, similar to other sensory receptors, OSNs exhibit mechanisms of
habituation when continually exposed to the same odorant (Zufall and Leinders-
Zufall, 2000). Olfactory adaptation becomes evident when an individual's
capacity to identify or discriminate between odors diminishes after prolonged

exposure to the same stimulus (Figure 5).

H20 serial dilutions

v 1st detection _ _
dishabituation

¥
2nd habituation

¥
1st habituation

Figure 5. Social odor habituation-dishabituation test. The test is used in this
study to evaluate the mice capability to detect and discriminate between similar
social cues. Each odor is presented in three consecutive 1-minute trials with 1-
minute intervals. An increase of exploration time when a new odor is presented
for the first time (15! detection) indicates normal social discrimination. The plot
illustrates an idealized response in response to two different social odors.
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Physiologically, OSNs adaptation is characterized by a reduction in the frequency
of action potential firing, primarily associated with a decrease in the sensitivity of
ion channels to cAMP or the removal of Ca?* through the activation of Na*/Ca?*
exchange channels, which leads to a decline in receptor efficiency. Additionally,
several studies have tested the impact of odor habituation on olfactory responses
in mitral/tufted (M/T) cells and in the glomerular layer of the OB, resulting in a
reduced M/T and glomerular response outputs (Chaudhury et al., 2010; Ogg et
al., 2015), demonstrating that the olfactory system exhibits MOE-independent

mechanisms to adapt to persistent olfactory stimuli.

1.3.3. Expression of receptors in the olfactory sensory epithelium

In the human olfactory system, 874 distinct receptors have been described,
whereas in rodents, a more extensive repertoire of approximately 1483 receptors
have been identified (Barnes et al., 2020). Each OSN exclusively expresses a
single receptor, although each receptor exhibits the capability to bind with any
odor that shares common molecular characteristics (Figure 6). Consequently, a
single neuron can respond to a diverse array of odors, contributing to the intricate
nature of smell perception (Duchamp-Viret et al., 1999). Additionally, odors can
interact with several different receptors, depending on their molecular features,

further amplifying the complexity of olfactory coding (Firestein, 2001).

The implication of an OSN expressing only one receptor type is that, among the
roughly 20 million OSNs situated in the mouse's olfactory epithelium, we can
distinguish approximately 1500 distinct OSN subpopulations (Barnes et al.,
2020). In vertebrates, OSNs expressing a specific receptor are heterogeneously
distributed and this distribution adheres to a spatial segregation pattern, with
neurons arranged randomly within each zone. Therefore, in mice, approximately
4 or 5 discernible zones along the nasal cavity's anterior-posterior and medio-

lateral axes have been identified (Sullivan et al., 1995).
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1.3.4. Transfer of olfactory information to the main olfactory bulb

The axons originating from OSNs within the olfactory epithelium, all expressing
the same receptor, project to one or two specific glomeruli situated in the main
olfactory bulb (MOB). This arrangement gives rise to a highly structured olfactory
spatial map, where different odors activate distinct MOB glomeruli (Mombaerts et
al., 1996). Within each glomerulus, each OSN forms connections with a unique
set of principal neurons responsible for transmitting information to other
processing centers, such as the anterior olfactory nucleus (AON) (Miyamichi et
al., 2011), the amygdala (Sosulski et al., 2011), and the piriform cortex (PCx) or
olfactory cortex (Figure 6; Sosulski et al., 2011). Hence, the same group of
principal neurons in the OB can adopt diverse roles in processing olfactory
stimuli, contingent upon their postsynaptic targets and the organization of their

projections (Kobayakawa et al., 2007).

Olfactory sensory [

= ¥ 3
O ) Mitral or tufted cell
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[ [
Olfactory epithelium Olfactory bulb

Figure 6. The wiring scheme of the mouse olfactory system. OSNs,
characterized by the expression of different ORs, that are represented in different
colors in the OE. OSNs expressing the same OR converge their axons into
specific glomeruli within the olfactory bulb. Within these glomeruli, the axons of
OSNs establish synapses with the dendrites of second-order neurons, which then
extend their axons to the olfactory cortex (adapted from Mombaerts, 2006).
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1.4. The vomeronasal system

In addition to the MOS, many mammals possess an AOS, commonly referred to
as the vomeronasal system (VNS) (Brennan and Zufall, 2006; Dulac and Torello,
2003; Halpern and Martinez-Marcos, 2003). The VNS comprises three distinct

components (Figure 7):

1. VNO: located at the base of the nasal septum, the VNO is a chemosensory

structure containing vomeronasal sensory neurons (VSNSs).

2. Accessory Olfactory Bulb (AOB): located within the caudal part of the OB,
the AOB serves as the primary processing center for vomeronasal information

originating from the VNO.

3. Higher-order olfactory and vomeronasal centers: these regions receive
input from the AOB, either directly or indirectly, contributing to further processing

of sensory information.

AOB

[ AOS pathway

High-order vomeronasal
BNST centers

MeA ™ byvico

Figure 7. The vomeronasal and accessory olfactory systems. The VNS or
AOS are constituted by: the VNO, the AOB and the high-order vomeronasal
centers as for example the bed nucleus of the stria terminalis (BNST), the medial
amygdala (MeA) and the posteromedial cortical amygdala (PMCo), among other
regions.
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The dual olfactory system, constituted by MOS and AOS, allows mammals to
gather a broader spectrum of sensory information, enhancing their ability to

perceive and respond to their environment and social context.

1.4.1. Localization and organization of the VNO

The VNO, first discovered by Ludvig Levis Jacobson in 1813, is a tubular
structure located bilaterally and symmetrically in the anterior-ventral region of the
nasal septum, situated near the vomer bone (Figure 8a). Along the anterior-
posterior axis, the organ exhibits a distinctive vomeronasal duct extending along
all its length. This duct terminates at the caudal end and opens into the nasal
cavity at the rostral portion. The VNO is constituted by a pseudostratified
epithelium containing bipolar sensory neurons, a supporting cell layer (SCL), an
upper non-sensory epithelium (NSE), and a sensory epithelium (VSE), containing
the VSNs (Figure 8b).

In addition to the vomeronasal duct, the organ possesses a blood capillary
network. This vascular network facilitates the entry of chemical signals into the
lumen of the vomeronasal duct, where they contact with the VSNs (Figure 8b).
The arrangement and morphology of the vomeronasal duct can vary among
different species, and in some cases, it may be difficult for chemical signals to
gain access. Certain species, such as carnivores, ungulates, and other
mammals, employ a mechanism called the Flehmen response to aid with the
entry of these signals (Buzek et al., 2022). The Flehmen response is a voluntary
reflex that facilitates the access of pheromones into the VNO (Figure 8c), that

complements involuntary reactions like salivating when exposed to food.
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Figure 8. Structure and function of the VNO. a, the VNO is a bilateral structure
located in the antero-ventral portion of the nasal cavity (adapted from Witt et al.,
2018). b, The VNO contains a VSE and a NSE, including blood vessels (B) and
secretory glands (gl). The VSE contains VSNs and supporting cells located within
the SCL. ¢, Some mammals use the Flehmen response that allows a better
access to the chemical cues (photo credit to Peter Meade). Scale bars: 500 pym;
100 um.

1.4.2. Discovery and controversy regarding the VNO function

From a historical perspective, the role of the vomeronasal system has been a
subject of controversy from its discovery. While it is believed that the first
illustrations of the VNO in humans were made by Frederic Ruysh and Samuel
Semmering (Ruysh, 1703; Semmering, 1809), the official discovery is attributed
to Ludvig Levis Jacobson in his 1813 article (Jacobson, 1813). This is the reason
why the VNO was initially referred as the "Jacobson's Organ." In his original
article, Jacobson hypothesized about a possible sensory function of the VNO,
which was later supported by morphological studies using Golgi staining
techniques that revealed VNO's connections to a specific region in the OB,
subsequently named the AOB (McCotter, 1912). The identification of the
connection between the VNO and the AOB led to multiple speculative theories

about the function of both structures during the first half of the 20" century (Johns

-23 -



et al., 1986). Furthermore, the morphological similarities across different species

indicated an evolutionarily conserved function in olfactory detection.

The controversy surrounding the VNO in humans is ongoing, and researchers
continue to investigate its structure, and potential functions. While it is well-
established that the VNO is present in the human embryo, it often appears to
regress during fetal development, and by adulthood, it is considered to be
vestigial. However, the absence of vomeronasal neurons and a vomeronasal
nerve, indicates that the vomeronasal epithelium in adult humans is not a sensory

organ, unlike in other mammals (Trotier et al., 2000; Meredith, 2001).

1.4.3. The Dual Olfactory Hypothesis

During the years 1955 to 1969, a series of experiments carried out by various
research teams unveiled that specific cues present in urine could influence the
reproductive physiology of mice (Lee and Boot, 1955; Whitten, 1956; Bruce,
1959; Vandenbergh, 1969). These findings sparked the hypothesis that the VNO
might play a pivotal role in detecting these chemical signals collectively referred
to as "pheromones”. A prominent example of the role of pheromones is the drastic
changes in female reproductive state and sexual behavior upon the detection of
certain chemical signals. As such, male pheromones trigger stereotyped
responses in females, such as lordosis, facilitating sexual contact. These signals
also have enduring effects on endocrine physiology such as the Whitten and the

Bruce Effects.

The Whitten Effect, observed primarily in certain mammalian species,
particularly rodents like mice and rats, entails the synchronization or induction of
the estrous phase in a group of previously non-estrus females when they are
exposed to male pheromones. This phenomenon is believed to be an adaptation
that enhances the reproductive success of males by increasing the likelihood of
successful mating (Whitten, 1956). Conversely, the Bruce Effect describes the
tendency of female animals to either terminate their pregnancies or delay
implantation when exposed to the scent or pheromones of a new, unfamiliar male

during the early stages of pregnancy. This adaptation is thought to have evolved
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as a strategy for females to maximize their reproductive fithess by ensuring that
their offspring are fathered by the dominant or resident male, rather than a

newcomer (Figure 9; Bruce, 1959).

Mating leads to pregnancy and memory formation

Sy S\ — '

Exposure to unfamiliar male blocks pregnancy

S S 0

Exposure to familiar male does not block pregnancy

i . — S

Figure 9. The Bruce Effect. If a pregnant mouse encounters an unfamiliar male,
the likelihood of the pregnancy ending prematurely becomes significant (credit to
Yoram Ben-Shaul).

Subsequent studies demonstrated that the male signals responsible for initiating
both the female's ovarian cycles and preventing pregnancy were pheromones
(Bronson, 1971; Gangrade and Dominic, 1984) secreted in the urine
(Marchlewska-Koj, 1977). The relationship between the VNO, pheromone
detection and socio-sexual behavior was further strengthen by the discovery of
the VNO's role in the reproductive behavior of hamsters (Power and Winans,
1975) and its involvement in the ovulatory reflex mediated by signals in the urine

of anovulatory rats (Johns et al., 1978).

By the end of the 20™" century, the connection between the VNO and sexual as
well as reproductive behaviors became increasingly evident (Wysocki, 1979;
Halpern, 1987). Surgical lesions in the VNO removed essential olfactory-
dependent neuroendocrine functions in female mice, including mate recognition,

pregnancy block, facilitation of lordosis, puberty acceleration, and induction of
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estrus (Kaneko et al., 1980; Lomas and Keverne, 1982; Jakupovic et al., 2008;
Kelliher et al., 2006). Additionally, it was shown that the genetic inactivation of
the transient receptor potential channel 2 (Trpc2), the primary sensory ion
channel of the VNO, leads to various alterations in female reproductive
behaviors, such as the absence of puberty acceleration, maternal aggression,
lordosis, and an increase in male-like sex behaviors (Haga et al., 2010; Leypold
et al., 2002; Kimchi et al., 2007; Hasen and Gammie, 2009). However, studies
involving surgical VNO removal or Trpc2 elimination resulted in some
discrepancies, including unusual mounting levels towards males, altered
ultrasonic vocalizations, and sex behavior towards females (Pankevich et al.,
2004). These studies helped to establish a functional link between the
pheromone detection by the VNO and sexual behavior. However, this association
was believed to be exclusive of the VNS, thought to be solely responsible for
processing the sexual behavior of mammals (Belluscio et al., 1999; Buck, 2000;
Dulac, 2000).

However, in the 1970s, it was first documented that the AOB formed connections
with adjacent regions of the amygdala, previously considered exclusively
olfactory (Winans and Scalia, 1970; Raisman, 1972; Scalia and Winans, 1975).
These discoveries led to the proposal of the "dual olfactory hypothesis," positing
the existence of two distinct pathways from the olfactory and vomeronasal
epithelia to the forebrain. Each pathway was believed to be responsible for
exclusive functions: the olfactory system for detecting odors and the vomeronasal

system for pheromones.
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1.4.4. Revision of the Dual Olfactory Hypothesis

The VNS has gained attention through a series of recent studies that have shown
its pivotal role in chemical signal-based communication and social behaviors.
However, the conventional dichotomy proposed by the Dual Olfactory
Hypothesis, which once delineated the MOS as the main structure responsible
for detecting volatile odors and the VNS for non-volatile pheromones, has had to
be reconsidered (Kelliher, 2007).

Both of these systems exhibit significant overlap and complementarity in their
functions, from the range of stimuli they can discern to the subsequent behavioral
or physiological effects they can elicit (Brennan and Zufall, 2006; Zufall and
Leinders-Zufall, 2007). Furthermore, VNO's function is orchestrated by
independent subsystems that originate in specific subpopulations of the VSNs,
which stand apart in their molecular and functional attributes (Ackels et al., 2014;
Akiyoshi et al., 2018).

1.4.5. Vomeronasal Receptors

In 1995, Catherine Dulac and Richard Axel marked a pivotal moment in our
understanding of the VNS by describing a family of genes encoding vomeronasal
receptors (VRs; Dulac and Axel, 1995). Two years later, three separate research
groups independently identified a second family of these receptors (Herrada and
Dulac, 1997; Matsunami and Buck, 1997; Ryba and Tirindelli, 1997). The gene
families code for receptors characterized by seven transmembrane domains
coupled with G proteins and were named as type | vomeronasal receptors (V1Rs)
and type Il vomeronasal receptors (V2Rs). Within the last decade, an additional
family of vomeronasal receptors has emerged, specifically represented by five
out of the seven members of the formylated peptide receptor (FPRs) family
expressed in the VSE (Figure 10; Liberles et al., 2009).
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Figure 10. The vomeronasal receptor family. Each sensory neuron expresses
a sole VIR or FPR gene, and conversely, two V2R genes that can be transcribed
in every cell (adapted from Rodriguez, 2016).

The structural and functional features of the VNO in various species are linked to
the distribution and heterogeneity of these VRs. Interestingly, in rodents,
lagomorphs, and didelphimorphs, the VSE is divided into two distinct neuronal
layers based on the expression of specific receptors and G proteins. The VSNs
situated in the apical region of the epithelium express Gai2 proteins, while those
in the basal region express Gao (Figure 11; Dulac and Axel, 1995; Riviere et al.,
2009). These two primary populations of VSNs may concurrently express all
three families of VRs together with Gai2 and/or Gao. Typically, VSNs in the apical
zone express V1Rs in conjunction with Gai2, while VSNs in the basal layer

express V2Rs and Gao (Halpern and Martinez-Marcos, 2003).

Conversely, FPRs interact with both types of G proteins: FPR-rs3, FPR-rs4, FPR-
rs6, and FPR-rs7, primarily act through Gai2, while FPR3 primarily couples with
Gao (Liberles et al., 2009; Riviere et al., 2009). Additionally, VSNs express G
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proteins consisting of gamma (y) subunits in a differential manner: neurons in the
apical layer express G proteins with various types of gamma subunits, while basal

VSNs exclusively express Gy8 proteins (Sathyanesan et al., 2013).

Furthermore, this distinct regionalization within the vomeronasal epithelium is
mirrored in the AOB: the apical sensory neurons of the VNO project their axons
to the glomeruli in the rostral half of the AOB, while the basal neurons do so in
the caudal portion (Figure 11). While the functional implications of this spatial
segregation remain elusive, certain mammalian species, including wallabies,
tamarins, and goats, possess a uniform VSE (Takigami et al., 2000; Takigami et
al., 2004; Schneider et al., 2012). Recently, significant progress has been made
in identifying specific ligands that bind to each of these zones, bringing us closer
to unveiling the molecular and functional mechanisms that underlie this
anatomical division in the VSE (Fu et al., 2015).
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Figure 11. The VNO exhibits specialized regions. a, diagram depicting a
parasagittal view of a mouse's nose, highlighting the VNO and its connection to
the AOB. b, parasagittal section displaying the VNO's projection to the AOB using
X-gal staining (adapted from Rodriguez et al., 1999). ¢, distinct neural circuitry
composed of VSNs expressing VIR and V2R.

1.4.6. The functions of the VNO arise from the specificity of its VRs.

VRs exhibit specificity for certain ligands: V1Rs recognize volatile molecules and
steroids, while V2Rs preferentially bind to peptides and proteins (Fu et al., 2015).
This VRs specificity suggests that they could be involved in the encoding of

different information (Isogai et al., 2011; Pérez-Gémez et al., 2014).

However, the majority of pheromone-mediated behaviors are not solely

dependent on the sensory transduction initiated by either V1Rs or V2Rs. Instead,
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these behaviors often emerge from cooperative or complementary interactions
between both pathways, and frequently involving the MOS. This intricate interplay

complicates the assignment of specific functions to V1Rs and V2Rs.

In addition to their role in regulating social interactions with conspecifics, V1Rs
and V2Rs have been implicated in mediating aversive behaviors such as predator
recognition and the detection of toxic substances (Chandrashekar et al., 2000).
Interestingly, the VNO plays an important role in triggering aversive responses to
infected individuals by detecting molecules associated with pathogenic
microorganisms (Boillat et al., 2015). These functions are mediated by the FPRs,
that are also found in the immune system, contributing to innate immunity by
recognizing molecules involved in inflammatory processes (Riviere et al., 2009;
Bufe et al., 2012; Weiss and Kretschmer, 2018). Furthermore, it has been
observed that this response can be exceptionally specific, as VSNs expressing
the FPR3 receptor only respond to signal peptides from bacterial proteins, which

alone are sufficient to trigger aversive behaviors in mice (Bufe et al., 2019).
1.4.7. VSNs exhibit a strong preference for the molecules found in urine.

In numerous studies of the MOS, diluted urine is commonly used as a stimulus
to study the activation of VSNs (Leinders-Zufall et al., 2000; Spehr et al., 2002;

Stowers et al., 2002; Cichy et al., 2015), resulting in activation of approximately
30-40 % of VSNs (Figure 12; Chamero et al., 2017).
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Figure 12. Fura-2 calcium imaging performed on in vivo dissociated VSNs.
Examples of VSNs using fura-2 (left; R340/380 ratio images), along with time
sequences illustrating cytosolic calcium transients induced by a high molecular
weight (right; HMW) urine fraction (diluted at 1:300; adapted from Chamero et al.,
2017).

At the beginning of this century, the urine molecules capable of activate VSNs in
vitro were identified (Leinders-Zufall et al., 2000; Novotny, 2003) and tested
behaviorally to elicit robust physiological responses, including the induction of
estrus and the acceleration or delay of puberty (Sam et al., 2001). More recently,
it has come to light that a specific subset of VSNs exhibits a preference for
molecules of molecular weight exceeding 10 kDa, such as Major Urinary Proteins
(MUPs), which, in turn, activate distinct VSNs subpopulations (Chamero et al.,
2007; Chamero et al., 2011). Additionally, it has been noted that distinct VSNs
subpopulations exhibit selective responses depending on the sex and individual
characteristics of the animal whom the urine sample originates, potentially
serving as a molecular mechanism for individual recognition (He et al., 2008;
Wyatt, 2017).

