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Abstract: This review addresses the role of chemical communication in mammals, giving special
attention to the vomeronasal system in pheromone-mediated interactions. The vomeronasal system
influences many social and sexual behaviors, from reproduction to species recognition. Interestingly,
this system shows greater evolutionary variability compared to the olfactory system, emphasizing
its complex nature and the need for thorough research. The discussion starts with foundational
concepts of chemocommunication, progressing to a detailed exploration of olfactory systems. The
neuroanatomy of the vomeronasal system stands in contrast with that of the olfactory system. Further,
the sensory part of the vomeronasal system, known as the vomeronasal organ, and the integration
center of this information, called the accessory olfactory bulb, receive comprehensive coverage.
Secondary projections of both the olfactory and vomeronasal systems receive attention, especially in
relation to the dual olfactory hypothesis. The review concludes by examining the organization of the
vomeronasal system in four distinct mammalian groups: rodents, marsupials, herpestids, and bovids.
The aim is to highlight the unique morphofunctional differences resulting from the adaptive changes
each group experienced.

Keywords: chemical communication; olfactory systems; vomeronasal organ; accessory olfactory
bulb; dual olfactory hypothesis; mammalian evolution

1. Introduction

Mammalian chemical communication, a significant and complex domain of study,
fundamentally hinges upon the vomeronasal system’s ability to sense pheromone-mediated
interactions. This system, beyond its basal functions, profoundly influences various social
and sexual behaviors such as reproduction, hierarchical dynamics, maternal bonding,
and species-specific recognition. What becomes particularly compelling is the pronounced
evolutionary variability the vomeronasal system displays; more so when juxtaposed against
the variations observed within the olfactory system. Such adaptive diversities present both
challenges and opportunities in research, amplifying the call for an in-depth examination
of its neuroanatomy and the nuances of its functional morphology.

In the following sections, we will discuss the foundational concepts of chemocom-
munication and delve into the olfactory systems. The neuroanatomical intricacies of the
vomeronasal system will be further elaborated upon, drawing parallels with the olfactory
system. Discourse will further encompass the sensory element of the vomeronasal system,
focusing on the vomeronasal organ and the accessory olfactory bulb’s role. This examina-
tion will be augmented by insights into specific models of vomeronasal system organization
across evolutionarily distinct mammalian families. While the current literature provides
extensive knowledge, there remains a plethora of open questions and untapped areas. The
intention of this comprehensive compilation is to serve as both a foundation and a catalyst
for future research endeavors in this domain.
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In preparing this review, we used a systematic approach. Addressing comprehensive
topics such as chemical communication and the neuroanatomy of the vomeronasal system
required a degree of subjective selection. We focused our analysis on a qualitative synthesis
of articles considered most relevant to the study objectives. While this approach ensures a
thorough overview, the review is not exhaustive or strictly historical. Instead, we aimed for
clarity and relevance, ensuring readers gain a deep understanding of the subject. The search
strategy included standard databases and customary sources in the field. It is pertinent to
note that the images incorporated within this review are original contributions from the
authors, reinforcing the authenticity of the discourse.

1.1. Chemical Communication in Mammals

Throughout evolution, living organisms have developed intricate systems of chemical
communication aimed at interacting with the external environment and enhancing their
survival rate [1]. In doing so, they are able to detect a wide array of chemical signals
and convert them into sensory information [2]. When these chemical cues are exchanged
between different individuals, the substances conveying these messages are termed semio-
chemicals [3]. These semiochemicals are released through urine, feces, saliva, and secretions
from various skin glands, often being deposited in the environment through highly stereo-
typed behaviors [4]. This form of chemical communication holds a pivotal role, influencing
key areas such as social behavior, reproduction, food-seeking, and evasion from potential
predators [5]. This is in part because the chemical detection systems project to the limbic
system, where processes such as emotions, memory, hunger, sexual instincts, and overall be-
havior are regulated [6]. Additionally, these semiochemicals operate in tandem with other
signals perceived by physical senses (auditory, visual, or tactile), conveying information
about species, gender, social status, and physiological and developmental state [7].

Chemical senses emerged in the earliest stages of evolution and are now present in
all living organisms, from bacteria to more complex life forms. Hence, all animals are pre-
adapted to perceive a variety of chemical signals [8]. However, primitive organisms detect
stimuli through specialized cells, while vertebrates have integrated these receptor cells
into highly sophisticated organs. If the perception of a specific chemical stimulus enhances
survival or reproductive success, the adaptation aims to reduce the sensitivity threshold to
this substance and/or increase the expression of genes responsible for its perception [9].
Yet, identifying such a diverse plethora of molecules (essential lipids, lipoproteins, proteins,
steroids, alcohols, etc.), spanning a broad range of volatilities and solubilities, demands
a vast array of chemoreceptors. Among these, olfactory receptors stand out as being
phylogenetically present in the olfactory rosette of fish [10] and being highly conserved
and expanded in mammals [11]. In fact, the largest superfamily of mammalian genes
corresponds to the olfactory receptors. They detect a complex web of odor mixtures,
allowing the creation of a dynamic three-dimensional image of the surrounding world over
time [12]. Depending on the physicochemical characteristics of the detected signals, such
as volatility or spatial dispersion, the captured information will multiply [13].

The olfactory system, recognized as one of the most prominent chemical commu-
nication systems alongside taste, is one of the first senses to activate, even allowing for
prenatal olfactory learning [14]. However, in mammals, odorous chemical signals have the
capability to stimulate various chemosensory structures, extending beyond the olfactory
organ: such as the vomeronasal organ, Masera’s septal organ, Griineberg’s ganglion, and
free nerve endings of the trigeminal nerve, among others.

1.1.1. Types of Chemical Signals

In nature, living organisms maintain a constant degree of communication based
on the exchange of multiple chemical signals [15] due to a variety of reasons, primarily
associated with their need for food, protection, and reproduction. These chemical signals
can be classified into two types: hormones, when they act within the same individual
that produces them; or semiochemicals, when they act in an individual different from
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the signal producer. Hormones are chemical signaling molecules produced by tissues or
endocrine glands that control various physiological processes within an organism [16]. In
parallel, the chemical substances that different organisms use to communicate with each
other and perceive their environment are called semiochemicals, a name derived from the
Greek root semeon, meaning mark or signal [17]. This chemical communication is present
in microorganisms, plants, and insects [18] as well as in vertebrates [19] and requires
specific secretory mechanisms of semiochemicals, which induce changes in the physiology,
metabolism, or behavior of the species that receive the chemosensory signals [20].

Semiochemicals are classified into pheromones, if they act upon individuals of the
same species, or allelochemicals, if they affect individuals of a different species [21]. In both
cases, these chemical signals may consist of a single chemical compound or a mixture of
several. Regarding pheromones, they establish chemical communication among members
of the same species, regulating aspects such as development, physiological state, social
behavior, reproduction, or territorial marking [22]. On the other hand, allelochemicals are
further classified, based on the beneficiary of the interaction, into four types: allomones,
when the sender benefits from the message; kairomones, wwhenhere the receiver is the
beneficiary; synomones, when both species benefit from the communication, and apneu-
mones, when the chemical signal is emitted by inanimate material and evokes an adaptively
favorable behavioral or physiological reaction in the reciever.

Allomones, a term resulting from the combination of the Greek roots allos and hormonas
meaning to excite others, are defined as interspecific chemical signals that give an adaptive
advantage to the species that produce them [23]. Allomones from many organisms have
been described, from lower plants to higher animals, where those emitted by predators pri-
marily attract prey [24,25], and those produced by prey primarily repel predators [26]. For
example, venoms or antibiotics are allomones, as they are chemical compounds produced
by microorganisms with the aim of inhibiting the growth of other microorganism species.
Conversely, a kairomone is an allelochemical that, when in contact with an individual of
another species, evokes an adaptively favorable behavioral or physiological response in
the reciever, while being unfavorable for the sender [3]. A notable feature of the main
categories of chemical messengers is that they are not mutually exclusive, and an example
of this occurs in the predator Elatophilus hebraicus, which uses the sex pheromone of its
prey Matsucoccus josephi as a kairomone, such that, when the predator perceives it, it feels
a strong attraction [27]. Another example is the secretion from the mandibular glands
of many ants when the nest is disturbed, which acts as a social alarm communication
(pheromone), but also has a repelling effect (allomone) against aggressors [28].

Regarding synomones, they can be defined as allelochemicals produced by one organ-
ism that, when in contact with an individual of another species, evoke in the receiver a
behavior or physiological response that is adaptively favorable for both [21]. Some syn-
omones are repellent, and others are attractive [29], such as repellent molecules that warn
of a danger like the toxicity of a plant [30], or chemical signals produced after a parasitic
attack aiming to attract the natural predator of the parasite [31].

Lastly, there is a group of allelochemicals originating from inanimate sources, the
apneumones, a term formed from the Greek root a-pne meaning breathless or lifeless. The
receiver benefits from these molecules, but they differ from kairomones in that the producer
cannot experience any disadvantage [32]. However, these apneumones are related to the
presence of certain prey in specific environments, which is detrimental to organisms of
another species associated with these compounds that might be nearby or on the inanimate
material. For example, parasites and predators are drawn by apneumones to inanimate
substances related to the presence of their hosts or prey [33].

Finally, it is important to emphasize that the exchange of chemosensory stimuli occurs
in both terrestrial and aquatic environments. The most significant physicochemical charac-
teristics of these chemical compounds are their size and polarity, as these are the primary
factors determining their volatility in the air and solubility in water, respectively. Thus, in
terrestrial environments, substances that act at a distance tend to be small and volatile, while
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in aquatic environments, where solubility is most relevant, even high molecular weight
molecules can act at a distance. Therefore, based on their physicochemical properties, which
dictate their potential mobility in different mediums, chemical signals can be classified
into four types of compounds: volatile-soluble, volatile-insoluble, non-volatile-soluble, and
non-volatile-insoluble [13].

Pheromones

Within semiochemicals, pheromones are compounds that allow for chemical signaling
between individuals of the same species. In 1959, the entomologist Martin Luscher and the
biochemist Peter Karlson introduced the term “pheromone” by combining the Greek roots
pherein (to carry) and hormon (to excite). They defined it as a chemical substance or a mix
of chemical substances released by a member of a species that induces specific behavioral
responses or physiological changes in other members of the same species upon percep-
tion [34]. In fact, the first semiochemical to be isolated and characterized was bombykol, the
sexual pheromone of the silkworm moth [35]. Subsequently, two categories of pheromones
were defined based on their effect on the benefiting organism: releaser pheromones and
primer pheromones. Releaser pheromones trigger immediate behavioral effects in the
recipient organisms, whereas primer pheromones induce long-term physiological effects in
the recipient individual [36]. Thus, typical releaser pheromones influence aspects related to
mating, alarms, trails, and territorial marking. On the other hand, compounds determining
the caste of social insects are primer pheromones [37]. Stemming from these discoveries,
pheromones have been extensively studied in insects, primarily for their potential in pest
control [38]. They have also been the subject of numerous studies in mammals [39].

For decades, the existence of pheromones in mammals has been assumed [40], though
some authors have expressed their doubts [41]. Indeed, the concept of a pheromone
derives from studies in insects, and the integration of the term in vertebrates has sparked
controversy due to the complexity of information received simultaneously through other
sensory modalities and the significance of learning in mammals, which can alter behavior,
complicating the specific analysis of chemosensory communication [42]. Specifically, in pigs
(Sus scrofa), male saliva pheromones are essential for courtship and copulation, but physical
stimuli produced by applying pressure on the female back are also necessary [43]. As a
result, five operational requirements have been introduced for a substance to be considered
a pheromone: chemical simplicity of the signal; high stimulus selectivity with its response;
an unequivocal behavioral response from the receiver that is morphologically consistent
and functionally apparent; reception specificity based on species; and an unconditional
linkage between stimulus and response [44]. In their literature review on chemical signals
in terrestrial vertebrates, Apps et al. [45] identified up to 63 mammalian pheromones, such
as those in mice [46-48], hamsters [49], pigs [50], and elephants [51].

Kairomones

Kairomones, a term derived from the Greek root kairo (opportunist), are interspecific
allelochemicals that confer an adaptive advantage to the organism receiving the chemical
signal, while being disadvantageous to the emitter. Therefore, kairomones are semiochemi-
cals emitted by one species to its own detriment [52]. However, even though kairomones
can be detrimental to the emitting organisms, it has been suggested that they could lead
to an evolutionary advantage [53]. Although the term kairomone was controversial when
introduced, it is now widely accepted [54,55].

Due to the diversity of ecological phenomena associated with kairomones, they can be
classified based on various criteria. According to their effect on the benefiting organism,
two classes are distinguished: releaser kairomones, which induce an immediate behavioral
response, and primer kairomones, which lead to long-term physiological responses in the
receiver. They can also be classified based on their function in the receiving individual,
resulting in four main groups: foraging kairomones, anti-predator kairomones, sexual
kairomones, and aggregation kairomones [56]. Accordingly, foraging kairomones are used
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to locate food sources [57], anti-predator kairomones to mitigate the negative impact of a
natural enemy [58], and sexual kairomones to find mates or for other sexual purposes [59].
Lastly, aggregation kairomones are used by both genders of the receiving species to form
aggregations for various purposes, such as optimal exploitation of food resources, mate
searching, or defensive reactions. Examples of foraging kairomones include the substances
produced by the corn earworm (Heliothis zea), used by the parasite Microplitis croceipes to
locate its host [60], or lactic acid emitted by humans, which attracts the mosquito responsible
for transmitting yellow fever, Aedes aegypti [61]. In some cases, kairomones used to find
a host are produced by other microorganisms that develop within the host [62]. In the
aforementioned cases, the chemical signals aid predators in locating their prey or hosts, but
the opposite can also occur. Anti-predator kairomones emitted by predators or parasites
are used as alarm signals, inducing defensive behavior in receiving organisms [63]. This is
the case with certain plants that recognize kairomones produced by herbivores and emit
compounds to repel them or to try to attract their natural enemies [64]. Lastly, sexual
kairomones indirectly influence sexual communication and can be used to find mates, like
the alcohols released by green leaves when female beetles of the Melolontha spp. feed on
them, attracting males of the same species [65].

1.1.2. Responsible Exocrine Organs

The independent evolution of multiple semiochemicals in mammals has resulted in
a vast diversity of produced compounds as well as specialized secretory glands. These
signals are commonly emitted externally via feces, urine, or saliva, but they are also found
in other secretions like tear ducts, vaginal secretions [66], or are produced in specific glands
like perianal ones [7]. Substances excreted through urine or feces can provide information
about the age, identity, or gender of the depositor. In fact, there are body postures or
movement patterns associated with urination and defecation, like scattering motions, that
facilitate this chemical communication [67]. They also provide information about the
location of individuals, especially relevant in various contexts such as social structuring or
territorial distribution.

In this way, feces play a significant role in marking and intraspecific chemical com-
munication in many mammals. Some odoriferous compounds originate from anal sac
secretions [68], but others are a result of bacterial action on food during digestion [69].
In pigs, several semiochemicals present in maternal feces have been detected that attract
piglets, resulting in positive behavioral changes in them, acting as a soothing agent and
improving growth rates [70].

Both volatile and non-volatile substances can also be identified that act as chemical
signals in the urine of most mammals, as it is a fundamental medium used in animal
communication [71]. In guinea pigs, urinary chemical substances are involved in gender
discrimination [41]. Additionally, the amino acid felinine, responsible for the characteristic
odor of urine in this species and implicated in territorial marking, is found in the urine of
domestic cats and other members of the Felidae family [72]. It appears in large amounts
in male urine from six months of age and is believed to be a precursor to a pheromone
attracting females [73].

Multiple semiochemicals are also found in saliva, as in the case of the boar which
has androgenic steroids in its saliva that act as sexual attractants, and can even stimulate
puberty in juvenile females [74]. These compounds are produced in the testicles and
transported by the bloodstream to the submaxillary salivary glands [75] where they are
emitted in large quantities during copulation.

Similarly, in mammals, chemical stimuli related to sexual behaviors are produced
in or near the genitals. For example, the male pig produces a sexual attractant that is
part of the preputial secretions [76], while female hamsters attract sexually experienced
males with their vaginal secretions [49]. Before copulation, males sniff and lick these
secretions since they contain essential chemicals for adequate sexual behavior [77]. A
similar phenomenon occurs in primates, where a chemical compound in female vaginal
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secretions, copulin, triggers copulatory behavior in male conspecifics. Stimulated by
estrogens, this semiochemical enhances sexual responsiveness in rhesus monkeys [78]. In
other species, like canids [79] or bovids [80], sexually attractive molecules have also been
observed in female vaginal secretions.