The present study relies on this well-documented evidence, and has

implemented urine presentation to elicit VNO stimulation.
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1.4.8. Transmission of olfactory and pheromonal information to higher-

order processing centers

The OSNs and VSNs in the MOE and VSE send sensory information to the MOB
and to the AOB, respectively. OBs serve as intermediaries for transmitting
sensory information to higher-level processing centers through at least two
separate pathways. Principal neurons in the MOB, including mitral and tufted
cells, project their axons to various cortical and limbic areas, encompassing the
PCx, cortical amygdala (ACo), and olfactory tubercle (OT). In contrast, principal
neurons in the AOB convey information to limbic system regions, such as the
vomeronasal amygdala and the BNST, as well as to PMCo (Figure 13; Bellver et
al., 2017). Notably, despite these anatomical distinctions, both olfactory systems

contribute to mediating and processing olfactory and social behaviors in rodents.

1.4.9. Convergence between the MOS and VNS

While the MOS and VNS are two distinct sensory systems with different
pathways, they exhibit convergence within specific brain nuclei, such as the
BNST and the MeA, along with other hypothalamic regions like the medial
preoptic nucleus (MPO) and paraventricular areas (Figure 13; Pérez-Gomez et
al., 2015). It is known that several behaviors mediated by pheromonal stimuli,
which are typically altered by genetic deletion of vomeronasal genes, are also
abolished by the deletion of olfactory genes (Stowers et al., 2002; Mandiyan et
al., 2005). These findings indicate that the processing of chemical cues exhibits
redundancy, particularly in the integration of aversive signals from predators
(Liberles, 2015; Brechbuhl et al., 2008; Pérez-Gomez et al., 2015; Moine et al.,
2018).
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Figure 13. Neuronal pathways mediating learned and innate olfactory
behaviors. Olfactory information (in blue) from the MOE is transmitted to the
MOB and then is further processed in higher brain regions, including the AON,
PCx, Ent, OT, PLCo and ACo. Information reaching the vomeronasal system (in
purple) is relayed from the vomeronasal organ to the AOB and from there to the
medial amygdala MeA, the BNST and the PMCo. Both pathways predominantly
converge in the BNST and MeA (in yellow).

1.5. Pathology of the olfactory systems

Olfactory function impairments are a prevalent symptom in the elderly population,
and their frequency and intensity notably rise with age. However, there is a limited
understanding of the fundamental cellular and molecular mechanisms
responsible for this phenomenon (Mobley et al., 2014). Given that olfactory
dysfunction is closely linked with various neurodegenerative conditions, it has
been explored as a clinical marker for AD, MCI, Lewy body diseases (including
Parkinson's disease) frontotemporal dementia, Huntington's disease and a wide
group of neurological disorders (Doty, 2014; Doty and Kamath, 2014; Hawkes,
2006). Disturbances in the sense of smell are not uncommon: approximately 4-6
% of the general population experience a complete loss of smell, referred as

anosmia, with prevalence rates reaching 14 % in individuals over 65 years-old
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(Schubert et al., 2012). In those aged between 65 and 80, the prevalence
exceeds 50 %, and it skyrockets to 80 % in those over 80 years-old (Doty and
Kamath, 2014).

As olfactory dysfunction can manifest early in neurodegenerative diseases, it
serves as an early clinical sign indicating the onset of neurodegenerative
disorders and cognitive decline (Doty et al., 1991; Devanand et al., 2000; Doty,
2012; Gallarda and Lledo, 2012). Olfactory impairment significantly affects quality
of life by influencing the physical and psychological health and is linked to the
development of anxiety, depression, and a higher mortality rate (Wilson et al.,
2011). Multiple underlying causes of olfactory dysfunction have been identified,
including several structural and functional alterations at various levels of the
olfactory system, from the olfactory epithelium to the entire olfactory system (Doty
and Kamath, 2014). Declined ability to identify odors in old age has practical
implications for daily activities, as it has been correlated with diminished cognitive
function and a decline in episodic memory (Wilson et al., 2006). Consequently,
olfactory function may serve as a valuable indicator of the overall health of the
aging brain. Regrettably, many clinicians often overlook the symptomatic
significance and potential preclinical value of olfactory dysfunction (Alves et al.,
2014).

1.5.1. Natural olfactory dysfunction in aged humans

A significant proportion of the elderly population, exceeding 75 % among those
aged over 80 years, exhibit symptoms or signs indicative of pronounced olfactory
dysfunction (Boyce and Shone, 2006), with approximately 5 % experiencing
anosmia (Figure 14; Landis et al., 2004). These olfactory alterations often give
rise to various challenges, adversely affecting overall quality of life for many
individuals (Hummel and Nordin, 2005).
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Figure 14. Prevalence of olfactory dysfunction in healthy individuals aged
60 years-old and older (adapted from Dan et al., 2021).

Concretely, age-dependent olfactory impairment alters the capacity of detection,

perception, discrimination, and memory:

1.5.2. Olfactory detection deficits

The olfactory detection threshold represents the lowest concentration of an
odorant required for an individual to perceive a scent. Studies indicate that this
threshold for specific non-social odors, such as isoamylacetate, rose oil, and
eugenol, begins to increase after the age of 60 and further escalates in individuals
over 80 years-old (Figure 15; Kaneda et al., 2000). Aging also leads to a reduced
perception of odor intensity at concentrations above the detection threshold
(Stevens et al., 1982). However, these changes are contingent on the specificity
of odor stimulus (Wysocki and Gilbert, 1989) and may vary among individuals
(Stevens and Cain, 1987).
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1.5.3. Olfactory discrimination deficits

Olfactory discrimination tests assess an individual's ability to differentiate
between various odors. These evaluations typically involve presenting odors
sequentially to determine if individuals perceive them as matching scents. When
employing very similar odors, the test becomes more demanding. Consequently,
in its most complex form, a decline in olfactory discrimination performance
becomes evident with advancing age, particularly in individuals aged 60 and older
(Figure 15; Kaneda et al., 2000).

Moreover, the capacity of humans to discriminate odors is notably superior in
young adults (up to approximately 25 years-old) compared to children under 15
years-old. This suggests that olfactory discrimination skills may undergo a
maturation process influenced by experience. These abilities undergo a modest
decline until the age of 55, after which a more pronounced deterioration becomes

apparent (Hummel and Welge-Luessen, 2006).

1.5.4. Olfactory identification deficits

The UPSIT (University of Pennsylvania Smell Identification Test), recognized as
the worldwide benchmark for olfactory assessments, consists of presenting and
identifying approximately 40 distinct scents. For each sample presented, there
are multiple-choice response options (Doty et al., 1984). This test offers insights
into the extent of olfactory loss, covering a spectrum from total anosmia to mild

hyposmia or microsmia (Figure 15).
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Figure 15. Representation of the scores obtained in the UPSIT test and their
relationship with the age and sex of the participants (adapted from Fornazieri
et al., 2014).

This assessment has revealed that the ability to identify odors peaks between the
ages of 20 and 40, but then declines after the age of 60 (Figure 16). Additionally,
there are subtle sex differences, with women generally outperforming men.
Furthermore, it has been noted that olfactory dysfunction may not be detected in
response to unpleasant or aversive odors (Konstantinidis et al., 2006), indicating

a critical role of the odor's perceived valence.

1.5.5. Olfactory memory deficits

Olfactory memory involves the recall of a particular odor or a sequence of odors
over time. Methods to assay this particular type of memory typically involve
initially presenting a group of odors, and after a specified time interval,

reintroducing these odors along with others that were not previously presented.

In the most commonly used version of this test, individuals must name an odor
they had previously perceived. As people age, their performance in this test tends
to decline (Murphy et al., 1991). To successfully complete the test, individuals

must not only have well-preserved episodic olfactory memory but also rely on
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semantic memory to verbally identify the odor (Murphy et al., 1997). Experiments
conducted in the late 1990s examined the short-term and long-term retention of
a series of odors paired with verbal descriptors. These studies revealed that older
individuals exhibited less accurate recall of both odors and associated words,
with a more noticeable decline in odor memory (Murphy et al., 1997). The deficits
observed in odor identification with age might result from a dual cognitive decline
affecting both semantic memory and olfactory sensory memory (Choudhury et
al., 2003).
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Figure 16. Olfactory detection, discrimination, and identification abilities
are altered during natural aging in humans. Data is expressed as percentages
relative to the values of the group with the best performance (16-35 years-old)
(adapted from Hummel et al., 2006).

1.6. Animal models to study AD: the APP/PS1 transgenic mice

Some of the insights gained from studying olfactory dysfunction come from
research in AD patients, that have also been replicated in animal models of AD.
Interestingly, early-onset AD is primarily triggered by mutations in the presenilin
(PS1, PS2) and/or Amyloid Precursor Protein (APP) genes. In contrast, late-
onset AD may be linked to apolipoprotein E alleles (Ferencz and Gerritsen, 2015).
However, both forms of AD exhibit similar neuropathological features involving
the accumulation of amyloid beta deposits (AB; Huang and Mucke, 2012).
Diverse transgenic mice models have been generated to explore specific aspects
of AD progression (Braidy et al., 2012; Webster et al., 2014).
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Among these models, the APP/PS1 double transgenic mouse line has been
widely utilized to explore the cognitive deficits associated with AD, displaying a
gradual age-related progression of AR accumulation (Jankowsky et al., 2001;
Janus et al., 2015), due to the overexpression of amyloid APP and PS1 genes.
The APP/PS1 mouse model was shown to exhibit notable cognitive impairments
(Huang et al., 2016). Impaired spatial memory and reduced cognitive flexibility
are commonly observed in this animal model, reflecting the impact of amyloid
pathology on neural circuits associated with memory and cognition (Huang et al.,
2016).

Interestingly, few studies have explored social behavior in this animal model with
some evidence pointing to social deficits and disrupted social recognition,
suggesting a correlation between the accumulation of amyloid plaques and
alterations in social behavior. Thus, understanding the social deficits in the
APP/PS1 mouse model not only provides insights into the progression of AD but

also offers a new perspective to explore the emotional symptoms of the disease.

1.7. Causes of olfactory dysfunction

Olfactory dysfunction is a heterogeneous condition with a wide spectrum of
severity, ranging from the mildest form called hyposmia to the complete loss of
smell (Daramola and Becker, 2015). In some cases, olfactory impairment can
manifest as the perception of odors in the absence of any stimulus (phantosmia)
or as a distorted perception of odors when a stimulus is present (parosmia)
(Scangas and Bleier, 2017). The fact that olfactory dysfunction is a common
symptom in various mental diseases suggests that it likely arises from a
combination of genetic and environmental factors including exposure to

pathogens and lifestyle habits (Daramola and Becker, 2015).

The decline in olfactory function seen in older individuals may be associated with
structural changes of the nasal cavity and the associated brain regions (Doty and
Kamath, 2014). In addition to general challenges, such as infections, age-related
deterioration of nasal epithelium, reduced blood flow in the nasal mucosa,

decreased foramina in the cribriform plate, and cilia function impairment, there
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are specific alterations that specifically target the olfactory system such as: (1)
alterations in the OE, (2) alterations in the OB, (3) changes in the brain regions
responsible for processing olfactory information and (4) chronic brain

inflammation.

1.7.1. Age-related OE alterations

Age-related alterations involve a reduction and adjustments in the number of
ORs, thinning of the sensory epithelium and the substitution of olfactory tissue
with respiratory tissue. These changes are driven by shifts in cell turnover, the
necrosis of OSNs due to an age-related decrease in the size and quantity of holes
in the cribriform plate, as well as the impairment of critical immunological and
enzymatic defense mechanisms essential for maintaining the integrity of the OE.
Additionally, age-related decreases in the specificity of OSNs and exposure to
airborne environmental agents, including air pollution or cigarette smoke, may
contribute to these modifications. Both environmental factors and genetic
predispositions may influence the extent of olfactory function in aged individuals
(Doty et al., 2011).

Immunohistochemical examinations of the OE have revealed the presence of Ap
and tau pathology within OE cells, as well as dystrophic neurites, which are
observed in both neurologically normal elderly individuals and those with AD
(Arnold et al., 2010). Finally, one of the prominent features of the OE is its
remarkable ability to regenerate OSNs through the differentiation of neural stem
cells situated in the basal part of the epithelium (Sultan-Styne et al., 2009). As
individuals age, some authors have demonstrated a substantial decline in its
regenerative capacity, which correlates with the typical age-related decline in the
sense of smell (Doty and Kamath, 2014; Mobley et al., 2014).

1.7.2 Age-related OB alterations

With advancing age, both humans and rodents experience a reduction in the size
of the OB and a decrease in the volume of its layers. This phenomenon is a result

of overall atrophy, neuronal loss, and an increase in glial cells. Age-related
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decrease in OB volume has been detected using magnetic resonance imaging
(MRI) in living subjects (Buschhuter et al., 2008). Interestingly, these reductions
are not exclusive to aging but can occur under various conditions, including
smoking, chronic sinusitis, multiple sclerosis, head trauma, and schizophrenia
(Doty and Kamath, 2014).

In APP/PS1 transgenic mice, a significant decrease in the labeling of
somatostatin and calretinin interneurons has been described in the OB (Saiz-
Sanchez et al., 2013). Moreover, recent studies demonstrated an increased
susceptibility to cellular apoptosis in the OE compared to control littermates in the
APP/PS1 mice (Cheng et al., 2011). Altogether, these data indicate that elevated
AB production leads to reduced neurogenesis in the subventricular zone (SVZ) in
APP/PS1 mice (Haughey et al., 2002), further suggesting that neural replacement

and migration to olfactory areas might be impaired in AD.

Interestingly, a study employing an early transgenic mouse model of AD
(Tg2576/APP mice that overexpress a mutated form of human APP), revealed a
clear correlation between the decline in olfactory perception and the
accumulation of AB in the olfactory system (Wesson et al., 2010). This study
showed that the deposition of AR peptides in the OB was observed before it
occurred in any other region, a fact that supports the notion that the damage of

the OB may precede the effect over other brain regions (Wesson et al., 2010).

A remarkable property of the OB is the presence of active adult neurogenesis.
OB interneurons originate from neural stem cells within the SVZ and migrate as
neuroblasts to reach the OB, where they predominantly differentiate into granule
cells and periglomerular neurons, becoming part of pre-existing mature circuits
(Mobley et al., 2014). In mice, it has been suggested that the decline in olfactory
function could be attributed to a reduction in these OB interneurons, possibly
due to errors in the cell division cycle or a decrease in the production of
neuroblast in the SVZ (Seo et al., 2018). Nevertheless, despite a decrease in OB
neurogenesis, the density of granule interneurons appears to remain unaffected
by natural aging (Richard et al., 2010). Consequently, while the rate of replacing

new interneurons seems to diminish with age, the existing ones might extend
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their lifespan to compensate for the reduced rate of replacement. Nonetheless,
the failure to incorporate new neurons could lead to reduced adaptability of
mature olfactory circuits to respond to new olfactory stimuli, resulting in

diminished sensitivity to odors (Kondo et al., 2020).

Though widespread neuronal loss is not a characteristic feature of OB aging,
subtle and specific adjustments in synaptic density have been detected. For
instance, there is a loss of synapses in the glomerular layer of the MOB (GL),
while the external plexiform layer (EPI) remains unaffected. These subtle
imbalances in OB circuitry may contribute to aged-related olfactory impairments
(Richard et al., 2010).

1.7.3. Alterations in brain regions responsible for olfactory processing

These changes involve a decrease in the volume of specific brain regions,
including the hippocampus, amygdala, PCx, and AON (Segura et al., 2013). Age-
related decrease in the quantity, size, and distribution of islands of Calleja within
the OT, a cortical structure that receives direct input from the OB, may also
contribute to pathological changes in olfactory cortex function and olfactory
perception (Adjei et al., 2013). Additionally, anosmia is associated with changes
in various brain structures involved in olfaction, including the PCx and insular
cortices, the orbitofrontal cortex, the medial prefrontal cortex, the hippocampus,
the parahippocampal gyrus, the nucleus accumbens, the subcallosal gyrus, and

the medial and dorsolateral prefrontal cortices (Bitter et al., 2010).

1.7.4. Chronic inflammation

Aged-related chronic inflammation has been recently associated with olfactory
dysfunction. In humans, elevated levels of the pro-inflammatory cytokine IL-6
have been detected in individuals with hyposmia (Henkin et al., 2013). In mice,
repeated intranasal administration of lipopolysaccharide (LPS) has been shown
to induce nasal inflammation, atrophy of the OB, and impaired regeneration of
the MOE (Hasegawa-Ishii et al., 2019).
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Hence, in addition to changes in EO and OB structure, neurogenesis, variations
in ORs expression and abnormal synaptic reorganization, inflammation may also
play a pivotal role in olfactory dysfunction. The combination of all these factors
could constitute the cellular and molecular mechanisms contributing to the age-

related decline in the sense of smell.
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2. OBJECTIVES
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In humans, olfactory dysfunction is one of the early symptoms in
neurodegenerative diseases, as well as during natural aging. However, the
processes underlying these deficits are unknown, and it is unclear if there are
differences between natural and pathological aging. Identifying the cellular
mechanisms associated with these processes and its impact on olfactory and
social behaviors would contribute to understand the circuital adaptations
associated with aging, a basic knowledge that could serve for the development
of new biomarkers for the early diagnosis of neurodegenerative diseases. For

this purpose, we defined the following objectives:

1. Characterization of potential structural alterations of the vomeronasal organ as

a consequence of natural and pathological aging.

2. Analysis of cell specific changes in the vomeronasal system during both natural

and pathological aging.

3. Study the impact of natural and pathological aging on the detection and

processing of social olfactory information.

4. Exploring the impact of natural and pathological aging on social behavior
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3. MATERIALS
AND
METHODS
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3.1. Animals

The experiments involved two sets of mice: wild type and heterozygous APP/PS1
mice (APP/PS1Het) on a C57/BL6 genetic background. Wild type mice were
divided into young adults (2—4 months old), middle-aged (6—8 months old), old
(12—-14 months old), and senescent (20-24 months old) groups. On the other
hand, the APP/PS1 mice were either young adults (2—4 months old) or old (12—
14 months old). APP/PS1 mice were obtained from Jackson Labs (Stock No.
004462, MMRRC Stock No. 34829).

Each experiment utilized separate groups of animals. The APP/PS1"¢t mice
carried a chimeric mouse/human amyloid precursor protein (Mo/HUAPP695swe)
and a mutant human presenilin 1 (PS1-dE9), which caused them to develop AR
deposits at approximately 6 months of age. These mice also displayed early-
onset cognitive impairments (Jankowsky et al., 2004; Jankowsky et al., 2001;
Reiserer et al., 2007) and had a reduced life expectancy of around 14—-16 months
old compared to littermate APP/PS1 controls (APP/PS1WT). This reduced life
expectancy limited our ability to extend the study to a comparable age range as

naturally aged animals (20—-24 months old).

All mice were housed in groups and had no prior exposure to experimental
conditions throughout their lives. They were kept in pathogen-free conditions,
living in ventilated cages with unrestricted access to food and water and a 12-
hour light/dark cycle. All the experimental procedures were conducted in
accordance with Spanish and European Union regulations governing animal
research (2010/63/EU). The Bioethical Committee at the Instituto de
Neurociencias and the Consejo Superior de Investigaciones Cientificas (CSIC)

approved all experimental procedures.
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3.2. APP/PS1 genotyping

DNA from tail biopsies was extracted and genotyped through polymerase chain
reaction (PCR). The primers for APP transgene are (sigma; 5-GAC TGA CCA
CTC GAC CAG GTT CTG-3) and (sigma; 5-CTT GTA AGT TGG ATT CTC ATA
TCC-3’) which gives a band at ~ 400 bp in APP transgenic mice. The primers for
PS1 transgene are (sigma; 5-GCC ATG AGG GCA CTA ATC AT-3’) and (sigma;
5-ATT AGA GAA CGG CAG GAG CA-3’) which gives a band at ~ 600 bp in PS1

transgenic mice (Figure 17).

29839 29840 29841 29842 31835 31836 31837 31838 M

Figure 17. APP/PS1 double-transgenic mice genotyping. Bands 29839,
29841, 31837 and 31838 are the WT representative mice. Bands 29840, 29842,
31835, 31836 are the transgenic mice. M: BioDL100 DNA mark. C: control.

3.3. VNO dissection

Mice underwent transcardial perfusion using phosphate buffer saline (PBS) at a
pH of 7.4, followed by fixation using a solution of 4% paraformaldehyde (PFA) in
0.1 M phosphate buffer (PB) with a pH of 7.4. After fixing the mouse head, it was
positioned under a microscope, and the lower jaw was excised to enable a view
of the palate. In order to extract the VNO, the palate and nasal septum were both
removed, and the bilateral VNOs were separated into two sections. Finally, the
bone covering each section was meticulously removed to extract the VNOs. The
tissue was then immersed in a 30% sucrose solution for cryoprotection and stored
at -4 °C until the sectioning process. Subsequently, the samples were embedded

in OCT and frozen at -80 °C for the cryosectioning procedure (Figure 18).
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LOWER JAW REMOVAL SOFT PALATE REMOVAL BONY CAPSULE AND MESENCHYMAL CRYOSECTIONING
TISSUE REMOVAL

BONY CAPSULE SEPARATION

Figure 18. VNO dissection procedure. The VNO is responsible for pheromone
detection in mice. Here, we have analyzed its morphological properties, cellular
composition and neurogenic capacity during natural and pathological aging by
directly dissecting the organ after fixation with PFA.

3.4. Immunohistochemistry

VNOs embedded in OCT medium were sliced in 16 ym thick sections in a cryostat
apparatus (Leica CM 3050S). Slices were incubated in blocking solution
containing 0.5% Triton X-100 and 5% normal horse serum in 0.1 M tris phosphate
buffer (TBS) for 2 h at room temperature (RT). Primary antibody incubation was
performed overnight (o/n) at 4 °C with anti-OMP (Wako goat polyclonal; 1:2000),
anti-PCNA (Sigma, rabbit monoclonal; 1:2000), and anti- Sox2 (R&D Systemes,
goat polyclonal; 1:300) (Table 1). For PCNA immunostaining, slices were
incubated in 10 mM citrate buffer (100 °C; pH, 6.0) for 5 min prior staining.
Sections were incubated with Alexa Fluor 488 or 594-conjugated secondary
antibodies (Table 2; Jackson Laboratories, 1:500) for 2h at RT and Hoechst
(Sigma, 1:10,000) was added during 5 min after the secondary antibody
incubation for nuclei visualization. Imaging was performed using a vertical
confocal microscope Leica SPEIl. Final images were assembled in Adobe

llustrator.
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ANTIBODY DILUTION REFERENCE

Anti-OMP 1:2000 Wako

Anti-PCNA 1:2000 Sigma — P8825

Anti-Sox2 1:300 R&D Systems -
MAB2018

Table 1. List of primary antibodies used.

ANTIBODY DILUTION REFERENCE
anti-Rabbit ALEXA 488 | 1:500 Invitrogen — A11034
anti-Mouse ALEXA 594 | 1:500 Invitrogen — A11032

Table 2. List of secondary antibodies used.

3.5. Sox2 fluorescence intensity at the VNO-SCL

For determining the expression of Sox2 in the VNO-SCL where single-cell
quantification was limited by the densely packed disposition of the cells, we
calculated the corrected total fluorescence (CTF) of the area of interest
employing the Freehand ROI tool of Image J. CTF was calculated by subtracting
the background fluorescence from a minimum of 3 sections, 16 um thick, from at

least 4 animals per condition.

3.6. Stereology, cell quantification, and AOB volume estimation

The total number of olfactory mature neurons (OMP™ neurons) in the entire VSE
was estimated using stereology (optical fractionator method (Wong et al., 2018)
employing Stereo Investigator (MBF Bioscience). Two different tools are
combined in this unbiased quantification method: a 3D optical dissector for cell
counting and a fractionator, based on a systematic, uniform, and random
sampling over a known area (Parrish-Aungst et al., 2007). The number of neurons

was estimated as:

N=(1/hx1/ssfx1/asfx) Q-1t)
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In this context, > Q represents the total cell count within the region of interest,
determined using the optical dissector method. The variable "t" signifies the
average thickness of the mounted sections, "h" denotes the height of the optical
dissector, "asf" corresponds to the area sampling fraction, and "ssf" refers to the

section sampling fraction.

For the stereological analysis of the VSE, we conducted sampling using a 20 x
objective lens (Leica, NA 0.6). The counting frame area measured 2500 umz2,
while the sampling grid area covered 22,500 um2. In VSE stereology, "H" was
set at 8 ym, with upper and lower guard zones each measuring 1 ym, and "t" was
established at 10 um. Cell quantifications were carried out in the marginal regions
of the VSE, where the area was divided into segments of equal length, as
previously outlined (Brann and Firestein, 2010; Giacobini et al., 2000). To
quantify cells in the anterior—posterior regions, the VSE was divided into 10
sections per animal. The results were normalized by area to yield the cell count
per square millimeter within each subdivision. Quantification of cell numbers in
the marginal area was conducted in three slices from each animal, demarcated
using a 50 x 50 dissector with the assistance of Stereo Investigator (MBF

Bioscience).

To calculate the VSE volume, we multiplied the sampled area by the slice
thickness (16 um) and the number of series (10 slices per animal). This approach
enabled us to estimate the VSE area and volume in young adults (4 months old),
senescent (24 months old), and old (12 months old) APP/PS1YT mice, as well as
old APP/PS1He¢mice.

The volume of the AOB was estimated by measuring the AOB area and

multiplying the sampled area by the section thickness (50 um) and the number of

analyzed sections.
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Figure 19. Example of cell number estimation using stereological
approaches. The optical dissector method (Stereo Investigator — MBF
Bioscience) was used to quantify OMP* neurons within the VSE.

3.7. Odorants

To investigate the impact of aging on social odor perception, we utilized both
social and non-social scents. For non-social scents, we employed two
substances: (1) IA, a banana-like odor (Sigma), known to be primarily detected
at the level of the MOE (Xu et al., 2005). This odor possesses a neutral valence
and is effective across a wide range of dilutions (Fortes-Marco et al., 2015). (2)
Additionally, we utilized food pellets as part of a food finding test (FFT; see

below).

As for the social scent, we employed urine from conspecifics, which is known to
trigger significant VNO activity (Chamero et al., 2017). The urine samples were
collected following established protocols (Kurien et al., 2004). In habituation-
dishabituation tests, we used frozen urine samples obtained from young cage
mates to assess fine odor discrimination. For sensitivity tests, urine samples were
pooled into a stock sample, which was used for each round of odor presentations

until the experiment was concluded.
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3.8. Behavioral evaluation

All behavioral experiments involving both social and non-social stimuli were
conducted within a dedicated room, which maintained a continuous airflow and
was illuminated with low-intensity indirect lighting (20 Ix). The preparation of odor

dilutions took place in a separate room outside of the animal housing area.

For odor presentation, a custom-made methacrylate box with removable walls for
cleaning was utilized. This chamber had dimensions of 15 cm in width, 15 cm in
length, and 30 cm in height. A small hole, measuring 1 cm in diameter, was
positioned in the middle of one of the sides, situated 5 cm above the box's floor.
This hole was designed to accommodate standard cotton sticks that had been
impregnated with 1 pL of the odorant, enabling direct contact with the sticks
(Figure 20). Prior to the presentation of odorants, the animals underwent a
habituation phase to acclimate them to the testing conditions. This consisted of a
5-minute period of handling, followed by free exploratory activity in the box and
familiarization with the movement of the cotton stick, also lasting for 5 minutes.
To ensure the preservation of non-volatile pheromones and mimic the natural
method of physical contact between conspecifics, urine samples were presented
by embedding them within a cotton stick. In order to minimize variability stemming
from the intensity of volatile urine components, only instances of direct nose
contact with the tip of the cotton stick were considered as exploratory behavior,

specifically measuring sniffing and exploration time.

The experiments were monitored through video recording, with a camera fixed
15 cm above the testing box. Subsequently, the collected videos were analyzed
offline using BORIS (Friard and Gamba, 2016) and SMART video-tracking
softwares (PanLab S.L.).
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15x15x30cm

Figure 20. Image illustrating the setup for the olfactory experiments. a, A
video-camera was located 30 cm above the testing box during the experiment.
b, Schematic (top) and a representative image (below) of a mouse during a trial.
Successful olfactory exploration will be considered when the mouse makes
nasal contact with the cotton stick.

3.8.1. Odor exploration test

After a period of habituation (10 min), mice were exposed to two control trials
(mineral oil for IA assays or water for urine tests) during 1 min separated by
intervals of 1 min to avoid odor habituation (Breton-Provencher et al., 2009;
Sanderson and Bannerman, 2011). Subsequent presentations consisted on
serial dilutions of either urine samples (diluted in water: 1:1.000, 1:500, 1:250,
1:100, 1:50, 1:10, and non-diluted (nd)) or IA were tested in ascending order
(diluted in mineral oil: 1:5 x 105, 1:100.000, 1:10.000, 1:1.000, 1:100). Animals
were considered to detect the olfactory stimulus when spent more time

investigating the odors than the vehicles (water or mineral oil).
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Figure 21. Social odor detection test to evaluate sensitivity to social cues.
Social odors (urine) are diluted and presented serially ranging from the lowest
dilution (1:1000) to the non-diluted sample during 1-minute trials in 1-minute
intervals. An increase of exploration time compared to the vehicle (water)
indicates effective olfactory detection. The plot illustrates an idealized response
in which deficits in social odor sensitivity are apparent in old and APP/PS1 mice.
ITI: Inter-trial interval.

3.8.2. Food finding test

The FFT was conducted following established protocols (Figure 22; Deacon et
al., 2009). Prior to the test, mice underwent a 24-hour period of food deprivation.
In a designated corner, five food pellets (~ 35 g) were placed and covered with 5
cm of bedding. Animals were considered to have detected the food pellet when
they engaged in digging, touching, and holding the food pellet for more than 5

seconds.
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Figure 22. Food-finding test. To additionally evaluate olfactory capabilities, a
buried food-seeking assay was implemented. This test determines whether food-
deprived mice can successfully locate a buried food pellet.

3.8.3. Social odor habituation-dishabituation test

An examination of the impact of aging on social odor discrimination and
habituation was carried out using a modified habituation-dishabituation test
(Gheusi et al., 2000). After a 10-minute period of acclimatization to the cage, two
control trials were conducted using cotton sticks soaked with 1 puL of water
(vehicle). Three consecutive presentations of urine from an animal of the opposite
sex (S1a-c) were succeeded by three presentations of urine from a different
subject of the opposite sex (S2a-c) to assess fine chemo-olfactory discrimination
and habituation. The urine samples were obtained from young animals of the
opposite sex to enhance approaching behavior (Garratt et al., 2011). Each
presentation of the sample lasted 1 minute, with 1-minute intervals in between.
Habituation was quantified by observing a decrease in exploration time (sniffing)
over the cotton stick tip after the initial exposure to urine from the same animal
(S1a). Dishabituation (discrimination) manifested as a measurable increase in
exploration time in response to a new odor presentation (S2a). The test enabled
the exploration of two consecutive phases of discrimination (H20B-S1a and S1c-
S2a) and habituation (S1a-S1b and S2a-S2b). Trend lines between H20B-S1a,
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S1c¢-S2a, S1a-S1b, and S2a-S2b were fitted to derive slope values indicating the
amplitude of the discrimination and habituation effects for each tested condition.
Higher positive values indicated more pronounced social discrimination, while

higher negative values corresponded to more robust habituation.
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Figure 23. The social odor habituation-dishabituation test. The test allows
to evaluate the mice capability to detect and discriminate between similar social
cues, including odors from animals of the same age (S1, S2). Each odor is
presented in three consecutive 1-minute trials in 1-minute intervals. An increase
of exploration time when a new odor is presented for the first time (S1a or S2a)
indicates normal social discrimination. The plot illustrates an idealized response
in which deficits in social odor discrimination are apparent in APP/PS1 mice. ITI:

Inter-trial interval.

3.8.4. Long-term social habituation-dishabituation test

The previously mentioned social odor habituation task underwent modification to
assess social cue memory by reintroducing the urine sample used in S1a, 24
hours after the initial test. Intact social odor memory was evidenced by a

reduction in sniffing time during the second presentation of S1a, a phenomenon

particularly noticeable in young animals.

-61 -



1st discrimination

/\/\ 24h

1st discrimination

/\/\

S1a

Sniffing time (s)
Sniffing time (s)

Figure 24. Long-term social discrimination. The social odor habituation-
dishabituation test can be adapted to study long-term olfactory memory.
Impairments in long-term olfactory memory can be detected at Day 1 by
measuring the exploration time of the same odor presented the day before (Day
0). The plots show an idealized response in which transgenic animals show
similar sniffing time of S1a in Day 0 and Day 1.

3.8.5. Three-chamber test

Social assessments were conducted in a cage measuring 60 x 40 x 22 cm,
following established protocols (Nadler et al., 2004). Dividing walls, crafted from
clear Plexiglas, featured openings allowing entry into each chamber. The test
mouse was initially placed in the middle chamber and given 10 minutes to
explore. Following the habituation period, an unfamiliar subject of the same sex
(mouse 1, M1A) was positioned in one of the side chambers. The unfamiliar
mouse was contained within a small, circular wire cage, facilitating nose contact
through the bars. In the first session (sociability), the test mouse had the option
to spend time in either the empty chamber (E) or the chamber occupied by M1A.
After the sociability session, each mouse underwent a second 10-minute session
to assess social preference for a new subject. Another unfamiliar mouse (mouse
2, M2) of the same sex was placed in the chamber that had remained empty
during the first session. This second unfamiliar mouse was also enclosed in an
identical wire cage to M1A. The test mouse had a choice between the first,
already-investigated mouse (M1B) and the novel unfamiliar mouse (M2),
indicating their social preference or response to social novelty (Nadler et al.,

2004). Continuous video recordings were captured and subsequently analyzed
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offline using BORIS (Friard and Gamba, 2016) and SMART video-tracking
software (PanLab S.L.). Measures of time spent sniffing E, M1A-B, and M2 were

quantified for each session.

SOCIABILITY SOCIAL NOVELTY
EMPTY MOUSE 14 MOUSE 18 MOUSE 2
(E) (M1%) (M18) (M2)

m 2 VY

Figure 25. The Three-chamber test evaluates sociability and social novelty
in rodents. Typically, rodents exhibit a preference for spending more time with
another rodent (sociability) and show greater interest in exploring a new intruder
compared to a familiar one (social novelty). Thus, the Three-chamber test can
identify impairments in both sociability and/or social novelty.

3.9. Data analysis

All data underwent statistical testing for significance using GraphPad Prism 8.
Data normality was assessed using the Shapiro—Wilk test. For cell quantifications
and anatomical data, a one-way ANOVA with Tukey’s test for multiple
comparisons with a single variable was employed. Behavioral analysis utilized a
two-way ANOVA with Tukey’s test for multiple comparisons involving more than
one variable. P values for statistical significance are indicated in all figures above
the corresponding comparisons, with P < 0.05 considered statistically significant.
Furthermore, a two-way ANOVA incorporating the interaction of age vs. genotype
was applied to all datasets that included these variables. Detailed results of these

statistical analyses can be found in ANNEX I.
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4. RESULTS

-65 -



= Biblioteca

ol unNtvERSITAS Afigwel Hernidmdez




4.1. Structural modifications of the mouse VSE during natural and

pathological aging

Ouir first goal was to explore the changes in the VSE structure during both natural
and pathological aging, as the VSE serves as the primary entry site for
pheromone-encoded social information (Cheetham et al., 2007; Ferrero et al.,
2013). Through stereological analysis, we discovered notably smaller VSE
volumes in 2-year-old (senescent) mice (Figure 26a). This finding was
corroborated by a decrease in the number of olfactory marker protein (OMP*

cells) along the rostrocaudal axis of the VSE (Figure 26b, c).
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Figure 26. Structural modifications of the mouse VSE during natural and
pathological aging. a, Dispersion plot of the VSE volume indicates a significant
reduction during natural but not pathological aging. b, Representative image of
the VSE stained with the OMP. ¢, Dispersion plot indicating the total estimation
of OMP” cells in the VSE. Thick lines indicate the mean + SEM. Data were
obtained from 4 animals per condition. M: marginal zone; I: intermediate zone; C:
central zone.
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We also analyzed the VSE along the antero-posterior axis, obtaining significate
differences in the anterior and medial portions when comparing young with
naturally aged mice stained with OMP, suggesting that aging impacts differently
on the VSE axis (Figure 27a, c). Next, we expanded our study to the Sox2+ cells
in the SCL, a neural stem cell marker that also marks mature differentiated
sustentacular cells (Guo et al., 2010; Taroc et al., 2020; Katreddi and Forni,
2012). The assessment of Sox2 labeling intensity in the SCL revealed a
significant reduction in senescent mice but not in APP/PS1H¢tmice (Figure 27b,
d). These findings indicate that natural aging disrupts the VSE structure by
diminishing the number of sensory (OMP™*) and SCL sustentacular (Sox2*) cells,
although this might not necessarily imply a complete elimination of proliferative

capacities (Brann and Firestein, 2010).
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Figure 27. Natural aging disrupts VSE structure differently in the VSE
rostro-caudal axis. a, Representative images of OMP staining in the VSE
antero-posterior axis during natural and pathological aging. Scale bar indicates
100 ym. b, Representative images of Sox2 staining in the VSE and the
supporting cell layer. Scale bar indicates 20 um. SCL: supporting cell layer.
¢, d, Dispersion plots represent the number of OMP* cells along the VSE axis
(number of cells x 10-3/um?) and the intensity of Sox2 fluorescence in the SCL
(Sox2 CTF/um?). Thick lines indicate the mean + SEM. Data were obtained from
slices from at least 4 animals per condition. Statistical comparisons were
calculated by two-way ANOVA with Tukey’s test. P<0.05 was considered
statistically significant. P values are indicated above the corresponding
comparisons.
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We then hypothesized that the decline in OMP* cells in senescent mice could
lead to a diminished axonal projection to the AOB, the primary target region of
the VNO, resulting in reduced AOB volumes. As expected, we noted a decrease
in AOB size without evident histopathological changes in 2-year-old mice (Figure
28), signifying that natural aging impacts fundamental structural aspects of the
VNO-AOB axis.
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Figure 28. The decline in OMP”* cells during natural aging leads to a reduced
AOB volume. a, Dispersion plot of AOB volume. b, Representative images of
the AOB during the volume estimations. Thick lines indicate the mean + SEM.