On the other hand, various cutaneous glands are involved in the production and
emission of chemical signals. These exocrine cutaneous glands release their compounds
through a duct system, and depending on the type of secretion, they are divided into sweat-
producing (sudoriparous) and sebaceous. The sweat glands are related to sweat production
and contain hydrophilic molecules, while the sebaceous glands release sebum and lipophilic
substances. Consequently, the various cutaneous glands can produce a complex mixture
of chemical signals. Moreover, based on the secretion release mechanism, exocrine glands
are also classified as apocrine, holocrine, and merocrine or eccrine. In apocrine glands, a
portion of the cytoplasm of the cells becomes part of the secretion. In holocrine glands,
cells are almost entirely destroyed and become part of the secretion product. Lastly, in
merocrine glands, secretion occurs through an exocytosis mechanism, so there is no injury
to the secretory cells. Examples of apocrine glands include mammary glands; holocrine
examples are sebaceous glands; and merocrine examples include salivary glands.

Several examples of glands producing semiochemicals in mammals are described
below. In rabbits, the apocrine glands of the chin are involved in maintaining social status
and are used to mark territory by dominant males [81]. Male gerbils use the secretion of
an androgen-dependent sebaceous gland to mark territory [82]. Other apocrine sebaceous
glands, the tarsal glands of the male deer (Odocoileus hemionus columbianus), secrete a series
of molecules, including a semiochemical that causes licking by female congeners [83].
In pronghorn males (Antilocapra americana), a compound produced in the subauricular
gland was identified that induces licking, marking, or tapping in other males of the same
species [84]. Another specific sebaceous gland is the morillo gland, found exclusively
on the snout in capybara males, which is related to the production of semiochemicals.
These compounds are produced more by dominant males and are used for territorial
marking when deposited on vegetation [85]. In the case of guinea pigs (Cavia porcellus),
the sebaceous secretion of the perineal gland intervenes in dominance [86]. Similarly, in
sugar gliders (Petaurus breviceps), dominant males have a frontal and a sternal gland, with
which they mark territory and other members of their family group. Both male and female
sugar gliders emit chemical signals through the paracloacal glands [87]. Merocrine or
eccrine glands are abundant in humans and primates, but in the rest of the mammals,
their location is restricted to the palms and soles. For instance, the Madagascar tenrec
(Echinops telfairi) has cutaneous eccrine glands on the footpads, which produce a non-slip
secretion containing semiochemicals that inhibit the growth of microorganisms [88]. Lastly,
glands producing chemosensory stimuli in minks, that become vestigial after weaning,
have been studied. These are apocrine sweat glands located in the neck and in the perineal
and inguinal regions related to maternal recognition of the offspring [89].

1.1.3. Ethology and Scent Marking

In mammals, chemical signals can be emitted passively, without being associated with
specific behavior, or they can involve a display of behavioral patterns that facilitate the
dispersal of such a signal in the environment. For instance, the male pig passively emits a
sexual attractant in its preputial secretions [90]. However, it also exhibits specific behaviors,
such as chewing movements that increase the production of salivary secretion. This contains
semiochemicals like androstenone or androstenol, produced in the testicles and stored in
the parotid gland, which stimulate the immobility reflex in female pigs, facilitating the
adoption of the mating posture [91]. These specific markings, termed “scent marking”,
have been described in numerous mammals, with a wide variety of behavioral patterns
characterized in different species. This diversity arises from the various functions that
chemical communication might entail [92], the multiple deposition sites of the signal [93],
or even the location of the exocrine glands on the body:.
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Regarding function, initially, a relationship was established between marking and
territorial defense. However, this behavior can play other roles in communication. In fact,
several authors have proposed various functions for chemical marking [94]. Thus, marking
can act as a deterrent, avoiding aggression by warning about territory occupation; as a
sexual attractant; as an orientation tool; as an indicator of identity, age, or dominance; as an
alarm signal for conspecifics; or even as an indicator of population size.

Regarding the territorial function, chemical marks define a specific area and prevent
intruders from entering or cause their withdrawal, reducing defensive costs. Therefore,
animals deposit these compounds at the boundaries of their territory and at strategic loca-
tions as a method of territorial dominance. This behavior is also reflected in experimentally
studied mice, as subordinate individuals spend less time in parts of a cage treated with
dominant male urine [95]. On the other hand, in rabbits, it has been shown that upon
acquiring a dominant status, a male synthesizes 2-phenoxyethanol in its chin gland, which
acts as a fixative making its secretions persist in the environment without dissipating [96].

Similarly, marking can have a stimulating or attracting function in the opposite sex,
as seen in canids, where females show a higher frequency of urine marking during estrus
to attract males [97]. In the case of the striped mongoose (Mungos mungo), a social and
cooperative herpestid, both males and females increased the marking frequency during the
latter estrus [98]. On the other hand, in rodents, the preputial secretion and urine of males
can induce or suppress estrus and ovulation in females, in addition to accelerating female
sexual maturity [99,100].

Another function of chemical marks is the spatial orientation of the individuals that
produce them within their territory, allowing them to have a better familiarity with the
environment. In this way, species like the slow loris (Nycticebus coucang) use chemical
marks to trace paths [101]. Likewise, other mammals, such as coyotes (Canis latrans), mark
food or hiding places with urine [102].

Marking behaviors are also used to deposit chemical signals that serve as an indicator
of individual identity and provide information about dominance, social rank, sex, or age.
In this way, beavers (Castor canadensis) can discriminate between familiar or unknown
individuals [103], just like the sugar gliders (Petaurus breviceps papuanus), who are not only
able to distinguish both individuals and groups of unknown individuals but also trigger
aggressive behaviors in the receiver [87]. This relationship between individual recognition
and dominance is reflected in marking patterns. Dominant individuals usually mark
more frequently than subdominant or submissive ones and are significantly more likely to
adopt specific marking postures, as seen in canids [104]. Likewise, dominant individuals
frequently mark in situations where they are intolerant. On the other hand, chemical signals
allow recognition between males and females [105] and even induce synchronization of the
reproductive state [106].

On occasion, stressed individuals secrete alarm molecules, keeping the members of
their group alert. Exposure to these signals produces behavioral changes in the receiver,
such as reduced rest, increased heart rate, or stress-induced hyperthermia. This phe-
nomenon has been studied in rats [107]. In cows, the presence of alarm signals in the urine
of stressed congeners triggers an increase in cortisol and fearful behaviors [108].

Finally, in certain animals, scent marking has been observed to act as a population
self-regulation mechanism, limiting the number of inhabitants before food becomes a
limiting factor. This happens in American beavers (Castor canadensis), who communicate
through marking, delineating occupied territory, and preventing further colonization of a
particular area. This prevents the population density from increasing above a limit while
maintaining a balance between the amount of resources demanded by the residents and
the regeneration capacity their habitat can sustain [109].

Regarding the deposition sites of chemical substances, five contexts have been consid-
ered: direct release to the surrounding air, deposition on a specific object in the environment,
deposition on the substrate, marking on a social partner, and self-marking or self-anointing.
We usually associate the emission of chemical signals with specific marking behavior pat-
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terns, but the truth is that mammals also have the ability to release chemical compounds
without any visible sign of it. For example, many mammal species emit chemical signals
when scared, like the black-tailed deer, which secretes chemical compounds in its metatarsal
glands when in situations of fear or stress [83].

On the other hand, marking may be associated with certain objects, so animals de-
posit feces and urine on them or use rubbing movements with their glandular areas to
impregnate them with specific secretions. These marking movements directed at objects
often involve adopting unusual postures and allow depositing chemical signals at a certain
height, improving communicative efficiency [110]. These objects can be part of a complex
communication system between individuals of the same species, as seen in the European
brown bear (Ursus arctos arctos), which exhibits a rubbing behavior against tree trunks. By
standing on their hind legs, they rub their chest, back, and neck while biting and scratching
the bark, depositing chemical signals. Males have preferred marking areas, which can be
used by a single individual or can be communal and used by several males. Places marked
by an unknown adult male are avoided by young bears. On the other hand, females mark
in areas separate from the males but can also mark on communal trunks along with other
males [111]. In the case of goats, when a male reaches sexual maturity he starts rubbing
his head and neck on objects around him as a method to disperse chemical signals with an
attractive effect on females [112].

In addition to the deposition of chemical signals through urine or feces in the substrate,
mammals show specific marking behaviors on the terrain. In particular, desert-dwelling
rodents from the Heteromyidae family perform sand baths [113]. This behavior consists of
digging in the substrate and performing a series of specific rubbing movements depending
on the species. In this way, the animal grooms itself while spreading chemical secretions
in marking areas of the environment, which are sometimes shared. Other mammals have
behaviors like scratching the ground, which may involve the deposition of chemical signals
produced in the autopodial glands.

Some mammals perform marking on a partner or on conspecific individuals through
characteristic behaviors. These behaviors may involve friction movements of specific
glandular areas on the receiver [87]. The previously mentioned marking of European
rabbits by rubbing their chin on objects or congeners to impregnate them with the secretion
of the chin glands allows them to identify members of their social group to establish their
territory, thus maintaining the social hierarchy [81,114].

Finally, some mammal species use their own or foreign sources of chemical signals to
spread the compounds on their body for various purposes. In this way, the black-tailed
deer extends its hind limb to spread the previously described secretions from the tarsal
glands over its own head [83]. Likewise, spider monkeys exhibit a self-anointing behavior,
rubbing their body with a mixture of saliva and plant material [115]. However, in other
cases, individuals use foreign chemical signals, like rats, who impregnate themselves with
chemical signals from their main predator, the weasel, to mask their own chemical identity
and avoid possible attacks [116].

1.1.4. Chemical Signal Detection Systems

Animals are constantly examining their environment for chemical substances that
guide them to food sources or favorable habitats. They also investigate other substances
that control social interaction and reproductive behavior [117]. These chemical compounds
can be detected through direct contact with salivary or nasal secretions, or by monitoring
the respiratory air stream through the nasal cavity. In both cases, the chemical signals are
perceived by highly specialized detectors, the chemosensory neurons, which are organized
into structurally independent subsystems in the nasal cavity. These olfactory subsystems
can be divided based on the anatomical location of their sensory neurons, the type of olfac-
tory receptors they express, the signaling mechanisms they use to transduce chemosensory
stimuli, the chemical stimuli to which they respond, and the axonal targets of their sensory
neurons in regions of the olfactory forebrain [118].
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Initially, two chemical perception systems were identified with sensory neurons lo-
cated in the nasal cavity: the main or olfactory system and the accessory or vomeronasal
system. The olfactory neurons constitute the main olfactory epithelium, which lines the
convolute surfaces of both the ethmo- and endoturbinates (Figure 1), as well as the caudal
part of the nasal septum (Figure 2) [119]. These neurons send their nerve projections to the
main olfactory bulb [120,121]. On the other hand, the vomeronasal system presents a highly
specialized peripheral sensory structure where the sensory neurons of the vomeronasal
epithelium are located, the vomeronasal organ (VNO). The neurosensory information
travels through the vomeronasal nerves to the accessory olfactory bulb, an independent
structure adjacent to the main olfactory bulb [122,123].

Figure 1. Dissection of the turbinate complex in a dog. The difference between the red respiratory
mucosa (RM) and the brown olfactory mucosa (OM) is observed. 1. Dorsal turbinate; 2. Ventral
turbinate; 3. Endoturbinate; 4. Ectoturbinates; 5. Olfactory bulb; 6. Telencephalon frontal lobe;
7. Frontal sinus.

oM

Figure 2. Lateral view of the nasal septum of a dog showing the projection area of the vomeronasal
organ (open arrowheads) and the vomeronasal nerves (arrows). FS, frontal sinus; 1. Olfactory bulb,
2. Olfactory peduncle; 3. Telencephalon. Scale bar: 5 cm.
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More recently, new sensory systems specialized in the detection of semiochemicals
have been discovered in the nasal cavity of mammals, which together are called olfactory
subsystems [124]. This is the case of the Griineberg ganglion, the septal organ, or the solitary
chemosensory cells. The Griineberg ganglion is a structure formed by specific sensory
neurons located in the anterior area of the nasal cavity, near the nasal vestibule [125]. On
the other hand, the septal organ consists of an isolated area of sensory epithelium located at
the base of the nasal septum, ventral to the olfactory epithelium [126]. Finally, the solitary
chemosensory cells are distributed in the anterior part of the nasal cavity but are also
located in other specific areas such as the entrance of the vomeronasal organ [127]. The
first two subsystems mentioned project their neuronal axons to specific areas of the main
olfactory bulb, while the axons of the chemosensory cells associated with the VNO are
incorporated into the sensitive afferents of the trigeminal nerve [128].

In both the main and the accessory olfactory bulbs, glomeruli are formed in the
confluence area of the axonal terminals of the sensory neurons with the dendrites of the
second-order neurons with which they establish contact. The vomeronasal glomeruli are
part of the accessory olfactory bulb and are clearly differentiated from the glomeruli of
the main olfactory bulb by their smaller size and less defined boundaries. However, the
glomeruli formed by neurons of the Griineberg ganglion or the septal organ do not have a
clearly differentiated boundary within the main olfactory bulb, although specific areas for
each have been described. In fact, a necklace glomerulus complex has been identified in
the caudal region of the MOB, consisting of several specific glomerular groups related to
the innervation of specific neurosensory cells, such as the cells of the Griineberg ganglion
or cells that express the atypical olfactory receptor guanylyl cyclase type D (GC-D) [129].
Additionally, subbulbar formations have been identified ventral to the accessory olfactory
bulb in rats [130], hedgehogs [131], and in lagomorphs—with the latter presenting a
particularly complex organization [132]—that could be related to certain specific sensory
pathways. The recent characterization of the olfactory limbus—the transition zone between
the accessory and main olfactory bulbs—in the fox [133] points to a high morphofunctional
complexity in the central integration of chemosensory information.

This wide range of versatile chemodetectors perceives myriads of chemical compounds
that vary in their physicochemical properties and function, and that may be involved in
controlling multiple behaviors and physiological responses. This multifunctional task
is achieved through orchestrated interactions between the various olfactory subsystems,
each of which specializes in different functions and uniquely contributes to fulfilling the
overwhelming tasks of the sense of smell.

1.1.5. Olfactory Subsystems

In the main olfactory system, molecules are detected through direct contact with the
olfactory mucosa of the nasal cavity. The fundamental component of the olfactory mucosa
is the olfactory neuroepithelium, comprising olfactory sensory neurons. These are bipolar
cells whose dendrites reach the epithelial surface. Here, long cilia embedded in nasal
mucus provide an extensive surface area for interaction with odorants. The process of
neurotransduction occurs within these cilia [134]. The ciliary membrane contains receptor
proteins and elements of the olfactory transduction machinery, allowing these cellular
compartments to act as chemosensory units, initiating signal detection.

Olfactory receptors consist of various specialized receptor proteins coupled to the G
protein (GPCR) [135]. Each olfactory sensory neuron expresses a unique receptor from a
family that encompasses about 1000 genes. In fact, olfactory receptors are associated with
the largest gene superfamily in vertebrates [136]. Additionally, each olfactory receptor inter-
acts with a broad range of chemical compounds, albeit with different affinities. Therefore, a
single olfactory receptor can recognize multiple odorants or olfactory chemical signals, and
conversely, multiple olfactory receptors can recognize a single odorant. This combinatorial
receptor strategy is utilized to encode odor qualities [137].
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The axons of the olfactory neuroepithelial cells converge to form the olfactory nerve
(first cranial nerve) [138], whose fibers pass through the cribriform plate of the ethmoid bone
to establish their first synapse in the glomeruli, spherical structures found on the periphery
of the main olfactory bulbs. Anatomically, the olfactory bulbs are rostral extensions of the
cerebral hemispheres, and as such, belong to the rhinencephalon, the olfactory portion of
the telencephalon. Thus, they constitute the first synaptic and integrative station of the
olfactory system. Notably, from a morphofunctional perspective, all neurons expressing
the same type of olfactory receptor send their axons to common glomeruli in the main
olfactory bulb [139]. From the main olfactory bulbs, information is relayed through the
lateral olfactory tract to deeper brain areas [140].

In contrast to the main olfactory system, molecules stimulating the vomeronasal
system activate the sensory neurons of the vomeronasal organ, a bilaterally symmetrical
tubular structure located dorsally to the floor of the nasal cavity and on both sides of the
base of the nasal septum. The characteristics of the vomeronasal epithelium lining the
inside of the vomeronasal duct resemble those of the main olfactory epithelium. However,
the dendrites of the vomeronasal sensory neurons have microvilli instead of cilia [141].
Both vomeronasal organs are protected by a vomeronasal capsule, which varies in nature
depending on the species and is composed of bone, cartilage, or a mixture of both forming
specific patterns [142,143]. Caudally, the capsule is typically closed; while rostrally, the
vomeronasal organ communicates with the nasal cavity or the nasopalatine canal, depend-
ing on the species. In species like rodents, lagomorphs, or some primates, the vomeronasal
duct directly opens into the nasal cavity [144], whereas in other species like marsupials,
monotremes, or ungulates, the vomeronasal duct opens into the nasopalatine canal, also
known as the incisive canal, which connects the oral and nasal cavities [145]. This topo-
graphical feature is an initial reflection of the existence among different mammalian species
of a wide variability of the vomeronasal organ, at the morphological, topographical, and
functional levels. Parallel to the main olfactory system, the axonal terminations of the
vomeronasal sensory neurons form the vomeronasal nerve. Subsequently, upon leaving
the VNO, they course dorsocaudally to penetrate the cribriform plate of the ethmoid bone
and reach the accessory olfactory bulb, constituting its outermost layer, the vomeronasal
nerve layer. From the accessory olfactory bulbs, information is transmitted to regions of
the central nervous system involved in mediating the pheromonal responses highlighted
earlier in this introduction [146].