4.2. Natural and pathological aging differentially impacts VSE cell

proliferation

Due to the limited information available regarding the neurogenic capability of the
VSE in animal models of neurodegeneration, we conducted an analysis to
investigate the presence of proliferative cell nuclear antigen (PCNA)-positive cells
(PCNA* cells) in the anterior, medial, and posterior VSE of aged mice and those
with the APP/PS1Het mutation. In alignment with prior studies, young animals
exhibited abundant cell proliferation in the marginal zone of the anterior and
medial VSE (Brann and Firestein, 2010; Giacobini et al., 2000) (Figure 29a, b).
However, senescent mice displayed a notable decrease in PCNA* cells in the
marginal VSE (Figure 29a, b), indicating diminished cell proliferation.

Interestingly, APP/PS1Het mice demonstrated a significant increase in PCNA+
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cells in the anterior VSE, with a declining trend in the posterior VSE (Figure 29a,
b), suggesting a region-specific elevation in cell proliferation in these animals.
Crucially, no substantial overlap between OMP and PCNA staining was
observed, indicating that these markers identify cell populations at distinct

maturation stages (Figure 29).

We then investigated whether the reduced number of proliferative PCNA* cells in
senescent mice might be attributed to a decrease in stem cell generation by
examining the quantity of Sox2* neural precursor cells in the VSE (Tucker et al.,
2010; Panaliappan et al., 2018). We noted a significant reduction in the number
of Sox2+ cells in 2-year-old mice, but no such decline was observed in
APP/PS1Hetanimals, indicating a diminished neurogenic capacity in the naturally
aged VSE (Figure 29c). In summary, these findings highlight a fundamental
distinction in how natural aging and disease-related aging impact the structure

and proliferative capacity of the VSE.

-71 -



4 months

APPwt 24 months

APPhet

b PCNA marginal VSE
Anterior Medial Posterior
o) A . O »
=
€ 10
e
m Q
% o L . -
o J ) o)
o °1o 2 o ®
) (o}
- 47 o) g ' °
2 , ] o 8 7 | R . 8 o~
& (1]
Z L8 |gg & [oe
‘(\0 O NS « o gt ‘(\0 T) W oo 1

C

o~
=
e 8
R
Y
(@)
—
x
0
©
(&]
N
X
o)
w

Sox2 VSE
8 «
o)
6 9 ® .
°
4 4 8 [ ]

’

7

U l
2 9 g i
0 ST T T
S (o) “(\ o

(8 « 33

Figure 29. Natural and pathological aging differentially impacts cell
proliferation in the marginal VSE. a, Representative confocal images of PCNA
staining in the VSE proliferative niche during natural and pathological aging.
Panels on the right show confocal images of OMP and PCNA double staining in
the VSE. To note, there is no overlapping signal between the two markers
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indicating the identification of cells at different maturation stages. Circles indicate
active proliferative marginal region of the VSE. Scale bar represents 20um. b, c,
Dispersion plots represent the number of PCNA* cells (number of cells x
10-3/mm?3) and the number of Sox2* cells (number of cell x 10-4/ym?) in the
marginal VSE. Thick lines indicate the mean £ SEM. Data were obtained from
slices from at least three animals per condition. Statistical analysis was calculated
by two-way ANOVA with Tukey’s test for multiple comparisons. P < 0.05 was con-
sidered statistically significant. P values are indicated above the corresponding
comparisons.

4.3. Late onset of social exploration deficits during natural aging

Our findings suggest that natural aging brings substantial changes in the
structure, proliferative capacity, and cellular composition of the VSE.
Consequently, we delved into whether these adaptations could result in
impairments in processing socio-sexual information. Existing evidence indicates
that olfactory decline is a prevalent symptom of both natural and pathological
aging (Murphy et al., 2002; Doty and Kamath, 2014; Rawson et al., 2012; Roberts
et al.,, 2016). However, many of these studies and diagnostic tests utilized
synthetic odors. Therefore, the temporal progression and severity of the age-
related decline in the recognition of social cues, predominantly processed by the

VNO-AOB axis, remain uncertain.

To assess the impact of natural aging on social odor detection, we implemented
an odor-evoked sniffing test. In this test, serial dilutions of urine from young
conspecifics of the opposite sex were presented to either male or female subjects
across various age groups: young adults (2—4 months), middle-aged (6-8
months), old (12—14 months), and senescent mice (20-24 months) (Figure 30a,
see also Materials and Methods section for details). Our results revealed a
notable decrease in exploration time across different urine dilutions compared to
adult wild-type mice (Figure 30b, c; ANNEX I).

Moreover, senescent mice exhibited a progressive increase in exploration time

corresponding to odor concentration. In contrast, young adults, middle-aged, and

old animals displayed a habituation phase at intermediate dilutions (1:500, 1:250,
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1:100, and 1:50), suggesting effective odor detection and recognition capabilities
(Yang and Crawley, 2009).

4.4. Reduction in the exploration of social information is accelerated in an

animal model of neurodegeneration

Subsequently, we explored whether pathological aging would impact the
investigation of social olfactory cues, despite no apparent effects on VSE
structure or proliferative capacity. Social odor sensitivity tests conducted on 1-
year-old APP/PS1He mice unveiled decreased sniffing times for low urine
dilutions compared to age-matched APP/PS1WT control mice. This implies that
pathological aging expedites the decline in exploration time for social odors
(Figure 30d, e; ANNEX I). Comparable to senescent mice, these findings were

consistent when examining raw sniffing time data (ANNEX ).
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Figure 30. Natural and pathological aging reduces exploration to social
odors. a, Schematics of the olfactory test used in this study in which urine
dilutions are presented as a social signal. b, Average of the sniffing time of urine
serial dilutions normalized to the exploration time of the vehicle (water) of adult
and aged wild-type mice. A typical habituation indicated by a purple box was
observed in adult mice at intermediate dilutions (1:500, 1:250, 1:100; 1:50). c,
Dispersion plot of the normalized sniffing time of each urine dilution (nd (non-
diluted); 1:10; 1:50; 1:100; 1:250; 1:500; 1:1000) for adult and aged wild-type
mice. d, Average of the sniffing time of urine dilutions normalized to the
exploration time of the vehicle (water) of middle-aged APP"" controls and middle-
aged APP/ PS1™

aged APP"" controls and APP/PS1

mice. e, Dispersion plots of normalized sniffing time of middle-

" mice. Grey lines in the dispersion plots
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indicate mean + SEM. Data were analyzed by a one-way ANOVA with Tukey’s
test to test multiple comparisons with more than one variable. P < 0.05 was
considered statistically significant. P values are indicated above the
corresponding comparisons.

Finally, when examining data based on gender, there were no discernible
differences between sexes in the decrease of time spent exploring urine (Figure
31).
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Figure 31. Similar decrease in the exploration of social odors in senescent
males and females across different dilutions. a, b, Average of the sniffing time
of urine serial dilutions normalized to the exploration time of the vehicle (water)
of adult and aged wild-type female and male mice, respectively. ¢, d, Dispersion
plots of the normalized sniffing times of some representative urine dilutions for
adult and aged wild-type female and male mice. Grey lines in the dispersion plots
indicate mean + SEM. Data were analyzed by a one-way ANOVA with Tukey’s
test to test multiple comparisons with more than one variable. P < 0.05 was
considered statistically significant. P values are indicated above the
corresponding comparisons.
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4.5. Natural aging mildly reduces neutral odor exploration

We then inquired whether non-social odor experiences were similarly influenced
in senescent and APP/PS1Het animals. To address this question, we assessed
the exploration time for both food and synthetic neutral odors. Initially, we
exposed naturally aged and APP/PS1Het mice to varying concentrations of IA, a
synthetic banana-like odor with neutral valence at higher dilutions (Fortes-Marco
et al., 2015). In line with previous research, mice across all conditions exhibited
significantly reduced responses to the neutral odor compared to urine (Figure
32a—d), reflecting the higher valence of urine over a synthetic odor (Saraiva et
al., 2016; Kobayakawa et al., 2007; Jagetia et al., 2018). Our results indicated no
significant differences in the exploration times of IA in senescent mice, while there
was a modest but noteworthy increase in the sniffing time for the 1:10* and 1:100
IA dilutions in APP/PS1"et animals (Figure 32a—d; ANNEX [). Similarly, FFT
analysis revealed no significant differences in the latency to find food pellets after
24 hours of food deprivation in either naturally aged or middle-aged APP/PS1"et
mice (Figure 32e; ANNEX [). These results imply that deficits in social exploration
time at advanced stages of natural aging and in an animal model of AD are more

pronounced than in response to other olfactory-encoded information.
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Figure 32. Aging and neurodegeneration impact social odor recognition
more severely than other odor modalities. a, Average of the sniffing time of
young and aged mice in response to a neutral synthetic odor (IA) normalized to
the vehicle (mineral oil). b, Dispersion plots of the normalized sniffing time of
young and aged mice in response to various IA dilutions. ¢, Average of the
sniffing time of middle-aged APP/PS1"WT and APP/PS1He mice in response to IA
samples normalized to the vehicle (mineral oil). d, Dispersion plots of normalized
sniffing time of APP/PS1WT and APP/PS1Het mice in response to various |A
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dilutions. Note that APP/PS1Het mice showed higher exploration times for the
1:104 and 1:100 IA dilutions. e, Food- deprived animals performed a food finding
test (schematics on the right) which revealed equivalent latencies to find hidden
food pellets as shown in the dispersion data plot (left panel). Thick grey lines in
the dispersion plot indicate mean + SEM. Data were analyzed by a one-way
ANOVA with Tukey’s test to test multiple comparisons with more than one
variable. P < 0.05 was considered statistically significant. P values are indicated
above the corresponding comparisons.

4.6. Social odor discrimination and habituation are reduced in naturally

aged and AD mouse model

To further investigate the impact of aging and neurodegeneration in the detection
of social information, we performed a habituation—dishabituation test, which relies
on the animal’s ability to discriminate novel smells (Yang and Crawley, 2009). For
these experiments, young (2—4 mo.) and aged (20—-24 mo.) wild-type animals
were presented three consecutive replicates of urine samples from two different
animals (S1a-c and S2a-c) (Figure 33a). Aged animals were able to discriminate
between urine sources, but showed reduced sniffing times during the first and

second discrimination and habituation phases (Figure 33b, c). Similarly, middle-
aged APP/PS1"® mice also exhibited reduced sniffing times in comparison to

aged-matched APP/PS1"" controls (Figure 33d). Analysis of the slope values of
the first and second discrimination and habituation phases revealed that

senescent mice exhibited significant deficits during both rounds of social

habituation—dishabituation, whereas APP/PS1Het mouse impairments were

apparent during the second phase of discrimination (Figure 33; ANNEX I).

Then, we adapted the habituation-dishabituation test to assay potential changes
in long-term social odor memory (Figure 33f). Thus, animals were exposed to the
same S1a urine sample 24h after the first presentation. A reduction of the sniffing
time during the first discrimination phase was interpreted as an indicator of

memory. This reduction was clearly observed in young adults, but absent in

naturally aged and 1-year-old APP/PS1"™ mice (Figure 34g; ANNEX 1),
suggesting long-term social odor memory impairments during both natural and

pathological aging.
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Figure 33. Social odor discrimination and habituation are reduced in

naturally aged and APP/PS1™ mice. a, Schematics of the social habituation-
dishabituation test used in this study: after habituation to the experimental cage,
the animal was exposed to the same urine sample three times (S1a-c) which

induces a typical increase in exploration time (15t discrimination) to be followed

by a reduction in the sniffing time (15t habituation). Dishabituation induced by a
urine sample from a new subject (S2a) elicits a second round of habituation—
habituation (see “Materials and Methods” for details). b, Average sniffing time of
the social habituation-dishabituation test performed by young and aged wild-type
mice. ¢, Dispersion plot of the sniffing time of young and aged animals during the
social habituation-dishabituation test. d, Average sniffing time of the social

habituation-dishabituation test performed by middle-aged APP/PS1"T controls
and age-matched APP/ PS1™ mice. e, Dispersion plot of the sniffing time of

middle-aged APP/PS1"" controls and APP/PS1™® mice during the social habit-
uation-dishabituation test. f, The habituation-dishabituation test was modified to
assess potential deficits in long-term discrimination due to natural or pathological
aging by presenting the same S1a sample 24h after. g, Paired data
corresponding to the sniffing time during the first and second S1a presentation
(24h later) is plotted for each condition. Thick lines in dispersion plots and black
dots in g, indicate mean £ SEM. Data were analyzed by a one-way ANOVA with
Tukey’s test to test multiple comparisons with more than one variable. P < 0.05
was considered statistically significant. P values are indicated above the
corresponding comparisons.
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Figure 34. Analysis of the social discrimination and habituation decay
during natural and pathological aging. a, Paired data of the sniffing time of
young and aged wild-type animals corresponding to the first discrimination phase
(H20-S1a). b, Paired data of the sniffing time of young and aged wild-type
animals corresponding to the second discrimination phase (S1c-S2a). c,
Dispersion plots of the slope values corresponding to the first and second
discrimination phases of young and aged mice. d, Paired data of the sniffing time

of APP"" and APP"™ mice corresponding to the first discrimination phase (H20-
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S1a). e, Paired data of the sniffing time of APP"" and APP™ mice corresponding
to the second discrimination phase (S1c-S2a). f, Dispersion plots of APP"" and

APP™ mice corresponding to the slope values of the first and second
discrimination phases. g, Paired data of the sniffing time of young and aged wild-
type animals corresponding to the first habituation phase (S1a-S1b). h, Paired
data of the sniffing time of the young and aged wild-type animals corresponding
to the second habituation phase (S2a-S2b). I, Dispersion plots of the slope values
of young and aged mice corresponding to the first and second habituation

phases. j Paired data of the sniffing time of APP"" and APP"™' mice
corresponding to the first habituation phase (S1a-S1b). k, Paired data of the

sniffing time of APP"" and APPHEt mice corresponding to the second habituation

phase (S2a-S2b). | Dispersion plots of the slope values of APP"" and APP™
mice corresponding to the first and second habituation phases. Black dots in a,
b, d, e, g, h, j, k and thick lines in ¢, f, i, | indicate mean + SEM. Data were
analyzed by one-way ANOVA with Tukey’s test. P < 0.05 was considered
statistically significant. P values are indicated above the corresponding
comparisons

4.7. Age-related deficits in social discrimination and habituation are not

influenced by previous experience

Subsequently, we conducted an experiment involving animals exposed to either
familiar (littermate urine, L) or novel social odors (novel urine, N) in the
habituation-dishabituation test (Figure 35a). Aged animals exhibited a poor
performance in the L-N dishabituation task, with no significant increase in sniffing
time. This implies that the decline in social odor discrimination and habituation is

not influenced by prior experience.

Given that the deficiencies in social odor discrimination were more pronounced
in naturally aged mice, we inquired whether these deficits extended to the
recognition of the animal's own odors. Loss of self-awareness is a commonly
occurring disruptive symptom in senescent subjects (La Joie et al., 2016; Valech
et al., 2018). For this purpose, animals were presented with samples of their own
urine (O) during the second discrimination phase of the habituation-dishabituation
test (Figure 35c, d). Our findings indicated that the animal's own urine effectively

triggered a typical discrimination (dishabituation) response (Figure 35; ANNEX ).
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Figure 35. Age-related deficits in social discrimination and habituation are not
influenced by previous experience. a, Average sniffing time of social habituation-
dishabituation test in response to odors from novel (N) or littermate (L) subjects
of young and naturally aged mice. b, Dispersion plot of the exploration time of
young and senescent animals in response to novel or littermate urine samples.
¢, Average sniffing time of social habituation-dishabituation test in response to
littermate and animal’s own urine (O). d, Dispersion plot of exploration time of
young and naturally aged animals in response to their own or littermate urine
samples. Thick grey lines in dispersion plots indicate mean + SEM. Data were
analyzed by a one-way ANOVA with Tukey’s test to test multiple comparisons
with more than one variable. P < 0.05 was considered statistically significant. P
values are indicated above the corresponding comparisons.
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4.8. Social novelty is disrupted during pathological aging

Finally, we investigated whether the identified impairments in social odor
exploration and discrimination might adversely affect social interaction in both
naturally aged and APP/PS1"et mice. For this purpose, we conducted a three-
chamber test (Nadler et al., 2004) (Figure 36a) to evaluate general sociability and
social novelty in senescent and APP/PS1Het animals. Our data revealed a
decrease in social novelty in middle-aged APP1/PS1Met mice, a trend not

observed in 2-year-old animals (Fig. 36b—e; ANNEX I).
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Figure 36. Social novelty is disrupted during pathologi-
cal aging. a, Schematics of the three-chamber test used in this study to test
sociability and social novelty. In the sociability phase, the sniffing time of E and

M1A is compared. Social novelty is estimated by quantifying the sniffing time of
exploring M1B versus M2 (see “Materials and Methods section”). b, Paired data
of the sniffing times of young wild-type mice during the sociability (E-M1A) and

social novelty (M1 B-M2) phases. ¢, Paired data of the sniffing times of aged wild-
type mice during sociability and social novelty. d, Paired data of the sniffing times

of middle-aged APP"" mice during sociability and social novelty. e, Paired data

of the sniffing times of middle-aged APP™"  mice during sociabil-
ity and social novelty. Colored dots in the paired plots indicate mean + SEM. Data
were analyzed by a one-way ANOVA with Tukey’'s test to test multiple
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comparisons with more than one variable. P < 0.05 was considered statistically
significant. P values are indicated above the corresponding comparisons.

Although senescent mice did not exhibit significant impairments in either
sociability or social novelty, there was a slight increase in the latency to approach
M1 during the social novelty phase (Figure 37), aligning with the overall decrease
in exploration time of social odors.

Altogether, these findings unveiled exacerbated deficits in an animal model of
AD, suggesting a distinct impact of natural and pathological aging on the
manifestation of social behavior.
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Figure 37. Senescent mice exhibit an increased latency to approach a
familiar mouse during the social novelty phase. a, ¢, e, Latencies to approach
a familiar (M12 and M1°) and a novel mouse (M2) during the sociability and social
novelty phases of the test. b, d, f, number of approaches to familiar and novel
mouse in each test phase.
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5. DISCUSSION
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1. Natural and pathological aging impact distinctly on the VSE

We observed distinct effects of healthy and pathological aging on the VNO.
Consequently, we developed and implemented a series of olfactory tests
designed to assess pheromonal-encoded behaviors in mice. We chose these
tests as they evaluate various aspects of general olfaction (e.g., detection of food
odors) and social behavior (e.g., detection of social and non-social odors). These
assessments have proven effective in delineating olfactory abilities in both
healthy and pathological mouse models of aging, providing insights that could
help develop novel therapies aimed at alleviating age-related diseases such as
AD.

Our research provides new insights into the process of pathological aging from a
widely used AD animal model. Arguably, the most unexpected result from our
work is the unforeseen preservation of the VSE's proliferative capabilities in
middle-aged APP/PS1Het mice. These results stand in contrast to the diminished
rate of neurogenesis within the SVZ observed in similar AD animal models (Verret
et al., 2007; Zhang et al., 2007; Zeng et al., 2016; Scopa et al., 2020), indicating
that VSE neurogenesis may be less vulnerable to damage (Brann and Firestein,
2010) and pathological conditions compared to other areas of cell proliferation
such as the SVZ.

Furthermore, our data unveiled significant alterations in the VSE during natural
aging, contrasting with the results in APP/PS1"¢t mice. While the VSE of
APP/PS1Het mice exhibits unaltered neurogenic abilities, aged wild-type animals
displayed a decline in both proliferative and stem cells (PCNA*" and Sox2*-
positive cells) within the VSE, as opposed to their younger counterparts (Figure
29). This decline may account for the observed reduction in mature OMP*
neurons, SCL-Sox2* cells, and overall organ volume (Figure 26). Our findings
align with two previous studies, reporting an overall thinning of the VSE (Mechin
et al., 2021) and decreased VSE neurogenesis of 2-year-old animals (Brann and
Firestein, 2010). It is worth noting that this reduction might not imply a complete

elimination of proliferative capacities in older mice (Brann and Firestein, 2010),
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but just a reduction with high interindividual variability (experimental

observations).

2. Natural and pathological aging impair the exploration of socio-sexual

cues and social discrimination-habituation

Surprisingly, the exploration of aging and its effects on olfactory capacities in
rodents has been relatively neglected in the literature. One contributing factor to
this gap of information is the methodologies employed for assessing olfactory
abilities in rodents, predominantly relying on tests based in associative learning
(Mandairon et al., 2006e). These tests evaluate the mice ability in associating
certain odors with rewards or punishments, offering insights into their olfactory
learning and memory. However, they may not necessarily unveil the unique
dynamics of olfactory function. Associative learning tests involve training animals
to execute specific behavioral responses, such as locating a hidden food pellet
or avoiding a predator, based on their previous experiences as well as in their
ability to detect and recognize specific odors. While valuable in understanding
olfactory capabilities, these tests might overlook the subtle changes that

specifically occur in the olfactory system as rodents age.

In addition, a noteworthy aspect of our research is that most prior studies
addressing olfactory decline utilized synthetic or neutral odors, leaving
understudied the specific impact of both healthy and diseased aging on the
recognition of social cues. To advance into this question, we examined the
exploration time and the habituation-dishabituation response to urine (Figures 30,
33, 34). Our discoveries demonstrated that despite the distinct effects of natural
and pathological aging on the structure of the VSE, both processes hindered the
exploration of socio-sexual cues, social discrimination-habituation, and social
behavior. This suggests fundamental differences in how healthy and diseased

aging affect social information processing.

-92 -



3. The disruption observed in the VSE in aged mice could explain the

behavioral deficits in processing social cues.

Additional experiments are required to establish a causal relationship, but our
findings propose that the observed changes in the VSE in aging mice may
contribute to deficiencies in urine exploration time (Figure 30 and ANNEX 1). Such
deficits could potentially hinder the processing of social information. Analysis of
VSE volume data from middle-aged APP/PS1WT control animals suggests that
structural alterations in the VSE may manifest around the age of 12 months
(Figure 26). However, the functional consequences of these changes might not

become evident until the later stages of aging.

This scenario implies a gradual decline in the VNO that aligns with the aging
process observed in other olfactory areas like the OB. Various studies have
indicated that certain symptoms of OB aging, such as a reduced regeneration
rate of OSNs, a decreased number of synaptic contacts (Richard et al., 2010),
loss of expression of odorant receptor genes (Lee et al., 2009; Khan et al., 2013),
or alterations in OSN dynamic range (Kass et al., 2018), are distinctly noticeable
only in 2-year-old mice. This evidence suggests that although age-related
changes may initiate earlier in the olfactory system (Mobley et al., 2014),
functional and behavioral deficits may have a delayed onset, implying
compensatory mechanisms to safeguard the processing of olfactory cues crucial

for the survival of aged animals (Tikhonova et al., 2015).

In contrast to the natural gradual decline, pathological conditions may accelerate
functional deficits, even in the absence of modifications in peripheral organs. This
acceleration suggests disruptions in the central processing of social information.
Notably, defects in the exploration of social odors were found to be exacerbated
in middle-aged APP/PS1Het mice (Figure 30), a condition likely to intensify frailty
and diminish life expectancy in these animals, as observed in APP/PSEN1Het

under our experimental conditions.
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4. The recognition of social cues may be altered during both natural and

pathological aging

Data obtained from the long-term social habituation-dishabituation test indicated
notable impairments in both 2-year-old wild-type animals and middle-aged
APP/PS1Het mice. This suggests that, in parallel with sensory decline, the
downstream pathways responsible for social cue recognition may be influenced
during both natural and pathological aging. To address the potential influence of
novelty in the social habituation-dishabituation test, we introduced urine samples
from littermate and novel animals, revealing similar deficits in discrimination
(Figure 35a, b). Interestingly, while senescent animals displayed significant
discrimination deficits, they retained the ability to distinguish between urine from
a novel subject and their own. This prevented further exploration of the underlying
mechanisms of subjective perception loss, a disruptive symptom of senescence
and dementia that currently lacks suitable animal models for preclinical studies
(Jessen et al., 2020).

The decline in olfactory detection associated with aging is likely due to alterations
in both the MOE and the VNO (Lee et al., 2009; Ueha et al., 2018), potentially
impacting various odor modalities. We explored this question by conducting odor-
evoked sniffing tests using social and neutral synthetic odors (Figure 32).
Quantifying the exploration time across various IA dilutions revealed no
significant differences between senescent and young mice, and even increased
responses in APP/PS1Het mice. Furthermore, results from the FFT showed no
changes in the latency time to find hidden food pellets (Figure 32¢). This indicates
that defects in social odor detection related to natural and pathological aging
might be more severe than those in other odor modalities, such as food odors,
which drive vital behaviors like foraging and feeding, reported to be mainly

preserved in old age (Harb et al., 2014).

Moreover, the decline in detecting specific odors may result from alterations in
the number of sensory neurons and synaptic connections specifically related to
the discrimination of conspecifics (Li and Liberles, 2015; lurilli and Datta, 2017),

and heterospecific social cues (e.g., predators) (lurilli and Datta, 2017).
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Alternatively, discrimination of conspecifics, involving repetitive exposure and
learning, may be processed by circuits different from those recognizing innate
cues like reproductive or predator odors. Notably, impairments in social odor
exploration and discrimination may arise from maladaptation of the VNO-AOB

axis, consistent with the observed decrease in AOB volume (Figure 28).

5. Natural and pathological aging impacts differently on social behaviors

Social interactions and social support contribute to cognitive reserve, or
resilience, which refers to the brain's ability to cope with age-related changes or
neurological damage (Livingston et al., 2020). Active social engagement may
enhance cognitive function and provide a protective effect against the onset of
dementia. Additionally, social support networks can buffer against stress, which
is a significant risk factor for mental iliness (Herbert, 1997). Biological factors,
such as genetics or neurobiology, interact with psychological and social factors
to influence disease development. For example, genetic predispositions for
certain mental illnesses may be triggered or influenced by adverse social
environments or limited social support. Understanding the relationship between

social life, aging and dementia requires basic studies in animal models.

In our research, we aimed to understand how age-related deficiencies in social
odor sensitivity, discrimination, and memory influence social behavior. The
results of a three-chamber test (Figure 36) indicated that sociability was generally
maintained in naturally aged and APP/PS1Het animals. However, social novelty
was significantly impaired in APP/PS1Het mice, consistent with previous studies
(Locci et al., 2021).

The deficits in social novelty observed in APP/PS1"¢t mice could be associated
with the impaired social discrimination observed in the habituation-dishabituation
test (Figures 33d, e and 34d, f), potentially hindering the recognition of M2 as a
novel subject (Enwere et al., 2004; Moreno et al., 2014). Despite the overall
decrease in exploration time for social odors (Figure 30 and ANNEX 1), aged
animals exhibited an increase in latency to approach novel or familiar mice (M14,

M1B, M2) and a reduced number of approaches (Figure 37). These findings

-905 -



suggest potential locomotion deficits, although they were not sufficient to impede
the adequate performance of the social novelty test. In summary, despite the
decline in social odor exploration and discrimination, overall sociability and

novelty are largely preserved in naturally aged mice.

It is crucial to note that in contrast, the APP/PS1 neurodegenerative model
displays a measurable impairment in social novelty, possibly stemming from a
broader issue in learning and memory, a hallmark of AD. This evidence suggests
that neuronal circuits governing specific social functions (sociability vs social

memory) may be particularly vulnerable to pathological aging.

6. The olfactory and vomeronasal systems as biomarkers for healthy and

pathological aging

Our research indicates that the olfactory and vomeronasal systems are
distinctively impacted, both anatomically and functionally, by natural and
pathological aging. These distinctive effects could be exploited to develop novel
tests for early detection of neurodegenerative processes, as well as expanding

the basic knowledge of neuronal circuit adaptation in response to aging.

In addition to the normal aging process, certain pathological conditions or
diseases can further impair olfactory function. The AD mouse model used in this
study exhibits olfactory dysfunction as an early symptom, demonstrating its value
to further explore the underlying mechanisms of neurodegenerative disease

progression and potential identification of diagnostic markers.

Understanding how the olfactory system changes with age can provide insights
into the mechanisms of neuroplasticity and how it may be influenced by both
normal and pathological aging. By examining changes in olfactory function,
neurobiological markers, and behavioral responses to odors in aged animals.
Thus, with this study, we have gained a better understanding of the molecular

and cellular mechanisms underlying olfactory natural and pathological aging.
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As olfactory deficits can serve as a marker for neurodegeneration and
pathological conditions, its implementation in the clinic should be further tested
and promoted in parallel to exploring novel neuroprotective strategies. Therefore,
investigating the kinetics of olfactory impairments in rodents may contribute to
the development of interventions or treatments to mitigate age-related olfactory

decline in humans.

Finally, an additional benefit of the tests employed in this work is that they mimic
the innate exploratory activity, inherent in mouse’s natural behavior, avoiding
associative conditioning approaches. The data derived from mice can be
compared to human impairments as the behavioral assays we implemented
closely mirror the paradigms utilized in behavioral tasks explored in humans. The
selected tests enabled us to differentiate between discrimination and recognition
deficits in the context of both healthy and pathological aging. Furthermore, they
made possible to unveil that these two types of aging impact olfactory perception
with distinct temporal dynamics. Additionally, these olfactory tests provide an
ideal framework to further investigate the effects of aging in social cue perception

at both the molecular and behavioral level

In summary, by studying the VNS and its changes with aging, we can gain
insights into the broader processes of normal and pathological aging in the brain.
The olfactory system's unique characteristics make it a valuable model for
understanding age-related adaptations, neuroplasticity, and the role of olfactory

dysfunction in age-related diseases.
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6. CONCLUSIONS
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Olfactory deficits are present in nearly 90 % of AD patients, an impairment
believed to appear during early stages of the disease, and thus with great
potential as a biomarker not only for AD but also for other neurodegenerative
disorders such as Parkinson's and Huntington's disease. Our research provides
a novel characterization of the cellular adaptations of the vomeronasal
system during natural and pathological aging. This work has revealed natural
and pathological aging have distinct effects at the cellular level which surprisingly
resulted in similar outcomes regarding social odor perception and social

behavior. The main conclusions of this study can be summarized as follows:

1. Natural and pathological aging distinctly impact the VSE cell population

and structure.

2. Unexpectedly, pathological aging assayed in a common animal model of
AD (APP/PS1 mice) was associated with normal VNO structure and intact

neurogenic capabilities.

3. Naturally-aged mice showed a significant decline in cell proliferation,

number of mature OSNs, and reduced AOB volume.

4. Despite the distinctive impact of healthy and pathological aging onto the

VNO, both aging processes impaired the sensitivity to social odors (urine).

5. APP/PS1 mice exhibited a more significant impairment in the sensitivity to
social odors compared to naturally-aged mice. These impairments were

already detected in middle-age animals.
6. Both natural and pathological aging significantly impaired the processing
of social odors compared to other smell types, such as food or synthetic

odors.

7. Impairments in social odor habituation-dishabituation test during natural

aging are independent of previous experience.
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8. Despite severe deficits in social odor sensitivity and discrimination, overall

sociability is preserved during both natural and pathological aging.

9. Social novelty is significantly impaired in an animal model of AD (APP/PS1

mice) in contrast to senescent animals that exhibit a milder reduction.

General conclusion

While natural aging and AD mice display distinct effects at the cellular level in the
VSE, both scenarios disrupt the detection of social odors more severely than
other odor modalities. Notably, social detection and behavior impairments are
exacerbated in the AD model, suggesting that pathological aging affects the
downstream processing of social information even in the absence of observable

alterations in the VSE.
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CONCLUSIONES

Los déficits olfatorios estdn presentes en casi el 90 % de los pacientes con
enfermedad de Alzheimer (EA), un deterioro que se cree que aparece durante
las primeras etapas de la enfermedad, y por lo tanto, con un gran potencial como
biomarcador no solo para la EA, sino también para otros trastornos
neurodegenerativos como el Parkinson y la enfermedad de Huntington. Nuestra
investigacion proporciona una nueva caracterizacion de las adaptaciones
celulares del sistema vomeronasal durante el envejecimiento natural y
patolégico. Este trabajo ha revelado que el envejecimiento natural y patolégico
tienen efectos distintos a nivel celular. A pesar de estas diferencias, ambos
procesos de envejecimiento se encuentran asociados a resultados similares en
cuanto a resultados similares en cuanto a la percepcidon de olores sociales y el
comportamiento social. Las principales conclusiones de este estudio se pueden

resumir de la siguiente manera:

1. El envejecimiento natural y patoldgico afecta de manera distinta a la

poblacién y estructura celular de las células del VSE.

2. Sorprendentemente, el envejecimiento patoldgico evaluado en un modelo
animal de EA (linea transgénica APP/PS1) no afecté a la estructura y

capacidades neurogénicas intactas del VNO.

3. Los ratones envejecidos de forma natural mostraron una disminucion
significativa en la proliferacién celular, el nUmero de neuronas sensoriales

olfativas maduras y un volumen reducido del AOB.
4. A pesar del impacto distintivo del envejecimiento saludable y patolégico
en el VNO, ambos procesos de envejecimiento afectaron la sensibilidad a

olores sociales (orina).

5. Los ratones APP/PS1 mostraron un deterioro mas significativo en la

sensibilidad a los olores sociales en comparacion con los ratones
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envejecidos de forma natural. Estos déficits se detectaron en animales de

mediana edad.

6. Tanto el envejecimiento natural como el patolégico afectaron
significativamente al procesamiento de olores sociales en comparaciéon

con otros tipos de olores, como alimentos u olores sintéticos.

7. Los deterioros en la prueba de habituacion-deshabituacion al olor social
durante el envejecimiento natural son independientes de la experiencia

previa.

8. A pesar de los déficits significativos en la sensibilidad y discriminacion de
los olores sociales, la sociabilidad general se encuentra preservada

durante el envejecimiento natural y patologico.

9. La novedad social esta significativamente deteriorada en un modelo
animal de EA (ratones APP/PS1), en contraste con los animales

senescentes que muestran una reduccion mas leve.

Conclusioén general

Mientras que el envejecimiento natural y los ratones modelo de EA muestran
efectos distintos a nivel celular en el VSE, ambos escenarios reducen la
deteccidon de olores sociales de manera mas severa que otras modalidades
olfativas. Notablemente, los deterioros en la deteccion social y el
comportamiento social se agravan en el modelo animal de EA, lo que sugiere
que el envejecimiento patolégico afecta el procesamiento de la informacién

social incluso en ausencia de alteraciones observables en el VSE.
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Future perspectives

Our research revealed that natural aging impacts the structure and cellular
composition of the VSE. Due to the role of this organ, these changes may affect
the mice chemical communication capabilities, and, consequently, its behavior.
However, these hypotheses should be confirmed by further functional studies, for
example taking advantage of genetically-targeted optogenetics to modulate the
activity of the VNS in old and APP/PS1 animals to assess behavioral responses
upon social odor stimulation. Furthermore, future studies should delve into the
anatomical and functional properties of the VNO-AOB circuit to gain a
comprehensive understanding of how healthy and pathological aging impact
social information processing. The influence of pathological aging on pheromone-
encoded behaviors has the potential to disturb various aspects of social
communication, possibly causing alterations in mating, social hierarchies,
territorial behaviors, and other responses triggered by pheromones. Additional
research is necessary to investigate these behavioral adaptations caused by AD-

related mutations.

Additionally, conducting longitudinal studies that monitor olfactory capabilities in
rodents over their entire lifespan would be highly informative. Such studies could
offer valuable insights into the progression of olfactory impairments over time and
help determine whether the decline in olfactory function follows a gradual or
abrupt pattern at specific stages of aging. This type of information will be crucial
in order to determine the predictive value of olfactory tests to identify the optimal

time window for therapeutic interventions.
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Abstract

Normal aging and many age-related disorders such as Alzheimer’s disease cause deficits in olfaction; however, it is currently
unknown how natural and pathological aging impacts the detection of social odors which might contribute to the impoverish-
ment of social behavior at old age further worsening overall health. Analysis of the vomeronasal organ, the main gateway
to pheromone-encoded information, indicated that natural and pathological aging distinctively affects the neurogenic abil-
ity of the vomeronasal sensory epithelium. Whereas cell proliferation remained majorly preserved in 1-year-old APP/PS1
mice, naturally aged animals exhibited significant deficiencies in the number of mature, proliferative, and progenitor cells.
These alterations may support age-related deficits in the recognition of social cues and the display of social behavior. Our
findings indicate that aging disrupts the processing of social olfactory cues decreasing social odor exploration, discrimina-
tion, and habituation in both wild-type senescent (2-year-old) mice and in 1-year-old double mutant model of Alzheimer’s
disease (APP/PS1). Furthermore, social novelty was diminished in 1-year-old APP/PS1 mice, indicating that alterations in
the processing of social cues are accelerated during pathological aging. This study reveals fundamental differences in the
cellular processes by which natural and pathological aging disrupts the exploration of social information and social behavior.

Keywords Aging - Pheromone - Vomeronasal system - Social behavior - Odor discrimination - Neurodegeneration

Abbreviations OMP  Olfactory marker protein

AD Alzheimer’s disease PCNA Proliferative cell nuclear antigen

AOB  Anterior olfactory bulb PS1 Presenilin 1

APP Amyloid precursor protein SCL Supporting cell layer

C VNO central zone Sox2  SRY-box transcription factor 2

CTF Corrected total fluorescence VL Vomeronasal lumen

FFT Food finding test VNO  Vomeronasal organ

I VNO intermediate zone VSE Vomeronasal sensory epithelium

IA Isoamyl acetate

M VNO marginal zone

MOB  Main olfactory bulb Introduction

MOE  Main olfactory epithelium

NSE Non-sensory epithelium Social recognition is essential for survival allowing to appro-
OCT  Optimal cutting temperature priately adapt behavior across a variety of contexts [1, 2].

As aging progresses, social odors have been shown to elicit
attenuated responses [3], a phenomenon interpreted as a nat-
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aging, natural or pathological, alters social information pro-
cessing remain unclear.

Mouse social communication strongly depends on chem-
osignals comprised by volatile and non-volatile molecules
(pheromones) [8, 9]. Volatile odors are primarily detected
at the main olfactory epithelium (MOE) which projects to
the main olfactory bulb (MOB), whereas pheromones are
mainly detected by the vomeronasal sensory epithelium
(VSE) [10-12] which connects to the accessory olfactory
bulb (AOB) [13]. Despite the segregated connectivity, both
systems have overlapping functions [14, 15].