It has often been hypothesized that the various olfactory subsystems function in-
dependently. This idea, in the case of the main olfactory system and the vomeronasal
system, is supported by the fact that, while olfactory neurons project to the main olfac-
tory bulb, vomeronasal neurons project to the accessory olfactory bulb. Indeed, highly
specific afferent patterns have been described in both cases. In the vomeronasal system
of rodents, the apical and basal regions of the vomeronasal neuroepithelium project their
axons to the anterior and posterior accessory olfactory bulb, respectively [147]. Similarly,
several distinct areas of sensory neuroepithelium in the nasal cavity have been identified
that correspond to specific regions of the main olfactory bulb. Initially, four zones were
established, with no overlap between them [148], but more recent studies discern up to
nine zones with variable overlap [149]. Currently, the information gathered on the olfactory
and vomeronasal systems supports the notion that they are distinct entities, each with
unique structural characteristics and chemosensory tasks. However, they share a number
of morphofunctional aspects. Among these are the presence of vomeronasal receptors in
the MOE and vice versa [150,151], and the convergence of secondary projections from both
systems in the basal telencephalon [152].

The Griineberg ganglion (Figure 3) consists of a bilateral and compact group of
neurons located in the vestibule of the anterior nasal cavity, in a dorsomedial position
near the opening of the nostrils [153]. The sensory neurons of the Griineberg ganglion
are embedded in a network of fibroblasts between the nasal septum and the keratinized
squamous epithelium that lines the nasal vestibule and is permeable to water [154]. These
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neurons, which possess various receptors, lack prominent dendrites or microvilli and do
not directly access the nasal lumen, though they have numerous cilia that play a role in
sensory transduction [117]. Peripherally, glial cells envelop the neurons, trapping the cilia
within the ganglion. By detecting the expression of the olfactory marker protein (OMP), it
is observed that their axons project along the nasal septum, enter the cribriform plate of the
ethmoid bone, and eventually reach the anterior olfactory nucleus of the telencephalon,
without synapsing in the main olfactory bulb. Another peculiarity of the neurons of the
Griineberg ganglion is the absence of projections to the vomeronasal organ [155]. Though its
function is not yet fully understood, the ganglion could have a role in thermosensation [156].

NVC

Figure 3. Griineberg ganglion of a mouse. Transverse section of the dorsal part of the nasal vestibule
(NV) immunostained with anti-OMP showing immunopositive ganglion cells (arrowheads). NVC,
Cartilage of the nasal vestibule. Scale bar: 100 pum.

The septal organ (Figures 4 and 5) is a bilateral area of sensory neuroepithelium
located at the base of the nasal septum, ventral to the main olfactory epithelium and rostral
to the choanae [157]. Morphologically, it is composed of basal cells, supporting cells, and
ciliated sensory neurons with flattened cell bodies and shortened dendrites [124]. The
septal organ projects its neuronal axons to certain glomeruli located in the posterior region
of the main olfactory bulb, specifically in the ventromedial zone [158].

On the other hand, although the projection pattern of the septal organ is already
defined in newborns during the first postnatal days, there is a significant increase in the
area of the organ [159] and in the number of septal glomeruli [160]. Based on the location
of the septal organ, it has been suggested that it may serve an alert function, detecting
odors in the environment when breathing is relaxed, and the air stream does not reach
the main olfactory epithelium. In fact, the septal organ may respond to some odors with
greater sensitivity than the main olfactory epithelium [161], and both share the main
olfactory signal transduction pathways. Another suggested possibility is that it might play
a role in detecting low-volatility compounds transferred by licking, which reach both the
vomeronasal organ and the septal organ but not the main olfactory epithelium [162]. Thus,
the septal organ could detect both odors and chemical signals with sociosexual influence.
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Figure 4. Septal organ of a mouse. Decalcified transverse section of the nasal cavity immunostained
with anti-OMP. The immunopositive olfactory epithelium (OE) lines the roof of the nasal cavity, the
nasal septum, the dorsal part of the ventral turbinate (VT) and the branches of the olfactory nerve
(nI). On the basal part of the nasal septum a patch of OMP-positive epithelium corresponding to the
septal organ (SO) can be observed. VN, vomeronasal nerves. Scale bar: 1 mm.
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Figure 5. Septal organ of a mouse. Viewed at higher magnification of the septal organ (SO) area
than is shown in the Figure 4. Decalcified transverse section of the nasal cavity immunostained with
anti-OMP. Immunopositive neuroreceptor cells and the branches of the septal olfactory axons (SON)
can be observed. VN, vomeronasal nerves. Scale bar: 100 pm.

Finally, another independent olfactory subsystem has been identified, comprising
solitary chemosensory cells. The majority of these sensory cells are located in the anterior
nasal cavity, but there is also a cluster in the entrance duct of the vomeronasal organ [127],
and other populations present in the larynx and in the deeper respiratory tracts [163]. At
the same time, fibers from the trigeminal nerve are observed near the solitary chemosensory
cells, indicating sensory information transmission to these fibers. The upper respiratory
tract is continuously assaulted by harmful substances and xenobiotics carried by the inspi-
ratory air flow that are detected by the trigeminal nerve, which evokes protective reflexes
such as sneezing, apnea, and local inflammation of the mucosa. Likewise, certain inhaled
pathogens and irritants stimulate the solitary chemosensory cells, which help enhance the
chemical response capabilities of the trigeminal nerve. Additionally, solitary chemosen-
sory cells play a significant role in regulating the access of chemical substances to the
vomeronasal organ [128], thus providing a mechanism to identify potential environmental
irritants early. The fact that anosmic individuals or animals lacking functional olfactory
systems still retain the ability to detect a variety of chemical irritants through the trigeminal
system, which confirms the crucial role played by this system in nasal chemosensation [164].

2. Vomeronasal System

The vomeronasal system (VNS) or accessory olfactory system is specialized in detect-
ing chemical signals, primarily pheromones, kairomones, and molecules from the major his-
tocompatibility complex. It consists of a set of anatomically and histologically distinguish-
able structures from the main olfactory system. It is present in most reptiles [165,166] and
amphibians [167], but it is particularly developed in mammals, in which this chemosensory
system comprises three main components: the vomeronasal organ (VNO) (Figure 6), which
acts as the peripheral chemoreceptor organ detecting chemical signals; the vomeronasal
nerve, transmitting information to the brain; and the accessory olfactory bulb (AOB), the
first neural center where vomeronasal afferent information is processed and integrated
before heading to specific areas of the CNS [168].

The significant functional diversity of the vomeronasal system is expressed in the exis-
tence of three distinct subpopulations of vomeronasal sensory neurons. Each is associated
with a specific family of chemosensory receptors: vomeronasal type 1 receptors (V1R),
vomeronasal type 2 receptors (V2R), and formyl peptide receptors (FPR) [169]. However,
it is crucial to note that not all mammalian species have functional receptors in all three
families, indicating a diversity in chemical signal detection and specialized adaptation
based on the biological and ecological needs of each species. This phenomenon under-
scores the richness and versatility of the VNS in detecting and processing chemical signals,
highlighting the importance of chemical communication in mammalian life.
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Figure 6. Vomeronasal organ of a horse. Autofluorescence transversal section of the VNO in
which all components of the organ are identified. Aa, Artery; RE, Respiratory epithelium; RM,
Respiratory mucosa; SE, Sensory epithelium; VC, Vomeronasal cartilage; VG, Vomeronasal glands;
VN, Vomeronasal nerves; Vv, Veins. Nuclear contrast: TOPRO-3 iodide. Scale bar: 250 pm.

Identifying these receptor families was essential, and the study of G-proteins was cru-
cial. Initially, by analyzing the expression of Gaxo and Gai2 proteins in rats, it was observed
that the nerve endings of the vomeronasal neuroreceptor cells of the AOB were organized
into two complementary regions [170]. Subsequently, both G-proteins’ involvement in
the transduction chain of vomeronasal neurons was determined, and the V1R receptor
family in mice was discovered [171]. At that time, the expression pattern of the V1R re-
ceptors matched that of the Gai2 protein. However, the second family of vomeronasal
receptors was not identified until two years later, when three separate studies examin-
ing the Goo protein expression in the VNO simultaneously demonstrated the existence
of the second vomeronasal receptor family, V2R [172-174]. Finally, the third family of
vomeronasal receptors, formylated peptide receptors (FPR), which coexpress with both G-
proteins (Gxi2 and Go), was identified [175]. On the other hand, each neuronal population
maintains a specific projection pattern to the AOB. Despite the fewer types of vomeronasal
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receptors compared to olfactory receptors, the vomeronasal receptor neurons’ projection
pattern to multiple AOB glomeruli seems to be more complex than those in the primary
olfactory system [176].

There is a general consensus that the VNS is primarily responsible for perceiving
pheromones, although it also perceives other non-pheromonal chemical signals, such
as kairomones, which mediate defensive behavior [177], and other types of chemical
signals vital for tracking prey and attack behavior, as seen in reptiles [178] and urodele
amphibians [179]. In certain mammals, such as the gray short-tailed opossum, the VNS
also influences food preference [180].

Chemical stimuli found in urine deposits, vaginal secretions, odorous gland secretions,
or saliva can be investigated by direct contact. However, specific behaviors are also used
to facilitate the entry of non-volatile substances into the VNO, such as facial grooming
and “flehmen”. The “flehmen” behavior is seen in ungulates and felines and consists of
adopting a specific facial posture with the head tilted back, the mouth slightly open, the
upper lip everted, and the neck extended for a few seconds [181,182]. It usually occurs
after contact with biological secretions from conspecifics, and males exhibit this behavior
more frequently [183,184].

Historical interest in the vomeronasal system began with the discovery of the VNO by
the Danish anatomist Ludvig Levis Jacobson in the early 19th century, who described its
key macroscopic features in a broad range of non-human mammals [185]. While previous
illustrations showed the supposed location of the VNO in human nasal septum draw-
ings [186], Jacobson reported this structure absence in Homo sapiens. However, the human
VNO was later discovered in embryos [187] and a detailed histological description was
then carried out both in fetuses and adults [188]. Although Jacobson also contemplated
the hypothesis of a possible sensory function of the organ, he mainly suggested a secretory
role. The histological contributions of Balogh [189], Klein [190], and Piana [191] revived
the hypothesis of the sensory function, but only by the end of the 19th century did the
availability of the Golgi technique definitively show the morphological similarity of the
neurons of the olfactory and vomeronasal epithelium of the snake, thus establishing the
sensory function of the VNO [192]. On the other hand, approximately half a century after
the discovery of the VNO, the AOB was identified in sheep by Balogh [189] using traceabil-
ity and dissection of the vomeronasal nerve. However, the term AOB was coined by Von
Gudden [193] following his studies on the vomeronasal nerves in rabbits. Later on, Santiago
Ramoén y Cajal provided a detailed, accurate, and specific description of the AOB in various
mammals, revealing its laminar architecture and the presence of different cell types [194]. It
was the North American neuroanatomist Rollo McCotter [122] who established, in a broad
range of species, the different nature of the olfactory and vomeronasal nerves and their
respective destinations in the MOB and AOB. Finally, in the second half of the 20th century,
a clear relationship between the VNS and reproductive behavior was established [195,196]
leading to the seminal work of Powers and Winans [197] which convincingly demonstrated
the critical role that the VNO plays in rodent reproduction.

Evolutionarily, the vomeronasal system has been linked to the transition of vertebrates
to terrestrial environments; however, recent evidence suggests that a precursor VNS exists
in teleost fish and its evolutionary origin predates the divergence between teleosts and
tetrapods [10,198]. Added to this is the unique case of several species of lungfish that
have a vomeronasal system homologous to mammals, showcasing a defined vomeronasal
organ and an accessory olfactory bulb [199-202]. Hence, the significance of chemical
communication has been a constant throughout the evolutionary history of vertebrates,
resulting in significant morphofunctional variations among the chemosensory systems
of different species. Specifically, the shift from aquatic to terrestrial life led to changes
that significantly impacted pheromonal communication in vertebrates. This arose from
the transformation of its key chemical property from solubility to volatility, a process that
altered pheromone release mechanisms, accompanied by morphological and physiological
changes in the sensory organs [203].
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Subsequently, some terrestrial animal species returned to aquatic environments, such
as cetaceans, which underwent drastic changes in their olfactory morphology during this
migration. While their terrestrial relatives, including hippos, exhibit a defined VNO [204,205],
no VNO has been found in any cetacean [206]. In contrast, toothed whales also lost their
main olfactory system [207]. However, sea snakes, which evolved from terrestrial tetrapod
reptiles, feature a functional and well-developed underwater VNS, while losing their main
olfactory system [208]. In snakes, the vomeronasal system is predominantly considered
to be the major chemosensory system [209-212]. The failure of their olfactory system to
adapt to aquatic life, in contrast to the successful adaptation of their vomeronasal system,
underscores the importance and development of the VNS in these reptiles. Other primarily
aquatic reptiles, such as sea turtles, have a well-developed VNS [213]. However, while some
alligator and crocodile embryos show a VNS, it regresses to be absent in adulthood [214,215].
Yet, most reptiles [216] and amphibians [217] have a functional VNS.

Regarding airborne vertebrates, there is no evidence of pheromonal communication
in most birds due to the absence of their VNS [218]. The same is observed in many bats,
though certain species possess a particularly well-developed VNS [219]. Finally, the vast
majority of terrestrial mammals have a functional VNS, and some, like rodents, lago-
morphs, or marsupials, have an especially developed VNS. Semi-aquatic mammals like the
capybara [220], hippopotamus [221], beaver [222], and platypus also exhibit a VNS [223].

Among primates, it is believed that the last common ancestor with a functional
vomeronasal system might have been small, arboreal, and nocturnal [224,225]. Without ad-
equate light, vision is limited, heightening the reliance on olfactory signals [226]. Presently,
primates can be classified into strepsirrhines and haplorhines, based on the presence or ab-
sence of a rhinarium: a moist, hairless skin area around the nostrils seen in some mammals.
Strepsirrhines, which include lemurs and lorises, possess a rhinarium and are nocturnal, in
addition to having a highly developed VNS [227]. On the other hand, haplorhines lack a
rhinarium and are mostly diurnal. They include New World monkeys or platyrrhines, and
Old World monkeys or catarrhines, among which are the great apes and humans. Regard-
ing the vomeronasal system, platyrrhine monkeys have a well-developed VNO [228]. In
parallel, the VNO of catarrhine primates has been generally considered absent; however,
a rudimentary VNO in the postnatal stage has been observed in certain chimpanzee and
human individuals [229]. Postnatal chimpanzees possess bilateral, ciliated epithelial tubes
in the anteroinferior portion of the nasal septum. Both species are similar in possessing
a relatively superiorly positioned VNO, which lacks the clear sensory epithelium seen in
prosimians and New World primates [230]. It is of utmost importance that further investi-
gations ascertain whether the VNO is retained in other apes. In the meantime, the presence
of the VNO in adult Old World primates continues to pose a phylogenetic challenge.

In humans, the VNO undergoes significant development in the early gestational
stages, exhibiting a pronounced neural projection from the organ to the olfactory bulb. A
salient marker expressed during this period is the luteinizing hormone-releasing hormone
(LHRH) [231]. However, a continuous projection from the vomeronasal nerve to the
olfactory bulb beyond the 14-28 week period has not been found [232], rendering the
function of the human VNO ambiguous. In fact, an accessory olfactory bulb has not been
clearly identified since the description by Tryphena Humphrey in 1940 [233], which has
not been replicated.

In adult humans, the proper VNO structure is retained in the majority of individuals.
The bipolar cells within the human VNO exhibit structural similarities to olfactory receptor
cells. Still, there is limited information concerning the histological configuration of its
epithelium (VNE). Electron microscopic observations suggest that sections of the duct have
a highly specialized epithelium similar to a chemoreceptive organ [234,235]. Yet, the epithe-
lium does not appear to express neuronal features like OMP or PGP 9.5 reactivity, leading
to concerns about the functionality of the human VNO. Conversely, the vomeroranasal
epithelium displays a distinct arrangement of cell adhesion molecules, distinct from the
adjacent nasal epithelia, which could indicate specific chemosensory roles [236]. Conse-
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quently, the VNE emerges as a specialized structure with an enigmatic function. Finally, the
presence of a nerve connection from the VNO to a presumptive accessory olfactory bulb in
adult humans has not been detected, so it remains a major issue in this debate [237-239].