A remarkable property of the VSE is that it contains pro-
liferative niches capable of generating functional neurons
during adulthood [16-19]. The neurogenic properties of
olfactory structures are known to decline with age, which
it is likely to underlie the olfactory deficits associated to
both natural aging and neurodegenerative disorders [20-22].
However, how natural and pathological aging affects the
regenerative capacity of the VSE has been scarcely stud-
ied despite being central to socio-sexual cue detection. An
elegant study by Brann and Firestein [18] showed that the
proliferative capacity of the marginal region of the VSE of
2-year-old animals was attenuated in comparison to young
animals. More recently, Mechin et al. (2021) [23] reported
a significant reduction in mature olfactory marker protein
(OMP)-expressing cells (OMPY), indicating structural
modifications of the aged VNO. However, it is currently
unclear whether these cell alterations have any impact in
social odor detection, particularly in animal models of
neurodegeneration.

To gain insight into these questions, we investigated the
impact of natural and pathological aging in social odor-
evoked sniffing behavior, social-odor habituation/dishabitu-
ation, and sociability during the aging process of wild-type
C57/BL6 mice and amyloid precursor protein (APP) and
presenilin 1 (PS1) double transgenic mice (APP/PS1Het
mice, therein), a widely used animal model of AD [24-26].
Analysis of the number of progenitors, proliferative and
mature neurons revealed that naturally aged animals show
reduced neuronal proliferation and decreased levels of sen-
sory mature OMP™ neurons. In contrast, the VSE of 1-year-
old APP/PS1H¢ mice exhibited normal levels of mature
neurons and cell regeneration, suggesting that natural and
pathological aging distinctively impacts the neurogenic
capacity of the VSE.

We explored the functional consequences of these cell
alterations observing reduced exploration time of social
odors and decreased performance in a social odor habit-
uation-dishabituation test in both senescent and middle-
aged APP/PS1M¢ mice, suggesting that despite the overall
normal VSE structure and cell composition, APP/PS1Het
animals exhibit an accelerated decay of social cue explo-
ration. Moreover, 1-year-old APP/PS1¢ mice exhibited a
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significant reduction of social novelty which was not appar-
ent in naturally aged animals, exposing fundamental differ-
ences in how natural and pathological aging impacts not
only the pheromone detection system but also the display
of social behavior.

Materials and Methods

Animals Experiments were performed in either con-
trol C57/BL6 mice (young adult: 2—4 months old; mid-
dle age: 6-8 months old; old: 12—14 months old; senes-
cent: 20-24 months old) or APP/PS1 mice on a C57/BL6
genetic background (young adult: 2-4 months old; old:
12—-14 months old) (Jackson Labs, Stock No. 004462,
MMRRC Stock No. 34829). Distinct animals were utilized
in each of the test conducted. APP/PS1%¢ mice express a chi-
meric mouse/human amyloid precursor protein (Mo/HuAPP-
695swe) and a mutant human presenilin 1 (PS1-dE9). These
animals develop beta-amyloid deposits at ~ 6 months of age
and exhibit early-onset cognitive impairments [24-26] and
reduced life expectancy (~ 14—16 months old) in compari-
son to APP/PS1VT controls, a scenario that prevented the
study’s extension to a comparable age range to naturally
aged animals (20-24 months old). Mice were kept group-
housed and experimentally naive during all their lifetime
under pathogen-free conditions. Animals were housed in
ventilated cages with free access to food and water on a
12 h light/dark cycle. Although the study was not originally
designed to address sexual differences, many experiments
included animals of both sexes. However, a meaningful sta-
tistical comparison of the results desegregated by sex could
be only performed for the social exploration test.

All experiments were performed according to Spanish
and European Union regulations regarding animal research
(2010/63/EU), and the experimental procedures were
approved by the Bioethical Committee at the Instituto de
Neurociencias and the Consejo Superior de Investigaciones
Cientificas (CSIC).

VNO Dissection Mice were perfused transcardially with
PBS, pH 7.4, followed by 4% paraformaldehyde in 0.1 M
phosphate buffer (PB), pH 7.4. A fixed mouse head was
placed under a scope, and the lower jaw was removed to get
a palate view. To facilitate VNO extraction, the palate and
the nasal septum were removed and the bilateral VNOs were
split in two parts with a gentle twisting motion. Finally, the
bony capsule that covers each portion was carefully removed
to extract the VNOs. Tissue was incubated in a 30% sucrose
solution for cryoprotection and kept at — 4 °C until section-
ing. Samples were embedded in OCT and frozen at — 80 °C
for cryosectioning.
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Immunohistochemistry VNOs embedded in OCT medium
were sliced in 16 pm thick sections in a cryostat apparatus
(Leica CM 3050S). Slices were incubated in blocking solu-
tion containing 0.5% Triton X-100 and 5% normal horse
serum in 0.1 M TBS for 2 h at room temperature (RT). Pri-
mary antibody incubation was performed overnight (o/n)
at 4 °C with anti-OMP (Wako goat polyclonal; 1:2000),
anti-PCNA (Sigma, rabbit monoclonal; 1:2000), and anti-
Sox2 (R&D Systems, goat polyclonal; 1:300). For PCNA
immunostaining, slices were incubated in 10 mM citrate
buffer (100 °C; pH, 6.0) for 5 min prior staining. Sections
were incubated with Alexa Fluor 488- or 594-conjugated
secondary antibodies (Jackson Laboratories, 1:500) for 2 h
at RT. Hoechst (Sigma, 1:10,000) was added during 5 min
after the secondary antibody incubation for nuclei visuali-
zation. Imaging was performed using a vertical confocal
microscope Leica SPEII. Final images were assembled in
Adobe Illustrator.

Sox2 Fluorescence Intensity at the VNO Supporting Cell Layer
(SCL) For determining the expression of Sox2 in the VNO
SCL where single-cell quantification was limited by the
densely packed disposition of the cells, we calculated the
corrected total fluorescence (CTF) of the area of interest
employing the Freehand ROI tool of Image J. CTF was cal-
culated by subtracting the background fluorescence from a
minimum of 3 sections, 16 pm thick, from at least 4 animals
per condition.

Stereology, Cell Quantification, and AOB Volume
Estimation

The total number of olfactory mature neurons (OMP* neu-
rons) in the entire VSE was estimated using stereology (opti-
cal fractionator method [27]) employing Stereo Investigator
(MBF Bioscience). Two different tools are combined in this
unbiased quantification method: a 3D optical dissector for
cell counting and a fractionator, based on a systematic, uni-
form, and random sampling over a known area [28, 29]. The
number of neurons was estimated as

N= <1/h><1/ssf><1/asf><ZQ—t>

in which Y Q is the total cell number in the region of inter-
est acquired using the optical dissector method; t stands for
the mean mounted section thickness; h is the optical dissec-
tor height; asf is the area sampling fraction and ssf is the
frequency of sampling (section sampling fraction). For the
VSE stereological analysis, sampling was performed with a
20 x objective (Leica, NA 0.6), the counting frame area was
2500 pm?, and the sampling grid area was 22,500 pm?. H
for VSE stereology was 8 pm with 1 pm as upper and lower
guard zones and ¢ was set at 10 pm. Quantifications were

performed for marginal regions of the VSE dividing the area
in segments of equal length as previously described [18, 30].
For cell quantification in the anterior—posterior regions, the
VSE was distributed in 10 sections per animal. Results were
divided by the area to obtain the number of cells/mm? in
each subdivision. Quantification of the cell number in the
marginal area was performed in three slices of each animal
delineated with a 50 x 50 dissector employing Stereo Inves-
tigator (MBF Bioscience).

VSE volume was calculated by multiplying the sampled
area by the slice thickness (16 pm) and the number of series
(10 slices per animal). Ten sections per series were analyzed
to obtain an estimation of the VSE area and volume in young
adults (4 months old), senescent (24 months old), and old
(12 months old) APP/PS1%VT and old APP/PS 11 mice.

The volume of the AOB was estimated by measuring the
AOB area and multiplying the sampled area by the section
thickness (50 pm) and the number of analyzed Sects. (5
series per animal).

Odorants

Social and non-social scents were employed to discern the
impact of aging in social odor perception. As non-social
scents, we used (i) the banana-like odor isoamyl acetate (IA)
(Sigma) shown to be primarily detected at the MOE level
(Xu et al., 2005) with neutral valence within a broad dilution
range [31-33] and (ii) food pellets to perform a food find-
ing test (FFT, see experimental details below). As a social
scent, we used urine from conspecifics which has been
shown to elicit robust VNO activity [34]. Urine samples
were collected according to standard procedures [35]. For
habituation-dishabituation tests, frozen urine samples from
young cage mates were used to test fine odor discrimina-
tion. For sensitivity tests, urine samples were combined in a
stock sample used for each round of odor presentations until
experiment completion. For female urine, samples obtained
at different points of the estrous cycle were pooled to gener-
ate a uniform stock.

Behavioral Assessment

All the behavioral experiments using social and non-social
stimuli were performed in a dedicated room with continuous
air reposition under dim indirect light (20 1x). Odor dilutions
were prepared in a room outside the animal house. Odor
presentation was performed in a homemade methacrylate
box with removable walls for cleaning. The chamber dimen-
sions were 15 cm width, 15 cm length, and 30 cm high. A
small hole (1 cm diameter) was performed in the middle of
one of the sides located 5 cm above from the box ground to
fit standard cotton sticks impregnated with 1 pL of the odor-
ant allowing direct contact with the stick. Habituation to the
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testing conditions was performed before odorant presenta-
tions consisting of handling (5 min), free exploratory activ-
ity in the box and habituation to the cotton stick movement
(5 min). Urine was presented embedded in a cotton stick
in order to preserve non-volatile pheromones and mimic
the natural detection method of physical contact between
conspecifics. To avoid variability due to the intensity of the
volatile components of the urine, only direct nose contact
with the tip of the cotton stick was considered as explora-
tive behavior (sniffing/exploration time). Experiments were
monitored by a video recording camera fixed 15 cm above
the box. Videos were collected and analyzed offline using
SMART video-tracking software (PanLab S.L.).

(a) Odor exploration test: After a period of habitua-
tion (10 min), mice were exposed to two control tri-
als (mineral oil for IA assays or water for urine tests)
during 1 min separated by intervals of 1 min to avoid
odor habituation [36, 37]. Subsequent presentations
consisted on serial dilutions of either urine samples
(diluted in water: 1:1.000, 1:500, 1:250, 1:100, 1:50,
1:10, and non-diluted (nd)) or IA were tested in ascend-
ing order (diluted in mineral oil: 1:5 X 10°, 1:100.000,
1:10.000, 1:1.000, 1:100). Animals were considered
to detect the olfactory stimulus when spent more time
investigating the odors than the vehicles (water or min-
eral oil).

(b) Food finding test (FFT): FFT was performed following
standard procedures [38]. The mice were food deprived
for 24 h before testing. Five food pellets (~35 g) were
placed in a corner and covered by 5 cm of litter bed-
ding. Animals were considered to detect the food pellet
when spent digging, touching, and holding the food
pellet for more than 5 s.

(c¢) Social odor habituation-dishabituation test: The effect
of aging in social odor discrimination and habituation
was explored using an adapted habituation-dishabit-
uation test [39]. After a period of cage habituation
(10 min), two control trials were performed employ-
ing cotton sticks soaked with 1 pL of water (vehicle).
Three successive presentations of urine from an ani-
mal of the opposite sex (Sla-c) were followed by three
presentations of urine from a different subject of the
opposite sex (S2a-c) to evaluate fine chemo-olfactory
discrimination and habituation. Urine samples came
from young animals of the opposite sex to maximize
approaching behavior [3]. Each sample presentation
lasted 1 min separated by 1 min intervals. Habitu-
ation was estimated as a decrease in the exploration
time (sniffing) over the cotton stick tip after the first
exposure of urine from the same animal (S1a). Disha-
bituation (discrimination) occurs in response to a new
odor presentation (S2a) as a measurable increase in the

@ Springer

exploration time. The test allows to explore two con-
secutive phases of discrimination (HZOB—Sla and Slc-
S2a) and habituation (S1a-S1b and S2a-S2b). Trend
lines between HZOB—Sla, S1c-S2a, S1a-S1b, and S2a-
S2b were fitted to obtain the slope values indicating
the amplitude of the discrimination and habituation
effect for each tested condition. Higher positive values
indicated more pronounced social discrimination, and
higher negative values corresponded to more robust
habituation.

(d) Long-term social habituation-dishabituation test:
The aforementioned social odor habituation task was
adapted to assay social cue memory by presenting the
urine sample employed in Sla, 24 h after the first test
was performed. Intact social odor memory was mani-
fested as a reduction of the sniffing time during the
second presentation of Sla, an effect which was clearly
apparent in young animals.

(e) Three-chamber test: Social testing was performed in a
cage (60x40x22 cm) following standard procedures
[40]. Dividing walls were made from clear Plexiglas,
with openings allowing access into each chamber. The
test mouse was first placed in the middle chamber and
allowed to explore for 10 min. After the habituation
period, an unfamiliar subject of the same sex (mouse
1, M1%) was placed in one of the side chambers. The
unfamiliar mouse was enclosed in a small, round wire
cage, which allowed nose contact between the bars.
In this first session (sociability), the test mouse had a
choice of spending time in either the empty chamber
(E) or the chamber occupied by M1, At the end of the
sociability session, each mouse was tested in a second
10-min session to evaluate social preference for a new
subject. A second, unfamiliar mouse (mouse 2, M2)
of the same sex was placed in the chamber that had
been empty during the first session. This second unfa-
miliar mouse was enclosed in an identical wire cage
than M1%. The test mouse had a choice between the
first, already-investigated mouse (M1®) and the novel
unfamiliar mouse (M2) which indicates their social
preference or social novelty [40]. Continuous video
recordings were collected and analyzed offline using
BORIS and SMART video-tracking software (PanLab
S.L.). Measures of time spent sniffing E, M127B, and
M2 were quantified for each session.

Data Analysis All data were tested for statistical signifi-
cance using GraphPad Prism 8. The Shapiro—Wilk test was
used to determine data normality. One-way ANOVA with
Tukey’s test for multiple comparisons with a single vari-
able was implemented for cell quantifications and anatomi-
cal data. For the behavioral analysis, a two-way ANOVA
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with Tukey’s test was used to test multiple comparisons
with more than one variable. P values are indicated in all
figures above the corresponding comparisons. P < 0.05
was considered statistically significant. P values are indi-
cated in all figures above the corresponding comparisons.
In addition, a two-way ANOVA with the interaction of age
vs. genotype has been applied to all data sets including
these variables. Results of these statistical analyses can be
found in Supplementary Results. A summary of all data
presented in the study with their correspondent P values
can be found in Supplementary Results. In addition, Sup-
plementary Figures 3, 4, 6, and 7 summarize the P and
N values corresponding to all the statistical comparisons
between different ages, genotypes, and dilutions of the
social odor sensitivity tests.

Results

Structural Modifications of the Mouse VSE During
Natural and Pathological Aging

We sought to investigate the structure of the VSE during
natural and pathological aging, as the main gateway of
pheromone (non-volatile)-encoded social information [41,
42]. Stereological analysis revealed significantly smaller
VSE volumes in 2-year-old (senescent) mice (Fig. la;
Supplementary Results—Table 1). This observation was
supported by the reduced number of olfactory marker
protein (OMP)-positive cells (OMP? cells) along the
rostrocaudal axis of the marginal VSE (Fig. lc, e; Sup-
plementary Results—Table 2; Supplementary Figure 1).

We hypothesized that the drop in the number of OMP*
cells in senescent mice could translate into a reduced axonal
projection to the AOB, the main VNO target area, resulting in
smaller AOB volumes (Supplementary Figure 2). As expected,
we observed a reduction in AOB size with no apparent
histopathological alterations in 2-year-old mice (Fig. 1b;
Supplementary Results—Table 3), indicating that natural
aging alters basic structural features of the VNO-AOB axis.

We expanded our analysis to the SRY-box transcrip-
tion factor 2 (Sox2)-expressing cells (Sox2* cells) in the
supporting cell layer (SCL), a neuronal stem cell marker
which also stains mature differentiated sustentacular
cells [43-45]. The estimation of the labeling intensity
of Sox2 in the SCL showed a drastic reduction in senes-
cent but not in APP/PS 1" mice (Fig. 1d, f; Supplemen-
tary Results—Table 4). These results show that natural
aging disrupts VSE structure by reducing the number of
sensory (OMP™) and SCL sustentacular (Sox2%) cells,
although this may not imply a total elimination of the
proliferative capacities [18].

Natural and Pathological Aging Differentially
Impacts VSE Cell Proliferation

Because of the lack of data on the characteristics of the VSE
neurogenic niche in animal models of neurodegeneration, we
conducted an analysis to examine the expression of prolifera-
tive cell nuclear antigen (PCNA)-positive cells (PCNA™ cells)
in the anterior, medial, and posterior VNO of senescent and
APP/PS 1" mice. Consistent with previous reports, cell pro-
liferation in young animals was abundant in the marginal zone
of the anterior and medial VSE [18, 30] (Fig. 2a, b). Senescent
mice exhibited a significant reduction in PCNA™ cells in the
marginal VSE (Fig. 2a, b; Supplementary Results—Table 5),
indicating reduced cell proliferation. Surprisingly, the number
of PCNA™ cells in APP/PS1° mice was significantly higher
in the anterior VSE whereas it showed a downward trend in
the posterior VNE (Fig. 2a, b), suggesting a region-specific
increase in cell proliferation in these animals. Importantly,
no significant overlap between OMP and PCNA staining was
observed which demonstrates that these two markers recog-
nize cell populations at different maturation stages (OMP-
PCNA double immunostaining, right panel in Fig. 2a).

We then sought to explore whether the reduced num-
ber of proliferative PCNA™ cells in senescent mice could
be due to a decrease of stem cell generation by analyzing
the number of Sox2* neural precursor cells in the VSE [46,
47]. We observed a significant reduction in the number of
Sox2* cells in 2-year-old mice but not in APP/PS11¢ ani-
mals, indicating reduced neurogenic capacity in the naturally
aged VSE (Fig. 2c; Supplementary Results—Table 6). Alto-
gether, these findings revealed a fundamental difference in
how natural and diseased aging impacts the VSE structure
and proliferative capacity.

Late Onset of Social Exploration Deficits During
Natural Aging

Our data indicated that natural aging induces significant
alterations in the structure, VSE proliferative capacity, and
cellular composition; thus, we investigated whether these
adaptations might translate into impairments in the process-
ing of socio-sexual information. Cumulative evidence points
to olfactory decline as a common symptom of natural and
pathological aging [4, 5, 48, 49]. However, most of these
studies and diagnostic tests employed synthetic odors with
reduced social valence; therefore, the temporal course and
severity of the age-related involution of the recognition of
social cues, largely processed by the VNO-AOB system,
remain unclear.

To explore the impact of natural aging on social odor detec-
tion, we conducted an odor-evoked sniffing test in which serial
dilutions of urine from young conspecifics of the opposite sex
were presented to either male or female subjects over a range
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Fig. 1 Structural modifica-
tions of the mouse VSE during
natural and pathological aging.
a Dispersion plot of the VSE
volume indicates a significant
reduction during natural but not
pathological aging. b Disper-
sion plot of AOB volume. Thick
lines indicate the mean + SEM.
Data were obtained from 4 ani-
mals per condition. ¢ Represent-
ative images of OMP staining
in the VSE during natural and
pathological aging. Scale bar
indicates 100 pm. d Representa-
tive images of Sox2 staining

in the VSE and the supporting
cell layer. Scale bar indicates
100 pm. VL: vomeronasal
lumen; SCL: supporting cell
layer; NSE: non-sensory epithe-
lium; M: marginal zone; I: inter-
mediate zone; C: central zone.
e, f Dispersion plots represent
the number of OMP* cells in
the marginal VSE (number of
cells x 10*/pm®) and the inten-
sity of Sox2 fluorescence in the
SCL (Sox2 CTF/um?). Thick
lines indicate the mean+SEM.
Data were obtained from slices
from at least three animals per
condition. Statistical com-
parisons were calculated by
two-way ANOVA with Tukey’s
test. P < 0.05 was considered
statistically significant. P values
are indicated above the cor-
responding comparisons
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Fig.2 Natural and pathological a
aging differentially impacts cell
proliferation in the marginal
VSE. a Representative confocal
images of PCNA staining in
the VSE proliferative niche
during natural and pathologi-
cal aging. Panels on the right
show confocal images of OMP
and PCNA double staining in
the VSE. To note, there is no
overlapping signal between

the two markers indicating the
identification of cells at differ-
ent maturation stages. Circles
indicate active proliferative
marginal region of the VSE.
Scale bar represents 20 pm. b,
¢ Dispersion plots represent

the number of PCNA™ cells
(number of cells x 1073 /mm?)
and the number of Sox2™* cells
(number of cell x 107 pmz) in
the marginal VSE. Thick lines
indicate the mean +SEM. Data
were obtained from slices from
at least three animals per condi-
tion. Statistical analysis was
calculated by two-way ANOVA
with Tukey’s test for multiple
comparisons. P < 0.05 was con-
sidered statistically significant.
P values are indicated above the
corresponding comparisons
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of different ages: young adult (2—4 mo.), middle age (6—8 mo.),
old (12-14 mo.), and senescent mice (20-24 mo.) (Fig. 3a, see
“Materials and Methods” for details on urine sample prepara-
tion). Our results indicated a significant reduction in the explo-
ration time throughout various urine dilutions in comparison
to adult wild-type mice (Fig. 3b, c; Supplementary Results—
Table 7). Raw sniffing time data showed a similar decrease in the
exploration of social odors in senescent animals across different
dilutions (see details in Supplementary Figures 3 and 4).

Furthermore, senescent mice progressively increased
the exploration time in parallel with odor concentration,
whereas young adult, middle-aged, and old animals showed
a habituation phase at intermediate dilutions (1:500, 1:250,
1:100, and 1:50), indicating effective odor detection and
recognition capabilities [50]. Lastly, data analysis disaggre-
gated by sex showed no sex differences in the reduction of
urine exploration time (Supplementary Figure 5; but see [51]
for an alternative view).
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Fig. 3 Natural and pathologi-
cal aging reduces exploration

to social odors. a Schematics
of the olfactory test used in

this study in which urine dilu-
tions are presented as a social
signal. b Average of the sniffing
time of urine serial dilutions
normalized to the exploration
time of the vehicle (water) of
adult and aged wild-type mice.
A typical habituation indicated
by a purple box was observed
in adult mice at intermediate
dilutions (1:500, 1:250, 1:100;
1:50). ¢ Dispersion plot of the
normalized sniffing time of each
urine dilution (nd (non-diluted);
1:10; 1:50; 1:100; 1:250; 1:500;
1:1000) for adult and aged
wild-type mice. d Average

of the sniffing time of urine
dilutions normalized to the
exploration time of the vehicle
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Reduction in the Exploration of Social
Information Is Accelerated in an Animal Model
of Neurodegeneration

Next, we investigated whether pathological aging would
alter the exploration of social olfactory cues despite no
obvious effects on VSE structure or proliferative capac-
ity. Social odor sensitivity tests in 1-year-old APP/PS11¢!
mice revealed reduced sniffing times of low urine dilu-
tions when compared to age-matched APP/PS1VT control
mice, suggesting that pathological aging accelerates the
decline of exploration time of social odors (Fig. 3d, e;
Supplementary Results—Table 8). Similar to senescent
mice, these results were reproduced when raw sniffing
time data were compared (Supplemental Figures 6 and 7).
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Natural Aging Mildly Reduces Neutral Odor
Exploration

Next, we asked whether non-social odor modalities were
also affected in senescent and APP/PS1H¢ animals. We
investigated this question by analyzing the exploration
time to both food and synthetic neutral odors. First, we
exposed naturally aged and APP/PS1%° mice to serial
dilutions of IA, a synthetic banana-like odor of neutral
valence when used at high dilutions [32, 33]. Consist-
ent with previous studies, mice across all conditions
showed significantly reduced responses to the neutral
odorant than to urine (Fig. 4a—d) according to the higher
social valence of urine over a synthetic odor [33, 52,
53]. Our results showed no significant differences on
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Fig.4 Aging and neurode-
generation impact social odor
recognition more severely than
other odor modalities. a Aver-
age of the sniffing time of young
and aged mice in response to

a neutral synthetic odor (IA)
normalized to the vehicle
(mineral oil). b Dispersion
plots of the normalized sniffing
time of young and aged mice
in response to various IA dilu-
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APP/PS17® mice in response

to IA samples normalized to

the vehicle (mineral oil). d
Dispersion plots of normalized
sniffing time of APP/PS1%T and
APP/PS 1 mice in response to
various IA dilutions. Note that
APP/PS1H° mice showed higher
exploration times for the 1:10*
and 1:100 IA dilutions. e Food-
deprived animals performed a
food finding test (schematics
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the exploration times of IA in senescent mice and a
modest but significant increase, in the sniffing time of
the 1:10* and 1:100 IA dilutions in APP/PS17¢ animals
(Fig. 4a—d; Supplementary Results—Tables 9 and 10;
Supplementary Figure 8). Similarly, a FFT showed no
significant differences in the latency to find food pellets
after 24 h of food deprivation in either naturally aged or
middle-aged APP/PS1H¢ mice (Fig. 4e; Supplementary
Results—Table 11). These results suggest that deficits
in social exploration time at advanced stages of natu-
ral aging and in an animal model of AD are more pro-
nounced than other odor modalities.
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Social Odor Discrimination and Habituation Are
Reduced in Naturally Aged and APP/PS1Het Mice

To further investigate the impact of aging and neurodegenera-
tion in the detection of social information, we performed a
habituation—dishabituation test, which relies on the animal’s
ability to discriminate novel smells [50]. For these experi-
ments, young (2—4 mo.) and aged (20-24 mo.) wild-type ani-
mals were presented three consecutive replicates of urine sam-
ples from two different animals (Sla-c and S2a-c) (Fig. 5a).
Aged animals were able to discriminate between urine sources,
but showed reduced sniffing times during the first and second
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discrimination and habituation phases (Fig. 5b, c). Similarly,
middle-aged APP/PS 1% mice also exhibited reduced sniffing
times in comparison to aged-matched APP/PS1™T controls
(Fig. 5d, e; Supplementary Results—Tables 12 and 13). Analy-
sis of the slope values of the first and second discrimination
and habituation phases revealed that senescent mice exhibited
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significant deficits during both rounds of social habitua-
tion—dishabituation, whereas APP/PS 1t mouse impairments
were apparent during the second phase of discrimination
(Fig. 6; Supplementary Results—Tables 14 and 15).

Then, we adapted the habituation-dishabituation test to
assay potential changes in long-term social odor memory
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«Fig.5 Social odor discrimination and habituation are reduced in nat-
urally aged and APP/PS1H®" mice. a Schematics of the social habit-
uation-dishabituation test used in this study: after habituation to the
experimental cage, the animal was exposed to the same urine sample
three times (Sla-c) which induces a typical increase in exploration
time (1% discrimination) to be followed by a reduction in the sniffing
time (1*" habituation). Dishabituation induced by a urine sample from
a new subject (S2a) elicits a second round of habituation—habituation
(see “Materials and Methods” for details). b Average sniffing time
of the social habituation-dishabituation test performed by young and
aged wild-type mice. ¢ Dispersion plot of the sniffing time of young
and aged animals during the social habituation-dishabituation test. d
Average sniffing time of the social habituation-dishabituation test per-
formed by middle-aged APP/PS1VT controls and age-matched APP/
PS1H¢ mice. e Dispersion plot of the sniffing time of middle-aged
APP/PS1VT controls and APP/PS1H® mice during the social habit-
uation-dishabituation test. f The habituation-dishabituation test was
modified to assess potential deficits in long-term discrimination due
to natural or pathological aging by presenting the same Sla sample
24 h after. g Paired data corresponding to the sniffing time during
the first and second Sla presentation (24 h later) is plotted for each
condition. Thick lines in dispersion plots and black dots in g indicate
mean+SEM. Data were analyzed by a one-way ANOVA with Tuk-
ey’s test to test multiple comparisons with more than one variable.
P <0.05 was considered statistically significant. P values are indi-
cated above the corresponding comparisons

(Fig. 5f). To this aim, animals were exposed to the same
Slaurine sample 24 h after the first presentation. A reduc-
tion of the sniffing time during the first discrimination
phase was interpreted as an indicator of memory. This
reduction was clearly observed in young adults, but absent
in naturally aged and 1-year-old APP/PS1"¢ mice (Fig. 5g;
Supplementary Results—Table 16), suggesting long-term
social odor memory impairments during both natural and
pathological aging.

Age-Related Deficits in Social Discrimination
and Habituation Are Not Influenced by Previous
Experience

Next, we compared animals exposed to either familiar (lit-
termate urine, L) or novel social odors (novel urine, N) in
the habituation-dishabituation test (Fig. 7a). Aged animals
performed poorly in the L-N dishabituation task (no signifi-
cant increase in sniffing time), suggesting that the reduction
in social odor discrimination and habituation is independent
of previous experience.

Since impairments in social odor discrimination were
more severe in naturally aged mice, we asked whether
these deficits also extended to the recognition of animal’s
own odors, as the loss of self-awareness is a disrupting
symptom of common occurrence in senescent subjects [54,
55]. To this aim, animals were presented samples of their
own urine (O) during the second discrimination phase of
the habituation-dishabituation test (Fig. 7c, d). Our data
indicated that animal’s own urine was effective to elicit

a typical discrimination (dishabituation) response (Fig. 7;
Supplementary Results—Tables 17 and 18), suggesting
that self-recognition is preserved in senescent mice.

Social Novelty Is Disrupted During Pathological
Aging

Last, we explored whether the observed impairments in
social odor exploration and discrimination may negatively
impact social interaction in naturally aged and APP/PS11¢t
mice. To this aim, we performed a three-chamber test [40,
56] (Fig. 8a) to assess general sociability and social nov-
elty in senescent and APP/PS11¢ animals. Our data indi-
cated a reduction in social novelty in middle-aged APP1/
PS1H¢ mice, which was not detected in 2-year-old animals
(Fig. 8b—e; Supplementary Results—Tables 19 and 20).
Although senescent mice did not show significant impair-
ments in either sociability or social novelty, they exhibited
a mild increase in the latency to approach M1 during the
sociability phase (Supplementary Figure 9), consistent with
the overall decrease in the exploration time of social odors
(Supplementary Figures 3 and 4). These findings exposed
exacerbated deficits in an animal model of AD, suggesting
a distinct impact of natural and pathological aging on the
display of social behavior.

Discussion

The quality of social life has been proposed as a predic-
tive factor for developing dementia or mental illness [6,
57]. However, the impairment of social functions with age
is poorly understood with some authors suggesting that
social deficits might be the consequence of generalized brain
impairments [58] or a symptom which might be developed
independently [59, 60]. Our results revealed that both natural
and pathological aging affects several key aspects of social
information processing including the exploration of social
odors and social odor discrimination and habituation, with
no obvious disruption of other odor modalities, suggesting
specific alterations that affect how the aged brain integrates
social information. To gain insight into the mechanisms
underlying these deficits, we explored the age-related adap-
tions of the VSE, a central gateway for pheromone-encoded
information in mammals [10-12] and part of the accessory
olfactory system whose aging process has been largely over-
looked in contrast to other aspects of olfaction [61].

Our data showed VSE alterations during natural aging
but not in APP/PS17¢ mice, a standardized animal model
of AD. Whereas the VSE of APP/PS1" mice maintained
stable neurogenic capabilities, senescent wild-type animals
showed a reduction in proliferative and stem cells (PCNA*
and Sox2* cells) in the marginal VSE in comparison to
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«Fig.6 Analysis of the social discrimination and habituation decay
during natural and pathological aging. a Paired data of the sniffing
time of young and aged wild-type animals corresponding to the first
discrimination phase (H,O-Sla). b Paired data of the sniffing time
of young and aged wild-type animals corresponding to the second
discrimination phase (Slc-S2a). ¢ Dispersion plots of the slope val-
ues corresponding to the first and second discrimination phases of
young and aged mice. d Paired data of the sniffing time of APPVT
and APP"® mice corresponding to the first discrimination phase
(H,0-S1a). e Paired data of the sniffing time of APPYT and APPH
mice corresponding to the second discrimination phase (Slc-S2a).
f Dispersion plots of APP™T and APP™® mice corresponding to the
slope values of the first and second discrimination phases. g Paired
data of the sniffing time of young and aged wild-type animals corre-
sponding to the first habituation phase (S1a-S1b). h Paired data of the
sniffing time of the young and aged wild-type animals correspond-
ing to the second habituation phase (S2a-S2b). i Dispersion plots of
the slope values of young and aged mice corresponding to the first
and second habituation phases. j Paired data of the sniffing time of
APPVT and APP" mice corresponding to the first habituation phase
(S1a-S1b). k Paired data of the sniffing time of APPVT and APPH®
mice corresponding to the second habituation phase (S2a-S2b). 1 Dis-
persion plots of the slope values of APPYT and APPH® mice corre-
sponding to the first and second habituation phases. Black dots in a,
b, d, e, g, h, j, k and thick lines in ¢, f, i, | indicate mean + SEM. Data
were analyzed by one-way ANOVA with Tukey’s test. P < 0.05 was
considered statistically significant. P values are indicated above the
corresponding comparisons

young animals (Fig. 2), which in turn could explain the
reduction of mature OMP* neurons, SCL sustentacular
Sox27 cells, and organ volume (Fig. 1), although this may
not imply a total elimination of proliferative capacities in
old mice [18]. Our findings are consistent with two previ-
ous studies [18, 23], which reported an overall thinning of
the vomeronasal sensory epithelium [23] and reduced VSE
neurogenesis in the marginal zone of 2-year-old animals
[18]. Here, we provide novel information from a commonly
used AD animal model (APP/PS1¢), revealing an unex-
pected preservation of the VSE proliferative capabilities
in middle-aged APP/PS1"¢" mice. These results contrast
with the reduction of SVZ neurogenesis reported in similar
animal models [62-65], suggesting that VSE neurogenesis
might be less susceptible to lesions (see [18]) and patho-
logical conditions than other proliferative areas.

A relevant aspect of our work is that most previous stud-
ies addressing olfactory decline employed synthetic or neu-
tral odors, thus remaining uncertain the specific effect of
healthy and diseased aging in the recognition of social cues.
To gain insight into this question, we investigated the explo-
ration time and the habituation-dishabituation response to
social odors (urine) (Figs. 3, 5, and 6). Our findings revealed
that despite the distinctive effects of natural and pathologi-
cal aging on VSE structure and cell composition, both pro-
cesses impaired the exploration of socio-sexual cues, social
discrimination-habituation, and social behavior, suggesting
fundamental differences in the mechanisms by which healthy
and diseased aging impact social information processing.

Further experiments are needed to establish causality,
but our results suggest that the observed VSE alterations in
senescent mice underlie deficits in urine exploration time
(Fig. 3, Supplementary Figs. 3 and 4) which could impair
the processing of social information. VSE volume data from
middle-aged APP/PS1WVT control animals suggest that VSE
structural changes might appear around 1-year-old (Fig. 1a),
although their functional consequences might not become
apparent until advanced stages of aging (2-year-old). This
scenario suggests a parsimonious VNO decay that matches
the aging of other olfactory areas like the OB. As such, sev-
eral studies have shown that several symptoms of OB aging
like reduced regeneration rate of olfactory sensory neurons
(OSNSs), decreased number of synaptic contacts [66], expres-
sion loss of odorant receptor genes [67, 68], or changes in
the OSN dynamic range [69] are only clearly detectable
in 2-year-old mice. This evidence suggests that although
age-related changes may start earlier in the olfactory system
[21], functional and behavioral deficits may exhibit a late
onset, suggesting compensatory mechanisms to preserve the
processing of olfactory cues relevant for the survival of aged
animals [70, 71]. In contrast to the natural steady decline,
pathological conditions may accelerate functional deficits
even in the absence of peripheral organs modifications,
suggesting alterations in the central processing of social
information. As such, defects in the exploration of social
odors were found exacerbated in middle-aged APP/PS 11
mice (Fig. 3d, e), a condition likely to aggravate frailty and
reduce life expectancy in these animals (as observed for
APP/PSEN1H¢ in our experimental conditions, see “Mate-
rials and Methods” for details).

Furthermore, results from the long-term social habit-
uation-dishabituation test (Sla urine sample presenta-
tion after 24 h; Fig. 5f, g) revealed significant impairments
in both 2-year-old wild-type animals and middle-aged APP/
PS 11 mice, suggesting that in parallel to sensory decline,
the downstream pathways involved in social cue recogni-
tion may be affected during both natural and pathological
aging. To control for a potential contribution of novelty in
the social habituation-dishabituation test, we presented urine
samples from littermate and novel animals finding similar
deficits in discrimination (Fig. 7). Interestingly, although
senescent animals showed severe discrimination deficits,
they preserved the ability to differentiate between urine from
a novel subject and their own, preventing to further explore
the underlying mechanisms of subjective perception loss,
a disrupting symptom of senescence and dementia which
currently lacks appropriate animal models for preclinical
studies [72].

Age-related decline of olfactory detection is likely to
occur due to alterations of both the main olfactory epithe-
lium and the VNO [67, 73], thus potentially affecting other
odor modalities. Here, we sought to explore this question
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Fig.7 Age-related deficits in social discrimination and habituation
are not influenced by previous experience. a Average sniffing time of
social habituation-dishabituation test in response to odors from novel
(N) or littermate (L) subjects of young and naturally aged mice. b
Dispersion plot of the exploration time of young and senescent ani-
mals in response to novel or littermate urine samples. ¢ Average sniff-
ing time of social habituation-dishabituation test in response to lit-

by performing odor-evoked sniffing tests employing social
and neutral synthetic odors (Fig. 4). Quantification of the
exploration time across various IA dilutions exposed no sig-
nificant differences between senescent and young mice and
even enhanced responses in APP/PS11¢! mice. This mild
effect in the exploration of IA is probably partly due to the
animals’ lower interest in exploring neutral odors as com-
pared to conspecifics urine, as previously shown [33, 52,
53]. Nonetheless, results from a FFT revealed no changes
in the latency time to find the hidden food pellets (Fig. 4e)
indicating that defects in social odor detection related to nat-
ural and pathological aging might be more severe than other
odor modalities like food odors, which drive vital behaviors
such as foraging and feeding, reported to be mainly pre-
served at old age [74]. In rodents, the differentiation between
learned and innate responses is believed to be maintained in
advanced processing stages [52, 75]. However, this categori-
zation may be an oversimplification since MOB mitral-tufted
cells have been found to project to both the piriform cortex
(associated with learned responses) and the posterolateral
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cortical amygdala (associated with innate responses). Addi-
tionally, recent research indicates that the patterns of activity
in the piriform cortex and posterolateral cortical amygdala
are essentially identical in response to odors of different
types (e.g., conspecifics and predators) and valences (e.g.,
aversive, neutral, and appetitive) [76]. Therefore, the impair-
ments in social odor exploration and discrimination may rise
from maladaptations of the VNO-AOB axis, consistent with
the observed decrease in AOB volume (Fig. 1b). Future stud-
ies should deepen into the anatomical and functional proper-
ties of the VNO-AOB circuit in order to obtain a complete
picture on how healthy and pathological aging affects social
information processing.