2.1. Anatomy of the Vomeronasal Organ

The vomeronasal organ comprises two tubular structures located bilaterally at the
base of the anterior nasal septum. Both organs have a single point of communication with
the exterior which, depending on the species, can either be located in the nasopalatine
or incisive duct—a conduit that connects the oral and nasal cavities through the palatine
fissure—or directly in the nasal cavity [240].

Each organ consists of two clearly differentiated elements: the vomeronasal duct,
which forms the lumen of the organ and is lined by a pseudostratified columnar epithe-
lium, and the vomeronasal capsule, a rigid and protective envelope of either bony or
cartilaginous nature, depending on the species [142]. Associated with the vomeronasal
duct is the parenchyma: a tissue responsible for the organ function, consisting of an ac-
cumulation of soft tissue associated with the duct, rich in glands, vessels, nerves, and
connective tissue [241].

Upon making a transverse cut in the central part of the organ, the typical crescent
shape of the duct lumen at that level is observed. Internally, the duct is lined throughout
its surface by two distinguishable epithelia. On its lateral side, it has a pseudostratified
and ciliated respiratory epithelium, while on its medial part, the vomeronasal sensory
epithelium (Figure 7) is located [242]. This sensory epithelium consists of a thin layer
of basal cells, a broad central layer of bipolar neuroreceptor cells, and an outer layer of
supporting cells that sustain the dendritic processes of the neuroreceptor cells (Figure 8).
These dendritic processes project towards the lumen. At this level, they form microvilli that
contain the vomeronasal receptors, which are responsible for recognizing the molecules
involved in chemocommunication [243,244].
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Figure 7. Sensory epithelium of the dama gazelle vomeronasal organ stained with hematoxylin-
eosin. 1. Basal cells; 2. Neuroreceptor cells; 3. Sustentacular cells; 4. Mucomicrovillar complex;
5. Vomeronasal nerve axons; 6. Veins; 7. Collagen fibers. Scale bar: 50 um.
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Figure 8. Vomeronasal organ of a horse. Autofluorescence confocal microscopy of the sensory
epithelium (SE) allows for the clear differentiation of the zones corresponding to the main strata:
Basal (1); Neuroreceptor (2); Sustentacular (3); Mucomicrovillar (4). RE, respiratory epithelium; Red
nuclear contrast: TOPRO-3 iodide. Scale bar: 50 um.

The nerve fascicles of the parenchyma are constituted by the coalescence of the axonal
processes of the neuroreceptor cells into bundles, which converge from the vomeronasal
epithelium. These nerve bundles are located in the dorsal and medial areas of the VNO,
although occasionally they can also run on the ventral or lateral side of the duct. In turn,
these bundles come together to form the vomeronasal nerve, which courses dorsocaudally
in the submucosa of the nasal septum [245]. After passing through the cribriform plate of
the ethmoid on its medial part, the vomeronasal nerve projects towards the anterior area of
the telencephalon to synapse in the accessory olfactory bulb [246].

In the central region of the VNO, both the glandular and vascular components of
the parenchyma are predominantly situated in the lateral portion of the parenchyma.
Meanwhile, the glandular tissue is also concentrated in the caudal part of the VNO. The
vomeronasal glands (Figure 9) are responsible for secreting mucus that is discharged into
the lumen of the duct, either at its commissures or in the central part of the respiratory
epithelium [247]. The mucus facilitates the entry and exit of molecules within the duct, but it
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also plays a crucial role in vomeronasal perireceptor processes. Histologically, these glands
are distinguished by their acinar or tubular morphology, and by their serous or mucoid
secretions, respectively [248,249]. Concerning the vascular tissue of the VNO, only arteries
of significant caliber can be found in its posterior region; however, it has large veins that
run parallel to the vomeronasal duct on the lateral flank [250]. This distinct morphological
organization is important as it is involved in the vascular pumping mechanism that is
activated to allow the entry of chemical stimuli into the organ. Specifically, when the vessels
of the parenchyma contract, the lumen of the duct expands, creating a vacuum effect that
draws chemical molecules into the duct. Similarly, when the vessels dilate, a constriction
of the duct occurs, expelling the content of the duct outward. This vascular pumping
mechanism is known as the vomeronasal pump [251-253].

Figure 9. Vomeronasal gland of a cow stained with PAS-Alcian blue-hematoxylin staining. Both the
glandular acini and the duct are stained. Scale bar: 150 pm.
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The vomeronasal capsule provides structural support for the proper functioning of the
vascular pump, counteracting the potential collapse of the parenchyma that the increase
in negative pressure might induce, while simultaneously safeguarding the encapsulated
structures. Its morphology not only varies along the VNO, but there are also notable
differences among various species, both in its nature and its configuration [142]. More
typically, towards the front, the capsule is shaped like an incomplete ring with a lateral
opening associated with the outlet of the vomeronasal duct. In the central region, the ring
becomes complete, but posteriorly the capsule separates again, adopting a “J” shape, with a
dorsolateral slit allowing the passage of the vomeronasal nerves. As we progress caudally,
on occasion, the ring closes entirely. Its nature can be bony, cartilaginous, or a combination
of both in different patterns, making it one of the VNO components with the most diverse
design from a comparative anatomy standpoint.

Regarding the sensory transduction of the VNO, in the most studied model, the
murine, the neuroreceptor cells are organized into different subpopulations throughout
the vomeronasal epithelium, following a clearly defined zoning. In this way, the VIR
receptors, linked to the Gai2 protein, are confined to the neurons whose cell bodies are
located in the apical part of the epithelium, while the neurons expressing the V2R receptors,
linked to the Goo protein, locate their cell bodies in the basal layer of the vomeronasal
sensory epithelium [254]. In both cases, each neuroreceptor cell exclusively expresses a
single receptor among the total population of vomeronasal receptors [173].

Formyl peptide receptors (FPRs) co-express with both G proteins in the two neural
layers of the VNO. FPRs react to products from viruses and bacteria, and they are found
in various tissues and cell types, mainly associated with immune functions [255]. Within
mammals, its expression has only been confirmed in the Muroidea superfamily of rodents
and in Lagomorpha [256]. Seven distinct genes encoding FPRs have been identified in
mice VNOs [175,257]. Some of these genes, like FPR-rs3, FPR-rs4, FPR-rs6, and FPR-rs7,
are specific to the VNO and co-express with Gai2. However, FPRrs1, recently renamed as
FPR3, co-expresses with Gxo in vomeronasal sensory neurons and is also transcribed in
immune cells. As there is no evidence that FPRs co-express with VIRs or V2Rs, it is likely
that certain vomeronasal sensory neurons express only FPRs. FPR3 reacts to a limited set
of bacterial peptides crucial for managing infection virulence. This links the behavioral and
immunological functions of the VNO [258].

On the other hand, it has been demonstrated that the peptides of the major histo-
compatibility complex (MHC) can perceive non-volatile molecules, both in the olfactory
and vomeronasal epithelium of mammals. The MHC was first identified as a primary
component in the adaptive immune response, recognizing and presenting antigens to T
cells [259]. MHC is encoded in the highly polymorphic H2 and HLA genes for mice and
humans, respectively. Current research estimates that over 10° distinct MHC antigenic
phenotypes exist in outbreeding mammals, which suggests that MHC alleles might be
crucial for determining genetic uniqueness [260]. In a lab setting, numerous studies indicate
that MHC and its peptide ligands get secreted in animal urine and function as markers
for self-identity during individual recognition [261,262]. Both genders of mice display a
natural inclination to select mates with varied MHC haplotypes [263]. Additionally, when
female mice that have recently mated are introduced to the scent of an unfamiliar male with
different MHC peptides, it can lead to a pregnancy block [264]. In human contexts, there
are various studies suggesting a connection between MHC differences and preferences in
smell and mate selection. Women seem to be drawn to the scent of shirts worn by men who
have different MHC genotypes [263].

Mates with specific MHC variations are viewed favorably because of their increased
resistance to parasites, potentially leading to enhanced reproductive outcomes for their
progeny [265]. Female sticklebacks show a preference for mating with males that exhibit
a broad MHC diversity and have a certain MHC haplotype that wards off infections
from prevalent parasites [266]. While MHC peptides can be found in both VNO and MOE
neurons, they serve different behavioral functions. Specifically, the MOE ability to recognize
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and prefer urine containing unique MHC peptides contrasts with the VNO-driven Bruce
effect, activated with dissimilar MHC peptides. All together suggests a general role of MHC
peptides in chemical communication, even in species lacking a functional VNO [267,268].

The transduction cascade of virtually all vomeronasal neurons converges in most
species on the activation of a member of the transient receptor potential (TRP) channel
family, the TRPC2, which is expressed in both neural layers of the VNO [269]. It was
observed that the protein resides in the microvilli of the sensory neurons and coincides
with the expression of both Gai2 and Gao [244]. In fact, the genomic sequence of the intact
TRPC2 gene is considered to be a predictive marker of the functionality of the vomeronasal
organ [218]. When the Trpc2 gene was knocked out in mice, its pivotal role in vomeronasal-
mediated behavior became evident. These modified mice exhibited reduced aggressive
responses and did not differentiate between males and females, displaying sexual be-
haviors towards both. This suggests that these mice are unable to discern the gender of
their counterparts due to a lack of olfactory signal transduction through VSNs [270,271].
The TRPC2 gene is ubiquitous among mammals, reptiles, amphibians, and fish species.
Comprehensive genome studies indicate an absence of TRPC2 genes in avian species [272].
A noted absence of functional TRPC2 in certain primates, such as Old World monkeys,
correlates with the lack of VNO [198,273]; although, orangutans and rhesus macaques
possess three TRPC2 gene copies, which have been suggested to be involved in mediating
the acrosomal response during fertilization [274]. In humans, the loss of a functional TRPC2
gene has been confirmed; however, the presence of functional V1R receptors has been
observed in the olfactory mucosa, embryonic cerebral tissues, and non-neuronal cells [275].
It should also be noted that chemical communication in vertebrates originated long before
the development of the VNO, and pheromone detection can also be mediated by other
olfactory organs [276]. This brings forth questions about the specific impacts of Trpc2—/—
on VNO activity. Mombaerts and colleagues integrated the lacZ gene into the Trpc2 site and
mapped the pathways of Trpc2-active neurons. Their exploration revealed that two distinct
MOE neuron types, which communicate with specific glomeruli on the ventral aspect of the
primary olfactory bulb, expressed Trpc2 [277,278]. These observations indicate potential
broader roles for Trpc2 within the primary olfactory framework and other cerebral regions.
Thus, the behavioral patterns seen in Trpc2— / — mice might not be exclusively attributed
to VNO disruption.

While initially, it was thought that all mammals expressed both families of vomeronasal
receptors, the absence of the V2R family in the vomeronasal system of various species
was subsequently described. Therefore, based on the presence or absence of the two neu-
ronal subpopulations linked to the VIR and V2R vomeronasal receptors, two vomeronasal
transduction models were identified: the segregated model and the uniform model. In the
segregated model, both types of vomeronasal receptors coexist, while in the uniform model
the V2R receptor is absent, and only V1R type neurons are expressed. Recent research on
the Tammar wallaby (Notamacropus eugenii) concluded that macropods could present a
third vomeronasal transduction model, consisting only of V2R neurons, as they did not
find expression of the Gai2 protein in the VNO or in the AOB [279].

A segregated-type vomeronasal system has been characterized in certain species of
rodents [280], lagomorphs [143], and marsupials [281], while the rest of the studied mammals,
such as ungulates, carnivores, or primates, fall within the uniform model [282-284].

The neurochemical study of the organ allows us to obtain characteristics about its
functionality using G proteins, but other markers are also used that provide specific
information about this structure. The calcium-binding proteins calbindin (CB) and calretinin
(CR) are used to identify neuroactive substances, but also to differentiate cell populations or
to define the morphology of vomeronasal neuroreceptor cells [285]. On the other hand, the
GAP-43 marker shows neuronal growth and is expressed in the nerve bundles present in
the organ [286]. These markers are complemented with routine stains (hematoxylin-eosin)
or specific stains (Gallego trichrome), which display the structural characteristics of the
VNO. Likewise, using PAS (Periodic acid Schiff) and Alcian blue stains, the nature of
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the vomeronasal glands can be identified, staining their secretions with neutral and acid
mucopolysaccharides, respectively [287].

Likewise, in the study of the VNO, lectins such as Ulex europaeus agglutinin (UEA),
Bandeiraea simplicifolia isolectin B4 (BSI-B4), or Lycopersicon esculentum agglutinin (LEA)
have been frequently employed, as some are specific to the vomeronasal and/or olfactory
system in various mammals [288]. Thus, it is possible to differentiate neuronal populations
and study the morphology of the neuroreceptor cells in the sensory epithelium of the VNO.
On the other hand, when expressed in the neuronal axons of these cells, it becomes easier
to identify the nerve bundles of the VNO and track the vomeronasal nerve by analyzing its
topography and anatomical relationships.

Over the past decade, genomic studies have paved the way for groundbreaking
insights into the VNS. To date, only a limited number of links between chemical ligands,
vomeronasal receptors, and behavior have been clarified. This is primarily due to the
challenges encountered when dealing with expansive, homologous gene families that
have a high degree of sequence similarity. Nonetheless, when examining mouse strains
with mutations in genes linked to ligand-VR signal transduction, the role played by the
VNO in various social behaviors can be studied in a more specific way. These behaviors
include male-to-male and maternal aggression, sexual allure, lordosis, selective pregnancy
termination, and interspecies reactions such as aversion and defensive behaviors [289].

One significant discovery has been the broad expansion and diversification of the
vomeronasal receptor gene families, VI1Rs and V2Rs [273,290]. High-throughput sequenc-
ing methodologies, such as RNA-Seq, have enabled researchers to identify and catalog
an extensive array of VNRs in various species, showcasing a vast diversity that arguably
correlates with species-specific pheromonal communication [11,289,291]. Another ground-
breaking revelation is the functional differentiation of V1R and V2R receptors, elucidated
through transcriptomic analyses. While V1Rs primarily respond to small volatile molecules,
V2Rs are more attuned to larger, peptide-based cues [292].

Comparative genomics indicates that the retention or loss of specific vomeronasal
receptors often aligns with the ecological and social structures of the species in question. For
instance, species with more intricate social hierarchies or mating systems tend to possess
a richer repertoire of functional VNRs [293]. Moreover, the transcriptome analysis of the
VNO in mice under different physiological and environmental conditions showed notable
variations in the expression of vomeronasal receptors even among individuals of the same
species [256,294,295]. For instance, during the final phase of pregnancy, the production
of neural progenitors in the VNO of female mice is notably increased. Transcriptome
analysis comparing pregnant and control female VNOs reveals differential expression of
101 genes, including 24 vomeronasal receptors and other genes related to cell proliferation
and death [294]. Pregnancy or estrogen-driven increases in new chemosensory neurons
have significant functional consequences, especially in maternal behaviors. For instance, the
ability of the VNO to recognize social odors can induce varied behavioral responses based
on the hormonal status, age, gender, or dominance of the individual. In humans, while the
VNO appears non-functional, with VRs and transduction molecules being pseudogenized,
there is still a sensory target for hormone modulation in the main olfactory epithelium.
Further investigations are recommended to discern whether pregnancy also prompts an
increase in neurogenesis in the main olfactory epithelium.

The application of transcriptomic techniques has also made it possible to compare the
expression of VRs in rabbits of different ages. Some VRs are more expressed in juveniles
than in adults [256]. This difference might be attributed to increased exposure to new stimuli
during early life stages. The difference in expression between young and adult animals
could be crucial for innate or unconditioned responses to specific chemical signals. Likewise,
it has been observed that sex-separation induces sex- and stage-specific gene expression
differences in the VNO of male and female rabbits, both in adults and juveniles [295].

The presence of sexual dimorphism in the vomeronasal system is an issue of partic-
ular interest. Although no qualitative histological and immunohistochemical differences
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between sexes in both the VNO and the AOB have been identified, morphometric analyses
have detected subtle yet significant disparities. In the 1980s, Guillamoén and Segovia initi-
ated a series of studies establishing that, in rats, the VNO and the AOB were larger in males
than in females [296,297]. Specifically, male rats exhibited a greater numerical density of
principal cells in the AOB compared to females [297]. Interestingly, in the AOB of rabbits,
the trend was reversed, with females demonstrating higher morphological values [132].
These species-specific manifestations of sexual dimorphism likely reflect the reproductive,
behavioral, and physiological characteristics unique to each species. For instance, while
female rabbits are reflex ovulators, female rats are spontaneous ovulators. Additionally,
there are distinct differences in sexual and maternal behaviors between these species. The
contrasting patterns observed in closely related species like rats and rabbits underscore the
caution needed when extrapolating findings on brain sexual dimorphism from one species
to another.