Finally, we sought to determine how the age-related
defects in social odor sensitivity, discrimination, and mem-
ory shaped social behavior. Results from a three-chamber
test (Fig. 8) indicated that sociability was overall preserved
in senescent and APP/PS17¢ animals. In contrast, social
novelty was found impaired in APP/PS1" mice consist-
ently with previous studies [77-79]. However, it is important
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Fig.8 Social novelty is
disrupted during pathologi-

cal aging. a Schematics of the
three-chamber test used in this
study to test sociability and
social novelty. In the sociability
phase, the sniffing time of E and
M14 is compared. Social nov-
elty is estimated by quantifying
the sniffing time of exploring
M1 versus M2 (see “Materials
and Methods”). b Paired data
of the sniffing times of young
wild-type mice during the
sociability (E-M1%) and social
novelty (M15-M2) phases. ¢
Paired data of the sniffing times
of aged wild-type mice during
sociability and social novelty. d
Paired data of the sniffing times
of middle-aged APP™T mice
during sociability and social
novelty. e Paired data of the
sniffing times of middle-aged
APPH! mice during sociabil-
ity and social novelty. Colored
dots in the paired plots indicate
mean + SEM. Data were ana-
lyzed by a one-way ANOVA
with Tukey’s test to test multi-
ple comparisons with more than
one variable. P < 0.05 was con-
sidered statistically significant.
P values are indicated above the
corresponding comparisons
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to note that our testing conditions in which the empty pencil
cup is presented during the habituation may have exacer-
bated the curiosity towards M 1%, potentially obscuring latent
deficits in the social phase of the test.

Social novelty impairments in APP/PS mice could be
linked to the decline in social discrimination observed in the
habituation-dishabituation test (Figs. 5d, e and 6d, f) which
may impair the recognition of M2 as a novel subject [80, 81].
Consistent with the overall decrease in the exploration time of
social odors (Fig. 3, Supplementary Figs. 3 and 4), aged animals
exhibited an increase in the latency to approach novel or familiar
mice (M1%, M18, M?) and a reduced number of approaches
(Supplementary Fig. 9), which could be related to potential loco-
motion deficits that did not prevent and adequate performance of
the three chamber test. These findings indicate that despite the
reduction in social odor exploration and discrimination, overall
sociability and novelty are majorly preserved in naturally aged
mice. In contrast, the APP/PS1 neurodegenerative model shows
a measurable impairment in social novelty, which might result
from an overall problem in learning and memory as it is one of
the main trademarks of AD and a common feature in transgenic
mouse models for Ap amyloidosis [25, 26, 78, 79]. This evi-
dence supports the possibility that neuronal circuits underlying
specific social functions (sociability vs. social memory) may be
particularly susceptible to pathological aging.

1 Het

Conclusion

Olfactory deficits are a common symptom of natural and
pathological aging. While multiple age-related changes of
the olfactory sensory epithelium have been described, the
aging of the pheromone detection system, a major gateway
for social information, has been largely overlooked. This
study reveals that whereas natural aging reduces VSE cell
proliferation, mature sensory neurons and organ volume, a
common animal model of AD exhibits normal proliferation
capacities and no obvious morphological alterations. Despite
exhibiting distinctive effects at the cellular level, both natural
and pathological aging disrupt the detection of social odors in
a more severe way than other odor modalities (i.e., neutral or
food odors). Furthermore, social detection and social behavior
impairments were exacerbated in APP/PS 1" mice, indicating
pathological aging impacts the downstream processing of
social information even in the absence of VSE alterations.
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1/1000 vs 1/500 0.99 1/10 vs 1/1000 0.07
H,OB vs 1/250 0.82 1/10 vs 1/500 0.02
1/250 vs 1/1000 0.99 1/10 vs 1/250 0.03
1/250 vs 1/500 1.00 1/10 vs 1/100 0.0016
H,OB vs 1/100 0.99 1/10 vs 1/50 0.07
1/100 vs 1/1000 0.94 Nd vs H,08 2.2x10°
1/100 vs 1/500 0.99 Nd vs 1/1000 8.3 x108
1/100 vs 1/250 0.98 Nd vs 1/500 4.1 x10%
H,OB vs 1/50 0.53 Nd vs 1/250 4,3 x10%
1/50 vs 1/1000 1.0 Nd vs 1/100 4.5 x108
1/500 vs 1/50 0.99 Nd vs 1/50 7.0 x10°%
1/250 vs 1/50 0.99 Nd vs 1/10 0.01
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1/250 vs 1/500 0.99 1/10 vs 1/100 0.17
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1/100 vs 1/1000 0.94 Nd vs H,O8 1.3 x106
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1/100 vs 1/250 0.99 Nd vs 1/500 7.2 x10°
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1/50 vs 1/1000 1.0 Nd vs 1/100 2.0 x10°
1/500 vs 1/50 0.95 Nd vs 1/50 0.005
1/250 vs 1/50 0.99 Nd vs 1/10 0.20
One Way ANOVA - Tukey test
24 months 24 months
Comparison P Comparison P
H,OB vs 1/1000 0.99 1/100 vs 1/50 0.76
H,08B vs 1/500 0.98 H,O8 vs 1/10 0.007
1/1000 vs 1/500 1.0 1/10 vs 1/1000 3.4 x10
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1/50 vs 1/1000 0.03 Nd vs 1/100 0.001
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1/250 vs 1/50 0.6 Nd vs 1/10 0.89
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Supplementary Results
Table 1. Figure 1a. VSE Volume (mm?)

Age - VSE Volume N One-way ANOVA One way Two-way ANOVA
Genotype (mm?) (mice) Comparisons ANOVA Age - Genotype interaction
P value P value
4 months 0.190 + 0.008 4 4 months vs 24 months 0.014 0.37
24 months 0.160 + 0.007 4 APPWT vg APPHET 0.40
1-year-old 0.170 + 0.007 4 4 months vs APPHET 0.015
APPWT
1-year-old 0.160 + 0.008 4 24 months vs APPHET 0.015
APPHET
Table 2. Figure 1e. Number of OMP+ cells / area
Age - Genotype | VSE region OMP+ / um? N One way One way Two-way ANOVA
x 1073 (mice) ANOVA ANOVA Age — Genotype
Comparisons P value Interaction
P value
4 months Anterior 10.69 £ 0.56 4 Anterior Anterior
0.47
24 months Anterior 7.80 £ 0.53 4 4 months vs 24 0.002 Central
months 0.87
1-year-old Anterior 9.50 £ 0.45 4 APPWT vs Posterior
APPWT APPHET 0.37
1-year-old Anterior 8.60 + 0.53 4
APPHET
4 months Medial 9.92 + 0.23 4 Central
24 months Medial 7.70£0.70 4 4 months vs 24 0.004
months
1-year-old Medial 9.15+0.78 4 APPWT ys
APPWT APPHET
1-year-old Medial 8.40+0.40 4
APPHET
4 months Posterior 9.15+0.70 4 Posterior
24 months Posterior 7.90£0.75 4 4 months vs 24
months
1-year-old Posterior 9.53+0.77 4 APPWT ys
APPWT APPHET
1-year-old Posterior 10.00 £ 0.84 4 24 mo vs
APPHET APPHET

Table 3. Figure 1b AOB Volume (mm?)

Age - AOB Volume N One-way ANOVA One-way Two-way ANOVA
Genotype (mm?) (mice) Comparisons ANOVA Age - Genotype
P value Interaction
P value
4 months 0.48 £0.03 4 4 months vs 24 months 0.05 0.82
24 months 0.41 +£0.03 4 APPWT yg APPHET 0.45
1-year-old 0.48 £0.04 4 4 months vs APPHET 0.22
APPWT
1-year-old 0.44 +0.03 4 24 months vs APPHET 0.50
APPHET




Table 4. Figure 1f. Sox2 CTF / area - SCL

Table 5. Figure 2b. Number of PCNA+ cells / area

Age - Sox2 CTF/um? | N (mice) One-way ANOVA One-way Two-way ANOVA
Genotype Comparisons ANOVA Age - Genotype
P value interaction
P value
4 months 33.24 +2.43 4 4 months vs 24 months 3x10® 0.63
24 months 10.74 + 1.32 4 APPWT vg APPHET 0.78
1-year-old 26.23 £ 3.95 4 24 months vs APPHET 2x108
APPWT
1-year-old 27.37 £0.96 4
APPHET

Age - VSE PCNA+ / um?x N One-way ANOVA One-way | Two-way ANOVA
Genotype region 1073 (mice) Comparisons ANOVA Age — Genotype
P value Interaction
P value
4 months Anterior 2.26 £ 0.80 4 Anterior Anterior
0.74
24 months Anterior 0.75+0.35 4 4 months vs 24 0.04 Central
months 0.014
1-year-old Anterior 0.73 +£0.30 4 APPWT yg APPHET 0.01 Posterior
APPWT 0.006
1-year-old Anterior 3.42+0.82 4 24 months vs APPHET 0.015
APPHET
4 months Medial 2.15+0.52 4 Central
24 months Medial 0.23+0.13 4 4 months vs 24 mo 0.004
1-year-old Medial 1.61+0.32 4 APPWT yg APPHET 0.91
APPWT
1-year-old Medial 1.57 £ 0.20 4 24 months vs APPHET 4x10®
APPHET
4 months Posterior 3.04 + 0.90 4 Posterior
24 months Posterior 0.17 £ 0.08 4 4 months vs 24 0.02
months
1-year-old Posterior 2.42 +0.60 4 APPWT yvs APPHET 0.56
APPWT
1-year-old Posterior 1.93 + 0.57 4 24 months vs APPHET 0.02
APPHET
Table 6. Figure 2c. Sox2* cells / area - VSE
Age - Genotype | Sox2* cells /Jum? | N (mice) One-way ANOVA One-way Two-way ANOVA
Comparisons ANOVA Age — Genotype
P value Interaction
P value
4 months 3.08 £ 0.40 4 4 months vs 24 months 0.05 0.53
24 months 2.37£0.36 4 APPWT yvg APPHET 0.07
1-year old 2.92 +£0.38 4 24 months vs APPHET 0.62
APPWT
1-year old 215+0.24 4
APPHET

Table 7. Figure 3 b-c. Social odor exploration. Natural aging

Normalized sniffing time One-way ANOVA
(s) P value
Dilution Middle age Senescent Middle age vs
N =20 mice | N =25 mice Senescent
1:1000 2.80+£0.43 0.60 £ 0.20 7x10°°
1:500 2.50 £ 0.35 0.86 +0.20 0.0005




1:250 2.36 £ 0.70 1.37 £ 0.36 0.20
1:100 2.95+043 1.56 + 0.37 0.05
1:50 3.14 £ 0.55 1.90 + 0.33 0.10
1:10 4.90+1.10 3.04 + 0.50 0.04
ND 6.06 + 0.88 3.83+0.71 0.03

Table 8. Figure 3 d-e. Social odor exploration. Pathological aging

Table 9. Figure 4 a-b.

Neutral odor exploration. Natural aging

Normalized sniffing time (s) P value
Dilution APPWT APPHET APPWT vg
N =11 mice | N=12 mice APPHET
1:1000 0.84 +0.31 1.00 £ 0.20 0.70
1:500 0.97 £ 0.20 0.52+0.10 0.06
1:250 0.70+0.14 0.90 +0.17 0.40
1:100 2.03 £ 0.55 1.37 £ 0.43 0.35
1:50 1.40 + 0.26 1.43 £ 0.46 0.96
1:10 494 +1.21 1.82 £ 0.27 0.03
ND 5.65 +1.51 2.58+0.43 0.05
Dilution Two-way ANOVA
Age — Genotype
Interaction
P value
1:1000 0.02
1:500 0.0003
1:250 0.015
1:100 0.88
1:50 0.53
1:10 0.51
ND 0.33

Normalized sniffing time (s) One-way ANOVA
P value
Dilution Young Senescent Young vs Senescent
N = 18 mice N =20 mice
1:5x10% 1.65+0.42 1.23 +0.35 0.50
1:10% 1.41+£0.50 0.90 £ 0.20 0.33
1:10* 1.44 £ 0.32 1.20 £0.26 0.54
1:103 1.90 +0.35 1.56 + 0.50 0.60
1:100 1.76 £ 0.26 1.24 £ 0.20 0.15

Table 10. Figure 4 c-d. Neutral odor exploration. Pathological aging

Normalized sniffing time (s)

One-way ANOVA

P value
Dilution APPWT APPHET APPWT ys APPHET
N =10 mice N =13 mice
1:5x105 0.82 £0.11 0.85+0.18 0.90
1:10° 0.75+0.15 0.75+0.11 0.97
1:10* 0.91+0.13 1.50 + 0.25 0.06
1:103 1.42 £0.30 1.40 £0.22 0.96
1:100 0.93 +0.16 1.40+0.12 0.03




Dilution

Two-way ANOVA
Age — Genotype

Interaction
P value
1:5x105 0.50
1:10° 0.71
1:104 0.99
1:108 0.80
1:100 0.46

Table 11. Figure 4e. Food finding test latency (min)

Condition Latency (min) | N (mice) | One-way ANOVA One-way Two-way
Comparisons ANOVA ANOVA
P value Age-Genotype
interaction
P value
4 months 5.22 £ 1.08 15 4 mo vs 24 mo 0.96 0.13
24 months 5.15+0.95 15 APPWT vg APPHET 0.55
1-year-old APPWT 3.87 £0.32 16
1-year-old APPHET 4.27 + 0.58 20

Table 12. Figure 5 b, c. Figure 6 a, b, g, h. Social habituation — Natural aging

Sniffing time (s) One-way ANOVA
P value
Test phase Young Senescent Young vs Senescent
N = 21 mice N = 26 mice
Water control 0.67 £0.10 0.56 £ 0.11 0.30
S1a 2.45+040 1.36 £ 0.27 0.03
S1b 0.87 +0.20 0.70+0.14 0.50
S1c 0.51+£0.10 0.70 £ 0.21 0.44
S2a 244 +043 1.51+£0.27 0.03
S2b 0.81+£0.15 0.82+0.14 0.94
S2c 0.55+0.11 0.96 £0.18 0.06

Table 13. Figure 5 d, e. Figure 6 d, e, j, k. Social habituation — Pathological aging

Age — Genotype

Sniffing time (s) One way-ANOVA
P value
Test phase APPWT APPHET APPWT ys APPHET
N = 15 mice N = 24 mice
Water control 0.50 £ 0.07 0.71 £0.09 0.70
S1a 2.81+0.40 1.75+0.22 0.03
S1b 0.95+0.10 0.68 £ 0.10 0.08
S1c 0.84 £0.22 0.71+£0.13 0.62
S2a 1.85+0.42 1.00 £ 0.17 0.03
S2b 0.80 +0.22 0.62 + 0.08 0.50
S2¢ 0.60 +0.13 0.50 + 0.09 0.53
Dilution Two-way ANOVA

Interaction
P value
Water control 0.51
S1a 0.70
S1b 0.15
S1c 0.84
S2a 0.33
S2b 0.17
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Table 14. Figure 6 c, i. Social habituation — discrimination slopes — Natural aging

Slope P value
Test phase Young Senescent Middle age vs Senescent
N =21 mice N = 26 mice
13t discrimination 1.78 £ 0.36 0.80 £ 0.30 0.03
24 discrimination 1.92 +0.40 0.75+0.40 0.02
15t habituation -1,57 £ 0.40 -0.65 £ 0.24 0.02
2" habituation -1.62 £ 0.40 -0.62 £ 0.32 0.03

Table 15. Figure 6 f, I. Social habituation — discrimination slopes — Pathological aging

Slope P value
Test phase APPWT APPHET APPWT yg APPHET
N =15 mice N = 24 mice
13t discrimination 2.32+0.43 0.97£0.24 0.012
24 discrimination 1.01 £ 0.51 0.27 £ 0.20 0.20
13t habituation -1.86 £ 0.50 -1.03 £ 0.24 0.13
2" habituation -1.06 + 0.44 -0.37 £ 0.18 0.20

Test phase Two-way ANOVA
Age — Genotype
Interaction
P value
1t discrimination 0.41
2" discrimination 0.19
1t habituation 0.65
2" habituation 0.007

Table 16. Figure 5 g.

Long-term social discrimination

Table 17. Figure 7. Social habituation — Novel vs littermate

Sniffing time (s) One-way ANOVA Two-way
P value ANOVA
Age — Genotype
interaction
P value
Test phase Day 0 Day 1 Day 0 vs Day 1 0.98
4 months (n =19 mice) 2.45+£0.07 1.20 £ 0.20 0.008
24 months (n = 20 mice) 1.36 + 0.30 1.12+0.30 0.25
1-year-old APPWT (n = 8 mice) 3.12+0.90 1.65 + 0.60 0.04
1-year-old APPHET (n =13 1.60 £ 0.40 1.40 £ 0.33 0.70
mice)

Sniffing time (s) One-way ANOVA
P value
Test phase Young Senescent Young vs Senescent
N = 21 mice N = 23 mice
Water control 0.61+0.20 0.68 +0.16 0.70
La 1.91 + 0.30 1.10 £ 0.20 0.02
Lc 0.53 £ 0.11 0.30 £ 0.09 0.3
Na 1.27 £0.25 0.60 +0.20 0.04
Nc 0.45+0.13 0.24 £ 0.11 0.2




Table 18. Figure 7. Social habituation — Self recognition

Sniffing time (s)

One-way ANOVA
P value

Test phase Young Senescent Young vs Senescent
N = 21 mice N = 23 mice

Water control 0.48£0.11 0.31£0.09 0.70

La 3.06 £ 0.35 2.07+£043 0.04

Lc 0.45+0.10 0.48 +0.10 0.64

Oa 1.22 +0.33 1.23+0.18 0.96

Oc 0.84 £0.13 0.48 £0.13 0.90

Table 19. Figure 8 b, c. Three chamber sociability test — Natural aging

Test phase Sniffing time (s) One-way ANOVA
P value
Young Senescent
N = 14 mice N = 22 mice
Sociability Empty vs M14
Empty 25.06 + 2.96 14.50 + 1.90 Middle age: 2x10-6
M1A 64.35 +5.23 47.24 £ 4.60 Senescent: 1x10-°
Social novelty M18 vs M2
M1B 62.37 £5.01 49.15+4.20 Middle age: 0.002
M2 99.93 +9.83 63.70 + 5.30 Senescent: 0.04

Table 20. Figure 8 c,d. Three chamber sociability test — Pathological aging

Test phase Sniffing time (s) One-way ANOVA
P value
APPWT APPHET
N =14 mice N =15 mice

Sociability Empty vs M1~
Empty 39.15 £ 3.63 41.00 £4.07 APPWT: 0.0003
M1A 69.40 £ 6.05 69.737.10 APPHET: 0.003
Social novelty M1B vs M2
M1B 71.30£5.75 65.12 £6.70 APPWT: 0.04
M2 93.07 £ 11.70 77.02 £ 8.43 APPHET: 0.60

Test phase Two-way ANOVA

Age — Genotype interaction
P value

Sociability M1A - Empty 0.96
Social novelty M2 - M1B 0.83
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