Sexual dimorphism has also been examined in other mammalian groups. In a study
involving wild voles (Microtus pennsylvanicus and M. ochrogaster), it was found that M. penn-
sylvanicus, which exhibits more pronounced differences in parental behaviors, had larger
VNOs in females than in males [298]. A comparison between the VNO and AOB of the
monogamous mandarin vole, Microtus mandarinus, and the polygamous reed vole, M. fortis,
revealed significant differences only in the reed voles, suggesting that the degree of sexual
dimorphism might be linked to the mating system [299]. Furthermore, a discernable sexual
dimorphism in the rate of neuronal generation in the AOB of rats has been identified, with a
higher proliferation rate in the anterior AOB in male rats compared to female rats [300].The
morphological diversity of the VNO among different orders of mammals is also notable,
and indeed, since the advent of Darwinian theory of evolution, the morphological config-
uration of the VNO has been used as a phylogenetic classification method [301-303]. A
significant portion of the studies on the VNS have been conducted in rodents, specifically
in myomorphic species like the laboratory rat (Rattus norvegicus domestica) or the mouse
(Mus musculus), which have been used as general VNS models in rodents (Figure 10). Both
species display a highly developed vomeronasal organ, with a large neuroreceptor epithe-
lium, of considerable thickness and cell density [304]. The vascular pump consists mainly
of a large central vein, which is surrounded by other smaller-diameter veins [305]. The
vomeronasal capsule is made up of a thin bone layer in adults; however, in newborn rats,
this covering is cartilaginous [241]. A thoroughly investigated aspect of the rodent VNO is
the presence of postnatal proliferation in the vomeronasal epithelium. The distribution of
these proliferating cells varies with age. In neonatal rats, such cells are distributed fairly
evenly across the sensory epithelium. However, starting from P21, the majority of these
cells tend to cluster near the boundaries with the non-sensory epithelium [306]. These
findings have been more recently corroborated in mice using bromodeoxyuridine (BrdU)
immunohistochemistry [307].

Other myomorphic rodents display specific morphological features in their VNO, but
in general, they all show a comparable level of development. For instance, the Gambian rat
(Cricetomys gambianus) displays certain ossification areas in its cartilaginous vomeronasal
capsule [308]. Among the sciuromorphic rodents, the Daurian ground squirrel has an
exceptionally voluminous vomeronasal vein, which, together with other smaller-caliber
veins, constitutes the vascular pump. It also displays a sensory epithelium with significant
thickness, and its vomeronasal capsule is exclusively cartilaginous [309]. In hystricomor-
phic rodents, the long-tailed chinchilla (Chinchilla lanigera) showed considerable variation
in the primary features of its VNO. Its sensory epithelium shifts from a medial location at
the front of the VNO to an entirely dorsal position at the back. Similarly, the vomeronasal
capsule in this species consists of cartilaginous tissue at its anterior level, but this shifts
dorsally as we move caudally, eventually being completely replaced by a bone layer that
encases the VNO at its back [310].
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Figure 10. Sagittal section of the nose of a fetal mouse. The vomeronasal organ is located in the base
of the nasal septum. A functional opening to the nasal cavity (NC) can be observed. The NC is lined
by olfactory epithelium (OE). Hematoxylin-eosin staining. Scale bar: 500 pm.

Concerning the vascular pump, the VNO of the chinchilla has several significant-
diameter veins, but features a dominant central vein [311]. Similarly, within the hystrico-
morphs, African mole rats displayed unique characteristics concerning their vomeronasal
organ. In these eusocial rodents, there is hardly any postnatal growth in their vomeronasal
neuroepithelium [312]; however, all the components of their VNO exhibit significant and
functional development. Thus, it has a sensory epithelium of substantial thickness, and
laterally displays large venous sinuses. Transversely, the vomeronasal duct takes on the
typical “J” or crescent shape. The parenchyma is protected by a cartilaginous capsule and
is also reinforced by an external bone layer that occupies a ventral and/or lateral position
depending on the species [313].

As with rodents, lagomorphs have an extensively developed vomeronasal organ
(Figure 11). The rabbit (Oryctolagus cuniculus) has a double vomeronasal capsule, made up of
an external bone covering and an internal cartilaginous lining [314,315]. Its sensory epithelium
is thick compared to that of rodents, but its vascular pump comprises multiple large-caliber
veins that provide a powerful suction capability to the VNO in this species [143,316].
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Figure 11. The vomeronasal organ of a rabbit. Hematoxylin-eosin staining. Transverse section of the
head showing the nasal septum (1) with the VNOs located over the palatine processes of the incisive
bone (2). The J-shaped cartilaginous envelope of the VNO (3) is covered by a thin bony layer (4). The
ventral recess of the nasal cavity (5) is shaped by the cartilage of the incisive duct (6). (7). Ventral
turbinate; (8). Palate. Scale bar: 500 um.

Marsupials also display a remarkable development of the vomeronasal organ, sug-
gesting that, as in rodents and lagomorphs, pheromonal communication plays an essential
role in these mammals. The Tammar wallaby (Notamacropus eugenii), a macropodid of the
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order Diprotodontia, sports a complete cartilaginous capsule and a densely populated and
extensive neuroreceptor epithelium. The vascular tissue enabling the pumping mechanism
consists of numerous large-caliber veins, which are mostly distributed on the medial side,
but voluminous veins also appear on the medial face of the vomeronasal duct [317]. In the
order Didelphimorphia, the gray short-tailed opossum (Monodelphis domestica) presents
certain unique features. Its vomeronasal capsule is cartilaginous, although at the caudal
level, it is replaced by a bony capsule, which encircles a parenchyma very rich in glandular
tissue. Its vascular pump is made up of a large main vessel which is located laterally to the
vomeronasal duct, and other smaller vessels in the ventromedial and lateral areas. Its sen-
sory epithelium is very thick and is characterized by a rosette-shaped structure that divides
said epithelium in half at the caudal part of the organ. This configuration corresponds to
the fusion of the main vomeronasal glandular secretion duct with the neuroepithelium,
through its opening into the lumen of the vomeronasal duct [318].

In species of the order Monotremata, the VNO shows notable development. Studies
on newborn individuals of the platypus and echidna determined that both possess a thick
sensory epithelium and a cartilaginous capsule. In contrast, both showed few veins of
modest caliber forming their vascular pump [319,320].

Within the order Eulipotyphla, the studied species display a highly developed VNO.
The African pygmy hedgehog (Atelerix albiventris) has a cartilaginous vomeronasal cap-
sule and a neuroreceptor epithelium of moderate thickness, which extends beyond the
usual boundaries, occupying almost the entirety of the lumen in front of the respiratory
epithelium. The parenchyma contains mucous and serous glands, and a network of venous
sinuses that extend around the entire vomeronasal duct. Through a cross-section, the
lumen of its VNO shows a circular shape at the front, which becomes more oval as we
move caudally [321]. On the other hand, the VNO of the dasyurid marsupial Antechinus
subtropicus displayed significant differences compared to the African pygmy hedgehog. In
this species, the capsule is also cartilaginous, but it features a primary vein lateral to the
vomeronasal duct, along with other secondary veins located both laterally and medially to
it, forming its vascular pump. Additionally, its vomeronasal neuroepithelium has a notably
greater thickness compared to the African pygmy hedgehog; however, its extension in front
of the respiratory epithelium corresponds with the usual pattern, and its lumen shape,
when observed in cross-section, is the typical “J” or crescent shape [322].

Mammals of the order Carnivora, both felines and canines, have shown moderate
development of their VNO (Figure 12). Studies on the dog [283,323], domestic cat (Felis
silvestris catus) [324], brown bear (Ursus arctos) [325], and European ferret (Mustela puto-
rius) [326] revealed that all share the main structural characteristics of the VNO, such as a
cartilaginous capsule, the distribution of vessels around the vomeronasal duct forming the
vascular pump, and a broad sensory neuroepithelium, albeit thinner than mammals of the
orders previously described. However, the red fox (Vulpes vulpes) represents an exception
among domestic canines. In this species, the vomeronasal epithelium is not only more
developed but also displays the expression of G proteins associated with both V1R and
V2R receptors [127].

Artiodactyls exhibit a high level of VNO development. Their cartilaginous capsule is
complex and developed, displaying numerous morphological differences between species.
The length of the sensory vomeronasal epithelium tends to be longer compared to species
of the aforementioned orders; however, its thickness is notably inferior, as seen in carni-
vores. Still, it maintains the three cellular layers that make up the neuroepithelium, which
are organized with a clearly defined boundary. Vessels in the vomeronasal parenchyma
are numerous, of medium caliber, and are uniformly arranged around the vomeronasal
duct [327]. Regarding the morphology that the vomeronasal duct exhibits in cross-section,
artiodactyls usually have an oval shape, unlike the usual crescent or “J” shape. Varia-
tions also exist between different species like cows [145,328], sheep [329], goats [330,331],
deer [332], moose [333], giraffes [334], and duikers [308].
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Figure 12. The vomeronasal organ of a fox. Transverse section of the base of the nasal septum (NS)
showing the topographic relationships of the vomeronasal organs (arrows) with the ventral recesses
of the nasal cavity (arrowheads). CT, canine tooth; SP, soft palate; Vm, vomer bone. Scale bar: 2 mm.

Strepsirrhine primates, which are mostly nocturnal, have a highly developed VNO
compared to haplorhine primates, who tend to be diurnal and have a modestly developed
VNO. Both have a cartilaginous capsule surrounding the vomeronasal parenchyma; how-
ever, the thickness of the vomeronasal epithelium is significantly greater in strepsirrhines.
Similarly, the vascular pump in strepsirrhines has numerous large-caliber vessels around
the entire vomeronasal duct, in contrast to the few vessels typically displayed by the VNO
of haplorhine primates [335].

Among the various bats, the development of the VNO is extremely variable. From
species that show a total absence of their VNO even in the embryonic phase, to other
species that demonstrate astonishing development of this sensitive structure. Likewise,
many other bat groups represent intermediate levels of development [219].

2.2. Neuroanatomy of the Accessory Olfactory Bulb

The accessory olfactory bulb (AOB), the first neuronal integration center of the
vomeronasal sensory system, is located in the olfactory areas of the forebrain of certain
vertebrate species; what we recognize as the basal rhinencephalon. In mammals, it is
usually located in a dorsocaudal position relative to the main olfactory bulb (MOB) [336].

Macroscopically, in most species, the AOB is a relatively difficult structure to discern.
Although in most cases it gives rise to a convex prominence in the dorsal transition between
the main olfactory bulb and the olfactory tract, its boundaries with these structures are very
diffuse. However, histologically, it is easily recognizable due to its laminar morphology.
Although this laminar pattern is essentially analogous to that of the MOB, there are signifi-
cant variations between different groups of mammals. Some species have clearly defined
lamination and high cellularity, while others have much less defined layer boundaries
(Figures 13 and 14). Thus, from superficial to deep, the AOB layers are:

1. Vomeronasal nerve layer: It consists of bundles of unmyelinated fibers, originating
from vomeronasal receptor neurons, surrounded by numerous glial cells, both astrocytic
and ensheathing glia [337,338]. Whereas, in the MOB of mammals, each olfactory axon
projects to a single glomerulus [139,339], in the AOB, fibers branch out and distribute to
more than one glomerulus [340].
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2. Glomerular layer: Comprised of spherical structures called glomeruli, these result
from synaptic contact between axonal terminations of vomeronasal nerve fibers and the
apical dendrites of mitral cells. These glomeruli show a relatively acellular texture rich
in neuropil but are bounded by a narrow band of periglomerular cells, especially in
their deepest part. Their degree of definition is lower than that observed in the main
olfactory bulb.

3. External plexiform/Mitral/Internal plexiform: It is at the level of the three central
layers of the accessory olfactory bulb where the greatest differences lie, both compared to
the MOB and in the interspecific comparisons that can be made at the level of the AOB itself.
The differentiation of an external plexiform layer—formed by the dendrites of the mitral
cells and granular cells, as well as by tufted cells and other neuronal types —a mitral layer—
formed by a linear band that includes the somas of the mitral cells, the second neuron of
the olfactory pathway—and an internal plexiform layer—containing the axons of the mitral
cells—which is constant in the organization of the MOB in mammals. However, in the case
of the AOB, the existence of plexiform layers has only been proposed in those species where
the degree of lamination is highest, mainly rodents, but the issue is controversial. Thus,
Cajal [194] concluded that the plexiform layers were absent; however, classic comparative
studies of the olfactory system [341,342] included the external plexiform in their description
of the AOB but not the internal plexiform. Meisami and Bhatnagar [336] in their exhaustive
bibliographic review state that it is inappropriate to extrapolate data from one species to
another, indicating that, in mammals with large and well-developed AOBs, both plexiform
layers exist; although, it should be recognized that the boundaries of these layers are not
recognizable with Nissl staining, requiring more specific stains such as cytochrome oxidase
or Galyas staining. However, Salazar et al. [245], in their exhaustive study of the mouse
AOB, concluded the impossibility of determining the presence of plexiform layers, as well
as differentiating mitral cells from tufted cells, coining the term mitral/tufted layer. In
their subsequent study of the cat AOB, Salazar and Sanchez-Quinteiro [343] opted for the
term mitral /tufted / plexiform layer which more accurately encompasses the fusion of the
three AOB structures equivalent to the three inner layers of the MOB. In later works, this
group leaned towards a simpler name: the mitral/plexiform layer, which we have adopted
throughout this work. It is important to clarify that the morphology of the main cells of this
mitral/plexiform layer rarely corresponds to the typically mitral morphology observed in
the mitral layer of the MOB. This has led certain authors to prefer to avoid the term mitral
when describing this layer, as is the case with Larriva-Sahd [344] and Villamayor et al. [132]
in their respective studies of the AOB in rats and rabbits. In both cases, they opted for the
terms “outer cell layer” to designate the set of the mitral /plexiform layer and “principal
cells” to designate the projection neurons that constitute this layer. While undoubtedly a
more accurate name in terms of morphological reality, the direct functional equivalence
between the mitral cells of the MOB and the principal cells of the AOB (projection neurons
in both cases) advises maintaining the term mitral cells to designate the principal cells of
the AOB. Regarding the use of the term plexiform, Larriva-Sahd [344] considers that, in
contrast to the plexus arrangement of the proximal processes of the MOB mitral cells, in
the case of the AOB these processes adopt a radial arrangement, resulting in a dense and
convoluted dendritic frame, very different from the parallel fibrous texture that forms the
plexiform layer of the MOB. The set of radial dendritic arborizations, together with the
proximal processes of granular cells and other interneurons, make up a neuropil rather than
a plexiform layer. Another interesting aspect that affects the stratification of the AOB is the
topography of the lateral olfactory tract (LOT), which can be located either through or below
the accessory bulb. Thus, in broad groups of mammals including rodents, insectivores, and
primates, the broad axonal bundles that make up the dorsal component of the LOT run
through the innermost area of the mitral/plexiform layer or outer cell layer [345].

4. Granule cell layer: It is composed of granular neurons, which lack axons and accu-
mulate compactly. These cells are GABAergic and presumably inhibitory [346]. However,
they are not a homogeneous population in terms of the expression of peptidic neuromodu-
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lators [347]. Their basal dendrites receive centrifugal impulses from the amygdala, whereas
their apical dendrites interact with the basal dendrites of the mitral cells [348]. On the
other hand, it has been observed that the number of granular cells is lower in domestic
animals and animals kept in zoological facilities [349]. Furthermore, neuronal proliferation
has been found in the AOB of adult rats, with most of these new cells being located in the
granular layer [350]. Contrary to what one might assume, most of the proliferating neurons
present in the OB do not derive from the subventricular zone of the olfactory bulb but from
slow-dividing cells that might correspond to the population of resident neural stem cells.
These could generate neurons that are incorporated into the OB circuits in vivo [351].

Projection neurons of the olfactory bulb send axons through the lateral olfactory tract
(TOL), giving it a laminar structure. Thus, in embryonic stages, the TOL consists of three
layers: superficial, middle, and deep. The axons from the BOA are the first to mature, so
they are located in the deep layer, whereas the axons from the MOB constitute the middle
and superficial strata. The middle layer is composed of mature axons, while the superficial
layer consists of newly generated axons that are added, forming a series of stacked axonal
laminae at different maturation stages. Initially, the superficial lamina is proportionally
larger than the middle lamina, but throughout development, the middle lamina increases,
while the superficial lamina drastically decreases [352]. This segregation of both pathways
in the TOL, the vomeronasal and olfactory pathways, can be seen in adult animals like
rabbits or rats [353,354].

Figure 13. The accessory olfactory bulb of a postnatal mouse. Confocal double immunofluorescence
of a sagittal section stained with anti-MAP2 (green) and GFAP (red) showing the lamination of
the AOB. 1. Vomeronasal nerve layer; 2. Glomerular layer; 3. Mitral plexiform layer; 4. Somas of
mitral cells appear as unstained circular structures; 5. Lateral olfactory tract; 6. Granular cells layer.
FL, Frontal lobe. Scale bar: 250 pm.
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Figure 14. The accessory olfactory bulb of a mouse. Immunohistochemical staining against MAP2.
FL. Frontal lobe; GIL, glomerular layer; GrL, granular layer; MPL, mitral-plexiform layer; VNL,
vomeronasal nerve layer; 2. Glomerular layer; 3. Mitral plexiform layer; 4. Somas of mitral cells
appear as unstained circular structures; 5. Lateral olfactory tract; 6. Granular cells layer. FL, Frontal
lobe. Scale bar: 250 pum.

Throughout all the layers that make up the BOA, different cell types coexist. From
superficial to deep, we can find periglomerular cells, superficial short-axon neurons, mitral
cells, round projection cells, tufted cells, external granular cells, dwarf cells, polygonal
neurons, and internal granular cells.

Periglomerular cells (PGs) are small, short-axon neurons found at the base of the
glomeruli in both the AOB and the BOP, although they are more numerous in the latter.
In the AOB, these cells are primarily GABAergic and have inhibitory functions, possibly
playing a modulatory role [355]. There are two classes of PG: amacrine cells, meaning they
lack axons, and interneurons. Both have a small fusiform soma, from which they send one
or two dendrites to one or several glomeruli. In them, their dendrites branch and originate
a dense dendritic plexus. On the other hand, the axon of the interneurons distributes within
the neuropil adjacent to the glomeruli.

Superficial short-axon cells are morphologically similar to PG but have some differ-
ences. They are larger in size and are located superficially in the external plexiform layer.
They have a thick main dendrite that rises to enter a single glomerulus, where it establishes
a dendritic network. They also emit other dendrites that distribute ventrally between the
somas of PG and other superficial short-axon cells. Their axon interacts with the somas of
adjacent PGs [337].

Mitral cells, also called principal cells, are the second neuron in the olfactory and
vomeronasal sensory pathways. In the BOP, they are distributed linearly, forming a dense
layer of mitral cells. In the AOB, this layer transforms into a diffuse mitral cell band
integrated with both plexiform layers, constituting a single mitral-plexiform layer, also
called the external cell layer. The cytoarchitecture of the accessory olfactory bulb has been
addressed in depth in the rat through the study carried out with the Golgi technique
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by Larriva-Sahd [344]. This study shows that mitral cells have two types of dendrites:
glomerular dendrites (thick) and accessory dendrites (thin). Glomerular dendrites are
multiple and extend to the glomeruli located in their respective half of the AOB, according
to the anteroposterior axis [356]. The shape of the soma of the mitral cells depends on the
number of glomerular dendrites it comprises, so its morphology will be oval, triangular, or
polyhedral, presenting two, three, or more primary dendrites, respectively. The axons of
these neurons leave the AOB caudally [344].

Another cell type described in rats are the round projection cells, which have an oval
shape and paired dendrites [344]. Their axon emerges from the base of a proximal dendrite
and extends towards the lateral olfactory tract. In addition, from their axon emerge one or
two extensions that flow into the soma or dendritic processes of a neighboring cell.

Tufted cells are triangular in shape, although they can have a fusiform morphology.
Their size is slightly smaller compared to mitral cells, but they have a similar general
organization of their dendrites. However, tufted cells have a single glomerular dendrite
that attaches to a single glomerulus. In these cells, the axon usually arises from the base
of a non-glomerular dendrite, although it occasionally originates directly from the soma.
Then, the axon descends ventrally, traveling a broad, zigzag path to end near the dwarf
cells, external granular cells, or mitral cells.

In the granular layer, closer to the surface, we find the external granular cells: neurons
with round or elliptical somas that have two or three dendrites. The primary dendrites tend
to be short, while the secondary branches are longer and branch at their ends. Additionally,
their dendrites show the presence of numerous dendritic gemmules. These cells lack an
axon, so they are included in the category of amacrine cells. They sometimes integrate into
the TOL fibers [344].

In the deeper part of the granular layer are the internal granular cells, which have
round or triangular somas and also lack an axon [357]. Their dendritic processes consist of
a thick ascending dendrite and one or two sets of short, thin branches. Like the external
granular cells, they have gemmules on their ascending dendrites. Internal granular cells
communicate with the dendrites of tufted cells and mitral cells but also with the somas of
certain periglomerular cells and short axon surface neurons [344,358].

In a more internal layer of the granular layer, we find the dwarf cells and the polygo-
nal neurons. Dwarf cells are interneurons without axons that have a very small, spherical
soma, and their dendritic tree lacks gemmules [344]. Polygonal neurons are small fusiform
bipolar neurons that have paired dendrites. Their axons branch out, extending through the
neuropil, interacting with external granular cells and dwarf cells.

Moreover, in the accessory olfactory bulb, different types of glial cells can be found.
The radial glia cells, like the olfactory envelope glial cells, are the most common, but
astrocytes and oligodendrocytes are also observed [359].

Regarding the basic circuit that sensory information follows in the AOB, there are
functionally three main neuronal components that are activated sequentially through
vomeronasal stimulation: the axons of the vomeronasal sensory neurons, the mitral cells,
and the granular cells [360]. The axons of the sensory vomeronasal neurons, present
in the apical layer of the vomeronasal epithelium (V1R), are distributed in the anterior
zone of the AOB [361], while the sensory vomeronasal neurons of the basal layer (V2R)
project their axons to the caudal half of it [172]. On the other hand, although mitral
cells receive information from several glomeruli, they connect only with axons of sensory
vomeronasal neurons of the same type (VIR or V2R). Thus, a convergence of specific
sensory inputs occurs in a small population of mitral cells. In the MOB, a much stricter
convergence pattern occurs since the information received by each mitral cell comes from a
single glomerulus [340].

Morphologically, the AOB shows significant differences among the multiple species
of mammals. In those animal groups where this structure is most developed, clear lami-
nation can be identified. However, as we have mentioned, this generally does not allow
differentiation of the external plexiform, mitral, and internal plexiform layers, with these
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forming a broad layer (mitral plexiform/external cellular), consisting of projection cells
(mitral/main) distributed within a neuropil. On the other hand, species with a less sophis-
ticated AOB have a very reduced mitral/plexiform layer in which it even becomes difficult
to discriminate the projection cells.

The case of the platypus (Ornithorhynchus anatinus) is unique among mammals, as in
this species the AOB and MOB are of similar size. Likewise, both the platypus and the
echidna (Tachyglossus aculeatus), both monotremes, have well-differentiated layers forming
the laminar structure of the AOB [320].

Rodents also possess an AOB with a high degree of development; however, as has
been described, both the rat [344,362] and the mouse [245,363] display poorly differentiated
boundaries between the external plexiform, mitral, and internal plexiform layers. Neverthe-
less, both murine species have a thick mitral-plexiform layer containing a dense network
of mitral and tufted cells. In the case of lagomorphs, the AOB has extensive development,
and more specifically, the rabbit (Oryctolagus cuniculus) exhibits a laminar configuration
highlighting a broad mitral-plexiform layer formed by three main types of cells: large,
tufted, and rounded cells [132].

Among the different species of bats, there is significant variability in the development
of their AOB. Generally, they present only four distinguishable layers; however, in some
cases, such as Glossophaga soricina, Frahm and Bhatnagar [364] suggested the presence of
the plexiform layers (internal and external) and the mitral cell layer. The rest of the studied
mammalian orders show the plexiform layers and the mitral layer merged into a single
mitral-plexiform layer. Marsupials possess a sophisticated AOB; however, their lamination
is restricted to four layers. Despite this, their mitral-plexiform layer has a considerable
thickness. These characteristics have been observed in the gray short-tailed opossum
(Monodelphis domestica) [365] and in the Tammar wallaby (Notamacropus eugenii) [279].

Carnivores generally display a surprisingly moderate development of their AOB, with
domestic ones being the most studied (Figure 15). There are notable differences between
felids and canids in this regard. Although both exhibit four layers in their lamination, felids
show a more pronounced development of the mitral-plexiform layer [283,343]. However,
in the red fox (Vulpes vulpes), a higher degree of AOB differentiation than in dogs has
been observed, exhibiting a thick glomerular layer. Additionally, in the latter species, the
imaginary lines separating different strata follow irregular trajectories, to the extent that the
mitral-plexiform layer shows prominent extensions into the glomerular layer [366]. This
raises the hypothesis of a possible involution of the vomeronasal system as a consequence
of selection pressure and crossbreeding associated with the domestication of dogs. Differ-
ences between domesticated and wild canids are not limited to the VNS but also extend
to the olfactory system. In a detailed analysis of the cribriform plate (CP) morphology
across 46 dog breeds, a coyote, and a gray wolf using high-tech CT scans, it was observed
that all dog breeds, even those known for their olfactory prowess, possess a CP surface
area relative to body size that is smaller than in both wild canids [367]. These researchers
previously established a correlation between CP size and the number of OR genes in a
species, proposing that the CP size might represent evolutionary trends in mammalian
olfaction [368].The presence of differences between domesticated animals and their closely
related non-domesticated counterparts is not exclusive to canids. Significant differences
in the expression of vomeronasal receptors have been identified between Mus subspecies
and species. This suggests that these receptors could have a role in guiding behavioral
adaptations. Furthermore, commonly used, highly inbred laboratory strains exhibit a sig-
nificantly diminished capacity for differential pheromone-mediated behaviors [369]. From
a strictly anatomical perspective, it is noteworthy that the differences in the organization of
the olfactory bulb between domestic and wild canids are not so pronounced at the level of
the main olfactory bulb. However, recent neuroanatomical observations have identified
subtle morphological and neurochemical differences between the MOB of wolves and foxes
and the MOB of dogs [370].
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Figure 15. The accessory olfactory bulb of a cat. Nissl staining of a histological transverse section. The
red box shows the topographic relationship of the olfactory bulb and the telencephalon frontal lobe.
At higher magnification the yellow area containing the AOB allows to differentiate the lamination of
the AOB. 1. Vomeronasal nerve layer; 2. Glomerular layer; 3. Mitral-plexiform layer; 4. Granular cell
layer. Scale bar: 250 um.

Despite the presumed regression of the VNS in dogs compared to their wild relatives,
the wolves, there is a growing interest in exploring the clinical implications of the VNO
in domestic dogs. This has been bolstered by the optimization of an MRI protocol for
in vivo visualization of the VNO [371], and the recent identification of a case of canine
vomeronasal agenesis, which manifested significant behavioral disorders, such as an inabil-
ity for sexual discrimination of conspecifics and reduced sexual behavior [372]. Moreover,
the use of pheromonotherapy, like the application of dog-appeasing pheromone (DAP)
to mitigate symptoms of separation anxiety, including house soiling, vocalizations, and
damage [373,374], along with a deepening in the links between VNO inflammation and
aggressive behaviors in canids, felids, and livestock [375-378], has further developed this
interest in the dog VNS.

Within the carnivores, the Mustelidae family has been the subject of extensive study,
as the characterization of its AOB remains unresolved. Whereas the mink (Mustela vison)
shows a well-developed VNO [379], the characterization of its AOB has proved challenging.
Despite efforts, a precise and consistent morphological definition has not been possible
using traditional neuroanatomical techniques [380]. However, the AOB has been studied
more successfully in the ferret using immunohistochemical markers and lectins, which
have revealed a poorly developed AOB [326].

The studied artiodactyls species, such as the sheep (Owvis orientalis aries), the Siberian
roe deer (Capreolus pygargus), or the common hippopotamus (Hippopotamus amphibius),
have a moderate development of the AOB (Figure 16), higher than carnivores, as they also
exhibit four distinct layers forming their laminar organization [325,332,381].
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Figure 16. The accessory olfactory bulb of a sheep. Consecutive Nissl (A) and Tolivia (B) staining
of a sagittal section. The red box shows the topographic relationship of the olfactory bulb and the
telencephalon frontal lobe. At higher magnification the yellow area containing the AOB allows to
differentiate the lamination of the AOB. 1. Duramater; 2. Vomeronasal nerve layer; 3. Glomerular
layer; 4. Mitral-plexiform layer; 5. Lateral olfactory tract; 6. Granular cell layer. Scale bar: 500 um.

Regarding the neurochemical study of the AOB, the use of Gai2 and Gxo proteins has
garnered much attention, as both proteins indicate the expression of vomeronasal receptor
families V1R and V2R, respectively, establishing an anteroposterior zonation in species that
exhibit both receptors. This delineates the AOB organization into two areas: an anterior
region rich in Gai2 and a posterior region rich in Go [169]. Thus, the analysis of both
G proteins allows an assessment if the studied species fits within a uniform model, or
conversely, exhibits a segregated pattern. For the Gxi2 marker, labeling is restricted to the
neural and glomerular layers of the AOB, while the Goo marker is expressed in both the
neural and glomerular layers as well as the other strata of the AOB [382].
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On the other hand, various immunohistochemical markers have been utilized in AOB
studies. Calcium-binding proteins such as calbindin (CB), calretinin (CR), parvalbumin
(PV), neurocalcin (NC), and secretagogin are typically expressed in certain layers and cell
populations, both in the AOB and BOP [365,383,384]. Additionally, CR labels mitral cells
and can be expressed in atypical BOP glomeruli, typically located near the AOB [385]. The
glial fibrillary acidic protein (GFAP) is used to generally identify the glial component of the
AOB, and specifically astrocytes and ensheathing cells [386]. The microtubule-associated
protein 2 (MAP2) is primarily expressed in the dendrites of mitral cells [387], leading to
intense labeling in the external plexiform and mitral layers, but can also be expressed in
the internal plexiform and granular layers. The growth-associated protein 43 (GAP-43),
also termed the plasticity protein, is expressed in neuronal growth cones during develop-
ment [388]. In the AOB, its immunolabeling is restricted to the neural, glomerular, and
granular layers [132]. The olfactory marker protein (OMP) is involved in signal trans-
duction and is used to evaluate neuronal maturity [389] of the olfactory system. In the
AOB the expression of this marker is confined to the vomeronasal nerve and glomerular
layers. Various markers in the OB are also employed to identify neuronal populations
expressing different types of neuronal receptors, such as GABA receptors, dopaminergic
receptors [390], cholinergic receptors [391], adrenergic receptors [392], and serotonergic
receptors [393]. Additionally, immunohistochemical studies of various neuropeptides in
the AOB, such as substance P, cholecystokinin, or neurotensin [394], and neuronal markers
like PGP9.5 [395] or doublecortin (DCX) [396], are commonly conducted.

Another technique commonly used in the characterization of the AOB is histochemical
labeling with lectins. The labeling pattern produced by each lectin may vary between
the different species studied, although the Ulex europaeus agglutinin (UEA), Bandeiraea
simplicifolia isolectin B4 (BSI-B4), and Lycopersicon esculentum agglutinin (LEA) are regularly
expressed in the nervous and glomerular layers. Specifically, UEA allows differentiation of
the anteroposterior zonation of the AOB in species of the segregated model, as it is expressed
more intensely in the anterior region (VR1) [147]. In contrast, Vicia villosa agglutinin (VVA)
shows more intense labeling in the posterior part of the AOB [397]. In this way, different
neuronal populations can be identified. Many other lectins are also used in the study of
the AOB, such as soybean lectin (SBA), wheat germ lectin (WGA), and Dolichos biflorus
agglutinin (DBA) [398,399].

2.3. Olfactory Pathways

Regarding the vomeronasal information flow, vomeronasal sensory neurons send
the sensory information received from the vomeronasal receptor epithelium to the mitral
cells of the AOB [400]. In contrast, olfactory information is captured in the main olfactory
epithelium and later travels through the olfactory nerves to the MOB. Then, these stimuli
are transmitted through various projections to different brain areas.

The application of neuronal tracer studies to the olfactory pathways allowed the
discrimination of the existence of segregated and parallel projections from the main and
accessory olfactory bulbs [401,402]. This was known as the dual olfactory system hypoth-
esis, a formulation demonstrated for the first time using the Fink-Heimer technique in
rabbits [403]. Although this hypothesis is still currently valid, it has been refined over the
past decades, especially regarding the study of secondary and tertiary projections, proving
the existence of neuronal communication between both pathways.

The efferences of the MOB project ipsilaterally to the anterior olfactory nucleus, tenia
tecta, olfactory tubercle, piriform cortex, lateral and medial areas of the entorhinal cortex,
and lateral amygdaloid nuclei [404,405]. Among the tertiary projections of the pathway,
the communication of the entorhinal cortex with the hippocampus, and the piriform cortex
and lateral amygdala with the hypothalamus and mediodorsal thalamic nucleus, stand
out [406,407]. It has recently been shown that there is a direct projection of olfactory sensory
information to the anterior subdivision of the medial amygdala, a structure traditionally
involved in mediating pheromonal information. This supports the hypothesis that both
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olfactory systems act collaboratively and not differentially in the control of socio-sexual
and anti-predator behaviors [408].

Unlike the main olfactory system, efferent projections from the AOB bypass the tha-
lamocortical axis, distributing ipsilaterally to third-order limbic system nuclei, such as the
accessory olfactory tract nucleus, the terminal stria nucleus, and the medial and posteromedial
cortical amygdaloid nuclei (together forming the vomeronasal amygdala) [402,409-412]. The
medial amygdala is strongly interconnected with other structures that receive vomeronasal
information from the AOB. This suggests that the information detected by the vomeronasal
system undergoes complex intrinsic processing before being transmitted to other struc-
tures [413]. The final processing center between vomeronasal information and effectors
is the hypothalamus [414]. In this way, the VNS is directly involved in the activity of sex
hormones and can facilitate the development of aggressive, defensive, or reproductive be-
haviors [415]. It is important to note that olfactory and vomeronasal projections show some
degree of overlap in the amygdaloid cortex and medial amygdala, suggesting that there
are anatomical pathways that allow extensive integration of olfactory and vomeronasal
information [152,413,416].

Additionally, the MOB and AOB differ in their centrifugal afferent connections [417].
The MOB receives massive cholinergic and GABAergic projections from the basal fore-
brain, which mainly originate in the nucleus of the horizontal branch of Broca diagonal
band and the magnocellular preoptic nucleus [418]. Cholinergic signaling within the OB
modulates olfactory learning and memory, odor discrimination, odor habituation, and
social interactions [419]. From a comparative neuroanatomy perspective, the study by
Liberia et al. [420] indicates that the synaptic connectivity of the afferent cholinergic circuits
is highly conserved in the OB of macrosmatic and microsmatic mammals. Regarding the
GABAergic afferents of the basal forebrain, they innervate all the layers of the MOB at least
as densely as cholinergic axons, but only a few studies have examined their function in
odor processing [421].

The AOB receives significant afferents from a wide range of nerve centers. The bed
nucleus of the stria terminalis and the VN amygdala project reciprocally to the AOB,
thus forming a feedback circuit [422]. Tracer studies have revealed that both feedback
projections to the AOB are topographically organized and use different neurotransmit-
ters [423]. Specifically, GABAergic projections from the bed nucleus terminate in the outer
cell layer, while glutamatergic projections from the amygdala are directed to the inner layer
of granule cells. A significant number of these feedback neurons in both areas express
estrogen receptors ER-«, linking the animal endocrine state with integration in the AOB.
The relevance of this pathway was subsequently confirmed with different morphofunc-
tional approaches [424,425].

Other important afferents for the function of the AOB come from noradrenergic struc-
tures in the brainstem, which play a crucial role in the formation of olfactory memory [426].
This comes into play, for example, during mating, in which stimulation of the vaginocervical
zone leads to sustained increases in the levels of noradrenaline in the AOB, which persist for
about 4 h [427]. This time span establishes a crucial phase in which noradrenaline generates
plastic changes in the intensity of dendrodendritic synaptic connections [428]. Additionally,
the diagonal band of Broca is the origin of numerous cholinergic fibers involved in increas-
ing the excitability of granule cells [429], while from the raphe, abundant serotonergic fibers
are sent to both olfactory bulbs that act similarly to the cholinergic ones [393].

In summary, the olfactory and vomeronasal systems represent two separate sys-
tems which are functionally interconnected and are in charge of processing olfactory and
pheromonal stimuli, respectively. These systems differ in their afferent and efferent con-
nections, morphology, physiology, and functional implications, but both contribute to
the complex sensory processing of olfactory and pheromonal information that leads to
behavior [430]. The increasing evidence suggests the existence of a more complex and
intricate relationship between these systems than previously assumed. Recognizing and
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understanding the complexities of this interaction will provide a clearer picture of how
odors and pheromones shape animal behavior.

3. Specific Study of the Vomeronasal System

The study of the morphological features of the VNS has been utilized as a phylogenetic
classification method at both the neuroanatomical [144] and genetic levels [431]. It is also
indispensable for fully understanding the physiology, evolution, and functional implica-
tions of the VNS in mammals. For this reason, to conclude this review, we have included
a final section where, based on our group observations, we exemplify, in four mammal
species from evolutionarily distinct families, the vast morphofunctional differences among
different mammal groups. This not only pertains to the organization of the vomeronasal
organ and the accessory olfactory bulb but also reveals how each species has adapted to
various environments, social and reproductive behaviors, feeding habits, and predators,
leading to different configurations of the system.

The species selected for this section of the review are the capybara (Hydrochoerus
hydrochaeris), a hystricomorph rodent; the Bennett’s wallaby (Notamacropus rufogriseus),
a macropod diprotodont; the meerkat (Suricata suricatta), a herpestid carnivore; and the
dama gazelle (Nanger dama), an artiodactyl from the bovid family.

3.1. Capybara (Hydrochoerus hydrochaeris)

There is limited information available on the vomeronasal system (VNS) of rodents,
beyond the extensively studied laboratory rodents: rat (Rattus norvegicus domestica) and
mouse (Mus musculus). There is scant data regarding wild rodents. The interest in compara-
tive analysis with wild rodents stems from the fact that most studies on the VNS have been
conducted on laboratory rodent strains, exposed to artificial selection that does not reflect
the selection pressures in the wild. Consequently, these laboratory strains exhibit significant
genetic and behavioral differences compared to wild rodent models [432]. Moreover, these
species can have significant disparities with wild rodents due to the domestication process,
as seen in canids, where artificial selection in domestic dogs presumably plays a pivotal
role in the regression of their VNS [366]. Lastly, the capybara is a semi-aquatic mammal,
and studying it helps expand the limited neuroanatomical information on the VNS in such
species (Figure 17). This characterization is vital since semi-aquatic habits could influence
the organization and functioning of chemosensory systems [433].

A unique feature of the capybara that adds particular interest to its study is the degree
of development its VNS reaches in newborn individuals. While studies like the VNS
examination of the Asian elephant (Elephas maximus) showed that, at 6 weeks of age,
the VNS already has morphological similarities with adults [434], many studies detail the
VNS development throughout the embryonic process without clarifying the maturity and
functionality level of the VNS at birth [435]—a time that implies numerous transformations
involving chemical communication. Hence, the capybara constitutes an excellent model for
studying chemical communication development in precocial species.

The expression of G protein subunits in the adult capybara VNS is relevant for un-
derstanding the VNS role in this early life stage. The capybara aligns with other studied
hystricomorphs like chinchillas, guinea pigs, or degus in having a clear anteroposterior
zoning in the AOB [280,310,436]. However, in these species, unlike laboratory rodents, no
apical-basal zoning has been found at the VNO level. It is striking that other non-rodent
species with a segregated model, like rabbits or wallabies, also lack this apical-basal zoning,
suggesting this is a highly specific trait for laboratory rodents [437]. The immunopositivity
of both G proteins throughout the neuroepithelium of the VNO, the vomeronasal nerves,
and the neural and glomerular layers of the newborn capybara AOB indicates the full
maturity of the VNS at birth [438]. A similar early prenatal development pattern in the
VNS of other precocial mammals, like pigs [439-441] and sheep [381], was found, but it was
determined during the fetal period, and in neither case was the expression of G proteins in
the VNS evaluated. Notably, the anteroposterior zoning is also evidenced with the UEA
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lectin, which stains the anterior area more intensely. Although this pattern aligns with
findings in mice, a recent study on UEA-lectin staining in the mouse olfactory system
could only identify this zoning in three of the sixteen subjects studied [221]. The authors
concluded that these individual differences might be caused by the presence or absence of
signals activating the receptor cells or reflect the difference between wild and laboratory
rodents. The presence of anteroposterior zoning marked by UEA in capybaras appears to
support this theory.

Figure 17. The vomeronasal organ of a capybara. Transverse decalcified histological section stained
with hematoxylin-eosin. RE, respiratory epithelium; SE, sensory epithelium; VC, vomeronasal
cartilage; VD, vomeronasal duct; VG, vomeronasal glands; VD, vomeronasal duct; Vm, vomer bone;
Vv, veins. Scale bar: 500 um.
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Another differential aspect is that the newborn capybara exhibits a bias towards
a more prominent caudal AOB. This characteristic was previously described in adult
individuals [442]. These results, combined with recent observations on the morphometric
parameters of the AOB in two degu species with contrasting social habits, suggest that
some AOB structural features are tied to the species lifestyle and arise during an early
ontogeny stage [443].

The early functionality of the VNO and AOB in capybara was confirmed in the VNO,
where calcium-binding protein markers, calretinin, and calbindin stained the nervous
bundles of the parenchyma and almost all sensory neuroepithelial cells, although different
cell populations were evidenced. Something similar happens in shrews, where calretinin
produces intense staining in almost all receptor cells and vomeronasal nerves of prenatal
individuals [444]. Likewise, the robust expression of GFAP in astrocytes from the neural and
glomerular layers of the capybara AOB contrasts with the reduced astrocytic development
observed at this early stage in other species, like newborn opossums [445]. The expression
of olfactory marker protein (OMP) is, however, very reduced in this species” AOB, especially
when compared to the MOB. This has been observed in rodents like mice or rats [254] and
in marsupials like opossums [389].

In addition to the cited neurochemical aspects, the capybara has exclusive morpholog-
ical features, such as the nature of the capsule protecting both VNOs, the dorsal location
of the VNO in the nasal cavity over the incisive bone palatal process, the high degree of
morphological differentiation of the AOB at this early stage, and finally, the presence of a
migratory stream from the VNO neuroepithelium towards the vomeronasal nerves.

The dorsal location of both VNOs is a result of them resting on the palatine process
of the incisive bone, and not on the vomer bone, as is the case in most species [438]. This
topography is only comparable to that described in rabbits [143], where the organs also
rest on the palatine process, although in this case, the bony projection is smaller, resulting
in a lesser dorsal displacement of both VNOs. While in most species the nature of the
vomeronasal capsule is exclusively cartilaginous, there are species such as the mouse
where the capsule is formed by a thin bony lamina [446] or like lagomorphs that have a
cartilaginous capsule externally reinforced by a bony envelope [143]. In the capybara, the
capsule is initially cartilaginous, but from the central area of the organ it is progressively
replaced from ventral to dorsal by a bony lamina that ends up completely enveloping the
VNO parenchyma in its caudal zone [438].

The secretion from the vomeronasal glands into the vomeronasal duct plays a crucial
role in vomeronasal peri-receptor processes [248]. The capybara VNO shows significant
development of glandular tissue, especially at the caudal end of the organ [438]. However,
in the central part of the duct, the presence of glands is moderate. This pattern is analogous
to that found in other rodents such as rats, guinea pigs [447], or mice [247]. Likewise, the
glandular nature of the capybara VNO is both PAS+ and AA+, contrasting with most of the
studied rodents, which only express positivity for PAS in glandular secretion [310,448,449].
This notable variation in gland characteristics within the same order might be due to the
capybara adaptation to its semi-aquatic nature, which could require a specific pheromone-
receptor interaction environment.

A unique point, for which, to our knowledge, there is no other example in the litera-
ture, is the profuse cellular migration that occurs from the sensory epithelium of the VNO
to the nerve bundles of the vomeronasal nerves (Figure 18) [438]. This cellular migration is
immunolabelled with anti-GAP-43 and histochemically labelled with UEA and LEA lectins,
but immunonegative when labelled with anti-LHRH. This indicates that the migration
is not analogous to that described in prenatal rat and mouse fetuses, which occurs from
the vomeronasal part of the olfactory placode to the hypothalamus and is mainly com-
posed of LHRH positive cells [450-453]. It is challenging to hypothesize the importance
of these cells in the capybara, as this discovery is unprecedented in both olfactory and
vomeronasal nerves.
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Figure 18. Histological section of a capybara VNO stained with hematoxylin-eosin. A migratory
stream (arrows) departing from the sensory epithelium (SE) to the vomeronasal axons (VN) can be
observed. Scale bar: 100 um.

Regarding the morphology of the capybara AOB (Figure 19), it presents a distinctly
differentiated laminar pattern [438], similar to that found in other rodents [446], lago-
morphs [132], marsupials [454], and prosimians [455]. However, among all these cases, the
capybara is the species that has a more distinctly organized mitral layer.

Figure 19. Immunohistochemical staining of a capybara AOB labelled with anti-GAP43 shows strong
immunolabelling in the superficial layers: vomeronasal nerve (VNL) and glomerular (GIL) layers.
GrL, Granular layer; LOT, Lateral olfactory tract; LV, lateral ventricle; MPL, Mitral-plexiform layer;
WM, White matter. Scale bar: 100 pm.
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3.2. Bennett’s Wallaby (Notamacropus rufogriseus)

The extensive study of the vomeronasal system of the Bennett’s wallaby (Notamacropus
eugenii) conducted by Schneider et al. [279,317,319,456] proposed a new and surprising
processing model in the VNS of mammals. Specifically, the investigation into the presence
of the G protein subunits, Gai2 and Gao, associated with the vomeronasal receptor families
V1R and V2R, respectively [457], concluded that the Tammar wallaby only expresses V2R
receptors, and therefore, does not fit into either of the two existing models: the uniform
model (species that express V1R receptors: Soricidae, Hyracoidea, Perissodactyla, Artio-
dactyla, Carnivora, or Primates; [458]) and the segregated model (species that express both
VIR and V2R receptors: Rodentia, Lagomorpha, Afrosoricida, and Didelphimorphia; [220]).

Aware of the disruption that Schneider et al.’s [279] findings pose to the established
knowledge on vomeronasal transduction, the authors of the study warned that their results
should be taken with caution. In fact, the observation that the anti-Gxo protein was only
expressed in a subpopulation of neuroreceptor cells of the vomeronasal epithelium and
not in the entire population of vomeronasal neurons was somewhat atypical, as, in the
previously described uniform model, all vomeronasal neurons are marked with G«i2. To
explain this low number of Gao-positive cells, the authors hypothesized a reduced affinity
to the antibody used. However, there are no other examples in the literature of any similar
selectivity deficit in response to the use of anti-Gxo antibodies.

More critically, the immunolabeling of the AOB in the Tammar wallaby with the Gxo
marker has only been carried out in this study [279], so there are no other references that
support or refute the results. The staining protocol followed by these authors resulted in a
very weak labeling pattern. It was also restricted to a small area in the superficial layers
of the AOB, where projections from the vomeronasal neuroreceptor cells are received. In
contrast, in all other studied species, both from the segregated and the uniform models,
the Goro and God2 markers are expressed throughout the thickness of the superficial layers.
This includes the neural and glomerular layers. Regrettably, the authors did not specify the
antibody used that showed a negative pattern to the Gi2 marker both in the VNO and the
AOB; they did not provide information about the commercial source or the batch number
of the antibody, preventing any comparison with other studies on the expression of the
Gai2 protein in the VNS that used the same antibody.

The existence of this third model could only be contrasted with the study of the
VNS of the Bennett’s wallaby (Notamacropus rufogriseus) conducted by Torres et al. [459].
The immunohistochemical study of the G proteins in the VNS of the Bennett’s wallaby
revealed a canonical labeling pattern for both Gai2 and Gao in the VNO and AOB of all
the samples studied. The labeling pattern observed in the vomeronasal neuroepithelium
of the Bennett’s wallaby using the Gxo marker [459] was identical to that described in the
Tammar wallaby [279], in which only a small fraction of neuroreceptor cells was marked.
However, while Schneider et al. did not obtain a positive Gxi2 immunolabeling in the VNO,
Torres et al. [459] observed a large number of «i2 immunopositive cells in the vomeronasal
neuroepithelium. Additionally, the strong immunopositivity identified in the vomeronasal
axons, both in the proper lamina and in the nasal mucosa, confirmed the neuroreceptor
nature of these cells [459]. At the AOB level, a clear anteroposterior zoning pattern, typical
of mammalian species belonging to the segregated model, is observed. Vomeronasal axons
reaching the anterior zone of the AOB only expressed Gui2, while those reaching the
posterior zone only expressed the Gaxo subunit.

The use of the UEA lectin (Ulex europaeus) provided further evidence of the segregation
of vomeronasal information in the wallaby, revealing selective labeling of the anterior zone
of the AOB. The affinity of the UEA lectin for the anterior zone of the AOB has been
reported in all species belonging to the segregation model in which this histochemical
marker has been investigated, including the hamster [398], the mouse [147,446,460,461], the
rat [287], and the capybara [438]. However, studies that employed UEA labeling in species
belonging to the uniform model, including the pig [462], the cat [343], the dog [283], and
the goat [463], have not shown any evidence of zonation in the AOB in any case.
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Beyond the zonation, the main morphological and histological features of the wal-
laby VNS include the opening of the VNO to the nasopalatine duct, the semilunar shape
of the vomeronasal duct, and the stratification and cellularity of the neuroreceptor ep-
ithelium, and the presence of numerous PAS-positive vomeronasal glands in the lateral
parenchyma (Figures 20-23). Likewise, the arrangement of large blood vessels around
the vomeronasal duct along its medial and lateral planes and a profuse, non-myelinated
dorsal, medial, ventral, and ventrolateral innervation [317] responsible for transmitting
the information collected by the vomeronasal sensory neuroepithelium to the AOB is typ-
ical of these species. This arrangement of the vomeronasal axons in the parenchyma is
atypical, as it has not been previously described in the VNO of any other non-macropodid
mammalian species. Another feature common to the VNO of both macropodids, observed
by Schneider et al. [317] and [303] in the Tammar wallaby, is that the caudal vomeronasal
capsule does not enclose the VNO parenchyma, so the posterior portion of the VNO is free
from the surrounding cartilage. A similar finding has been reported in other marsupials,
such as Notoryctes [464] and Caenolestes [465].

Figure 20. Hematoxylin-eosin histological staining of a wallaby vomeronasal duct. RE. Respiratory
epithelium; SE. Sensory epithelium; VN. Vomeronasal nerve. Scale bar: 100 um.
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PAS staining of the wallaby VNO showing a high density of PAS+ glandular acini (VG)

in the dorsolateral part of the parenchyma. The vomeronasal duct contains PAS+ secretion (*).

igure 21.

F

RE. Respiratory epithelium; RM. Respiratory mucosa; SE. Sensory epithelium; VN. Vomeronasal

nerve; Vv. Veins. Scale bar: 200 mm.
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Figure 22. Anti-calretinin immunostaining of a wallaby SE of the VNO. Neuroreceptor cells somata
(open arrowheads); Neuroreceptor cells dendritic knobs (arrowheads). Intraepithelial blood vessel
(asterisk). Scale bar: 50 um.
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Figure 23. UEA histochemical labelling of a wallaby VNO sensory epithelium. Neuroreceptor cells
somata (open arrowheads); Neuroreceptor cells dendritic knobs (arrowheads). Dendritic processes of
the neuroreceptor cells (arrows); Intraepithelial blood vessel (asterisk). Scale bar: 50 pm.

Regarding the lamination of the AOB in macropodids, it is characterized by a well-
defined lamination, with an organization of mitral cells in a distinct mitral/plexiform
layer [459]. Such features appear comparable to those described in species with highly
developed AOBs, as seen in rodents [336] and lagomorphs [132]. The lectin LEA, in contrast
to UEA, yields a non-zonal staining pattern, similar to that observed for OMP, a marker for
mature olfactory and vomeronasal cells [466], and identical to the LEA pattern seen in the
rabbit AOBs [132]. Anti-GAP-43 confirms the presence of growing axons in the Bennett’s
wallaby AOB, with no observed differences between the anterior and posterior zones.
However, anti-GFAP displayed more pronounced staining of the glial components in the
posterior portion of the AOB compared to the anterior segment. Such a pattern has not
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been previously reported in other studies of this marker in the mammalian AOB [245,467],
necessitating further examination in future research to interpret its implications.

Calbindin (CB) and calretinin (CR) are expressed throughout the VNS of the wallaby,
comprising the neuroepithelium of the VNO (Figure 22), vomeronasal nerves, and the
AOB. For both markers, VNO immunostaining encompasses the soma and dendrites in
a pattern akin to that described in mice [285]. The distribution of CB and CR staining
in the Bennett’s wallaby AOB is concentrated in the vomeronasal fibers and glomeruli,
labelling the neural and glomerular layers in a manner analogous to other species, like
the rabbit [132] or capybara [438]. In other marsupials, such as the opossum, significant
differences in CB and CR staining patterns in the AOB were observed when compared to
the Bennett’s wallaby pattern. In the opossum AOB, CB-labeled neurons were present in all
layers, excluding the nervous layer and periglomerular cells. CR in the opossum follows a
pattern similar to that in the wallaby; however, in the opossum, CR also labels mitral cells
and distinguishes an anteroposterior zonation. This is evidenced by the presence of a more
intense staining in the posterior zone of the AOB compared to its anterior part [365].

In short, the VNS of macropods displays a degree of differentiation and histochemical
and neurochemical diversity comparable to species with a more developed VNS. The exis-
tence of the intermediate third type in the processing of vomeronasal information reported
in the Tammar wallaby (Notamacropus eugenii) is not supported by our histochemical and
immunohistochemical findings in the Bennett’s wallaby (Notamacropus rufogriseus).

3.3. Meerkat (Suricata suricatta) (Figure 24)

To the best of our knowledge, there is no existing neuroanatomical information on
the VNO of the Herpestidae family beyond the recent neuroanatomical study of both the
AOB and MOB of the meerkat [468]. Within this group, the meerkat holds an emblematic
position. It is a gregarious species in which marked dominance is evident, as one male
and one female monopolize reproduction in groups of up to forty individuals [469], living
primarily in dark burrows they dig themselves. This likely translates into a heightened
development of their chemical perception senses. In fact, it has been determined that these
animals can recognize kinship through the individual scent of each member [470,471].

The meerkat AOB displays specific inherent features, which is unsurprising consid-
ering the vast genomic and morphological diversity described for this structure in other
mammals [472,473]. It is intriguing to compare the meerkat AOB with that of other Car-
nivora species, such as canids and felids, whose VNOs have been deeply studied. The
cat (Felis silvestris catus) and the dog (Canis lupus familiaris) provide striking examples
of the vast disparity in the degree of differentiation that can exist in the AOB structural
organization. The cat AOB is well developed, macroscopically discernible, and shows
clear layer definition [343]. In contrast, the limited differentiation observed in the dog
AOB is striking [283,467,474]. In the meerkat, similar to canids, the AOB is hard to identify
macroscopically. However, microscopically, the laminar pattern in meerkats is more defined
than in dogs, more closely resembling the pattern described in cats. Moreover, the meerkat
AOB includes well-defined glomeruli, a broad plexiform mitral layer with relatively nu-
merous principal cells, and granular cells organized in clusters. These similarities are not
unexpected since meerkats belong to the Feliformia suborder. However, the layer thickness,
the degree of glomerular differentiation, and the number of cells found in the meerkat AOB
seem to be inferior to those observed in cats.

These observations gain greater significance in the context of the debate over the
taxonomic classification of the meerkat. Its placement within the feliforms has wavered
between the Herpestidae and Viverridae families [475]. Currently, the meerkat is considered
a herpestid, alongside a wide range of mongoose species that share a broad spectrum of
social complexities with it. The extensive morphological diversity observed in the VNO
across species has served as a fruitful tool for establishing phylogenetic relationships
among various mammalian species and identifying evolutionary pathways [476]. Despite
the advent of genomic techniques, which have enabled population-level genetic-variability
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characterization at a resolution previously unimaginable, the study of morphological
features remains a critical element in mammalian taxonomic classification [477]. The
VNO continues to be an important reference for these taxonomic studies [303,478]. Future
research on the neuroanatomical and neurochemical characteristics of the meerkat VNO
and AOB, combined with further observations in other viverrid and herpestid species, may
help clarify this phylogenetic debate.

Regarding the expression of the G protein subunits, Gai2 and Gxo, in the AOB, this
aligns the meerkat with the group of mammals that have lost the expression of the V2R
receptor family. It also tests positive for OMP, albeit with a slightly weaker expression in
the AOB compared to the MOB. This pattern has been similarly reported in leporids [132],
didelphids [479], and canids [366]. Anti-MAP-2 (Microtubule Associated Protein 2) and
SMI-32 (Neurofilament Protein Marker 32) are routinely used to label neuronal somas in the
OB. MAP-2 is mainly expressed in the mitral plexiform layer and in the granular stratum
of the AOB, while SMI-32 is not expressed in the AOB, despite inducing a strong reaction
in the mitral cells of the MOB.

Among the calcium-binding proteins, ant-CB and anti-CR immunostain the nervous
stratum and in the neuropil of all glomeruli. However, periglomerular cells (PGC) are
not marked by either anti-CR or anti-CB, which might be related to the low number
of PGC detected in the Nissl stain. In contrast, the CR immunostaining pattern in the
MOB glomeruli reveals a striking and intense immunostaining of the PGC. However, in the
neuropil, the intensity of anti-CR staining is very weak, except for an isolated subpopulation
of independent glomeruli located near the AOB, which has strong immunoreactivity. These
atypical glomeruli might be involved in processing chemical signals from the vomeronasal
nerve, as hypothesized for the olfactory limbus glomeruli in mice [130] and foxes [133].

Although the gorse lectin, UEA, has been employed as a specific marker for the global
vomeronasal pathway (VNO, vomeronasal nerves, and AOB) in adult mice [446,480] and
dogs, it does not produce any positive labeling in the meerkat AOB. Conversely, the lectin
LEA stains the neural and glomerular layers in both the AOB and MOB.

A | B

Figure 24. (A) The vomeronasal organ of a meerkat. Transverse decalcified histological section
stained with PAS. (B) Magnification in box A. NVN, vomeronasal nerves; RM, respiratory epithelium;
V, vomer; VNC, vomeronasal cartilage; VNG, vomeronasal glands. Scale bars: A, 200 pm; B, 100 pm.
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3.4. Dama gazelle (Nanger dama)

The dama gazelle is a wild bovid about which only recent information regarding its
vomeronasal system has been obtained, and it additionally holds the interest of being an
endangered species. In certain species with a well-characterized VNS, methods related to
this system are already employed to enhance reproduction, such as the use of pheromones,
which help control stress levels and improve fertility [481]. While there currently exists a
vast application field for bovine pheromones [482,483], their potential application in the re-
production of the dama gazelle necessitates a prior neuroanatomical and morphofunctional
characterization of its vomeronasal organ.

A morphological feature of the VNO in dama gazelles (Figure 25), common to most
Ruminantia, is its remarkable length. However, the implications of this trait have only
been thoroughly investigated in the dama gazelle, wherein immunohistochemical and
lectin-histochemical characteristics of the vomeronasal duct and the vomeronasal nerves
were evaluated throughout the VNO entire extent [484]. Beyond this fact, it is significant
that in this Antilopinae species, the vomeronasal duct opens into the incisive duct, into
which it incorporates its medial side, both sharing the same cartilaginous capsule, which
opens into a functional incisive papilla. This fact is especially relevant, as it is not a trait
common to all Antilopinae; for instance, the three species of alcelaphine antelopes studied
in [485] lack an incisive papilla.

Figure 25. Histological transverse section of the VNO of a dama gazelle showing its main components.
NCd, nasal caudal nerve; RE, respiratory epithelium; RM, respiratory mucosa; SE, sensory epithelium;
VD, vomeronasal duct; VG, vomeronasal glands; VN, vomeronasal nerve; Vv, veins. Scale bar: 500 pm.
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The serial histological study of the VNO (Figure 26) has allowed the determination of
the differences along the rostral-caudal axis of the organ concerning the epithelial lining
of the vomeronasal duct. Among the most relevant aspects, it is striking that there is a
narrowing in its lumen coinciding with the more central levels; however, in the final third
of the organ, there is a remarkable increase in the development of the parenchyma and the
size of the duct, which retains its medial sensory lining and lateral respiratory lining. The
access of pheromones to this extensive caudal chamber requires the presence of a robust
vascular pump, responsible for mobilizing pheromones from the external environment
to the sensory cells of the VNO. This pump is driven by vasomotor movements, which
allow the suction of stimulating substances into the vomeronasal organ and actively expel
the content of the vomeronasal duct. These mechanisms are activated by fibers that run
through the nasopalatine nerve and cause the constriction of the blood vessels within the
VNO capsule [251]. After constriction, the volume of blood in the cavernous tissue is
reduced, creating a pressure differential that expands the VNO lumen and extracts fluid
from the region surrounding the duct opening [486]. Stimuli enter the vomeronasal organ
in solution via the mucus stream that passes to the vomeronasal duct from the incisive duct.
Functional vomeronasal stimuli must be molecules soluble in that mucus or substances that
become soluble when binding to carrier molecules that may be secreted by the vomeronasal
glands [487].
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Figure 26. Hematoxilin-eosin staining of a dama gazelle VNO sensory epithelium. Neuroreceptor
cells (arrowhead); Sustentacular cells (white arrowheads); Basal cells (asterisk); MMC, mucomicrovil-
lar complex; SE, sensory epithelium; VN, vomeronasal nerve; Vv, veins. Scale bar: 250 pum.

The access of pheromones is determined not only by the action of the pump but also by
the physicochemical properties of the molecules. It seems logical to suggest that a diffusion
gradient of substances is established along the duct, with only the most soluble substances
in the glandular secretion that fills the vomeronasal duct reaching the caudal end, leaving
the less soluble ones in the anterior part. It is consistent to hypothesize that the specificity of
the vomeronasal receptors along the vomeronasal duct adapts to the differential migration
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of the substance mixture along the duct, just as compounds are specifically eluted along a
chromatography column.

Given the significant variations observed in the structure of the vomeronasal duct and
its epithelial lining, the neurochemical study of the VNO has been conducted not only in
the central part of the VNO—the most typical—but has been extended throughout the VNO
length. The study of G protein expression showed immunopositivity for both markers
(Gai2 and Gao) in the vomeronasal epithelium. The serial immunohistochemical study
throughout the entire vomeronasal duct confirmed that the expression of both markers
is not constant in the VNO, as the large dilated caudal segment, despite having a well-
characterized neuroepithelium, lacks immunolabeling for both proteins. This suggests
that the receptor type expressed in the caudal third of the vomeronasal duct does not
correspond to either VIR or V2R, suggesting that the molecules detected by these two
receptor types do not reach the caudal end of the organ. This hypothesis implies that only
highly soluble compounds in the vomeronasal mucosa, and probably low molecular weight,
can be detected in the caudal VNO, and likely by another type of receptors not yet described.
The absence of vomeronasal receptor expression in such an extensive segment of the VNO
could explain why previous G protein expression studies in the VNO of ruminants have
not found positivity for the Gao marker, as has been the case for goats [488], sheep [329],
and sika deer [489].

It is worth noting that, in their study of the cow AOB, the authors of [458] did not
find positivity for Goo, nor was it found in the dog [283] or fox [366] AOB. However,
this does not exclude the expression of V2R receptors in the VNO, as it is plausible that
the information from these receptors may project to other areas of the olfactory bulb, not
necessarily to the AOB. In fact, it has recently been observed that, in the fox olfactory bulb,
the expression of Gxo linked to the vomeronasal nerves does not project to the AOB, but
to the transition zone located between the main olfactory bulb and the accessory, an area
known as the olfactory limb [133].

The use of an additional range of neuronal markers, such as PGP 9.5 and specific
neuronal enolase (EN), showed that the expression of these markers extends to the cau-
dal sensory epithelium area, even though neither the analyzed G proteins nor the OMP
marker is expressed there. This finding provides evidence that the histologically described
neuroepithelial nature of this long caudal stretch of the vomeronasal duct is correct. On
the other hand, it suggests that the type of receptors that are expressed differs from those
that belong to the VIR and V2R families. Other markers, such as calcium-binding proteins,
however, have differential expression. For example, antibodies against CB and CR mark a
subpopulation of vomeronasal receptor neurons in the dama gazelle vomeronasal duct. As
with G proteins and OMP, the expression of calcium-binding proteins did not occur in the
caudal area of the sensory epithelium (Figure 27).
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Figure 27. PGP9.5 immunostaining of the SE of a dama gazelle VNO showing the morphology and
distribution of the neuroreceptor somata, and their dendritic knobs and processes. Scale bar: 150 pm.



Anatomia 2023, 2

396

References

In summary, the research on the vomeronasal organ of the dama gazelle, besides
providing valuable information about the configuration and function of this structure in
this endangered species, could be used to design and implement programs based on the use
of pheromones to enhance reproductive success and increase genetic diversity in captive
populations. Such programs can be critical for the species’ survival. Furthermore, the
discovery in this species of notable differences in the organization of the vomeronasal
duct and the expression of neuronal markers along the rostro-caudal axis of the organ
underscores the need to consider such differences when conducting future studies on the
VNO of other species.

4. Conclusions

Throughout this review, our objective has been to provide a comprehensive and precise
portrayal of the crucial role that chemical communication plays in mammals, specifically fo-
cusing on the detection of pheromone-mediated communication through the vomeronasal
system. Due to comprehensive research and the accumulation of scientific knowledge, we
have gained a profound understanding of the significant impact exerted by the vomeronasal
system on animal behavior. This intricate sensory system profoundly influences several
aspects of social and sexual interactions, encompassing reproductive processes, the for-
mation of hierarchies, maternal bonding, and intraspecies recognition. Furthermore, it
is evident that there is a notable range of variability resulting from evolutionary adapta-
tions within this particular system, surpassing the documented variances in the olfactory
system. The extensive range of adaptive variability is a challenge in the examination of
the vomeronasal system. Therefore, it is vital to direct further research efforts towards a
deeper neuroanatomical and morphofunctional understanding of the system. The com-
prehensive understanding of the impact of pheromones on the physiology and welfare
of animals and humans necessitates the pursuit of such an undertaking. Recognizing the
intricacies of the vomeronasal system is paramount in the realm of biological research.
By delving deeper into its evolutionary origins, functional roles, and neuroanatomical
intricacies, we not only gain invaluable insights into its unique position in mammalian
communication but also unveil its broader implications in social and reproductive behav-
iors. The culmination of such basic research has profound potential and it can set the stage
for leveraging pheromones as powerful tools. By harnessing this knowledge, we open the
doors for innovative approaches in enhancing the well-being and health of both animals
and humans.
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