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“Thoroughly conscious ignorance is the 
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SUMMARY 

 

Pheromone communication is involved in fundamental innate socio-

sexual behaviors such as mating and fighting, that are essential for 

animal reproduction and survival. Pheromonal cues are mainly 

perceived by the accessory olfactory or vomeronasal system (VNS), 

specifically by sensory neurons of the vomeronasal organ (VNO) 

which in turn send their inputs to the accessory olfactory bulb (AOB). 

The VNS greatly varies across evolution, especially at structural and 

genomic levels, to be able to face a high range of species-specific 

behaviours (i. e. different reproductive systems, dominances, etc.). 

Most VNS studies have been done in mice, which tended to 

extrapolate data to close phylogenetic species such as rabbits. 

However, due to the high specie-specificity of the VNS, this may lead 

to mistaken conclusions and should always be avoided; accordingly, 

each species should be studied independently and from a comparative 

point of view. Additionally, the rabbit -Oryctolagus cuniculus- is 

considered a unique model for studying chemocommunication due to 

the discovery of the rabbit mammary pheromone. However, the rabbit 

VNS remains unexplored, especially at morphological, genetic and 

molecular levels. On the other hand, the study of pheromone 

communication could have a translational application into animal 

production (i. e. pheromones could be used as natural substances to 

improve reproductive parameters and animal welfare, which in turn 

may lead to a reduction of the use of hormones and antibiotics), and 

also into other industries such as pets (i. e. by reducing stress levels), 

or controlling endangered species or pests. Accordingly, it would be 

smart addressing research studies in species in which results could be 
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directly transferred to the industrial sector. Rabbits are especially 

interesting because they are farmed species, easy to work with (small, 

short reproductive cycle) and more recently they have also become 

pets. Therefore, investigations into rabbit pheromone communication 

could be used for further translational work aimed at implementing 

pheromones in rabbit market. In this work, we aimed at characterizing 

the neuroanatomical and genomic features of the rabbit VNS as well 

as evaluating certain pheromone-mediated behavioral and 

reproductive parameters in rabbit farms. First, we studied the 

structural and morphofunctional properties of the VNO and the AOB. 

To do so, dissection, microdissection, histological techniques –

histochemistry and immunohistochemistry–, and morphometry were 

employed. We determined that the rabbit VNO is highly developed 

and equiped to develop an effective chemocommunication. We also 

found that the AOB is sexually dimorphic and show a complex 

structure in terms of layer organization, neurochemical properties and 

cell types. We then explored the VNO at transcriptomic level to gain 

insights into their functional rationale. Specifically, an analysis of 

gene expression was carried out under different conditions –

prepubertal, pubertal, male and female– by using RNAseq. The VNO 

gene expression did not vary between sexes but showed sharp 

differences between juvenile and adult rabbits. Besides the 

comprehensive characterization of the rabbit VNO transcriptome, 

including expression of vomeronasal receptors as well as many genes 

involved in reproduction, immunity and functional activity, we have 

also determined its plasticity –via transcriptional modulation–. To do 

so, we exposed rabbits to different environmental conditions (sex-

combined vs sex-separated) and analysed their VNO gene expression 

comparatively. We found sex- and stage- specific gene expression 

differences upon such environmental conditions. Importantly, the 

vomeronasal receptors VRs showed significant down- and up- 

regulated expressed genes in sex-separated adult female and sex-

separated juvenile female, respectively. Similarly, genes involved in 

reproduction, immunity and functional activity were also found to be 

highly plastic in terms of their gene expression patterns. Finally, a first 

approach into translational studies was carried out directly in rabbit 
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farms. We developed a protocol which consisted of exposing female 

rabbits to either urine or seminal plasma as source of pheromones 

followed by an evaluation of their reproductive parameters compared 

to a control. Although we did not find any improvement in the female 

reproductive parameters, our protocol might be further used to try on 

other biological compounds such as extracts of exocrine glands, and 

determine their potential role in pheromone biostimulation. All in all, 

this study shows that pheromone communication and vomeronasal 

chemoperception is highly complex and should always be approached 

species-specifically and from a multidisciplinar perspective. Our data 

provide extensive knowledge into rabbit chemocommunication, 

specifically at anatomical, transcriptomic, reproductive and 

behavioural levels, which provide strong foundation for further 

translational studies which aim at implementing the use of 

pheromones in rabbit farms. 

 

Keywords: rabbit chemocommunication, vomeronasal system, 

vomeronasal organ plasticity, accessory olfactory bulb, sexual 

dimorphism, immunohistochemistry, RNAseq, pheromone 

biostimulation, reproduction, specie-specificity, multidisciplinar 

approach. 
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GENERAL INTRODUCTION 
 

1. SENSORY PERCEPTION 

Sensory perception is the capacity of an individual to interact with the 

external world by detecting and processing specific environmental 

stimuli and efficiently responding to them; and involves activities 

such as finding food or mates, which are crucial for species survival.  

Vertebrate animals are provided with various sensory systems –each 

with their own sets of sensory neurons– that enable them to detect 

both environmental cues and animal internal state. Peripheral sensory 

neurons send the information to the brain, in which the integration and 

processing of signals give rise to complex behaviours or induce 

changes in body physiological functioning. In an attempt to 

characterize the sensory systems, we may initially think of the ‘five 

basic human senses’ (touch, sight, sound, smell, and taste), described 

by Aristotle 300 years before Christ. However, individuals are 

constantly facing countless external stimuli and therefore this 

classification does not reflect the complex relationships among 

individuals themselves and with their environment. Some authors 

consider pheromone communication as a sixth sense (Bhatnagar and 

Meisami, 1998), and other sensory systems have also arised in the 

literature such as the vestibular system –in charge of equilibrium–, 

proprioception –which controls body position– and echolocation –

which allows locating distant and invisible objects through sound 

waves– (Nelson and Maclaver, 2006; Tuthill and Azim, 2018). An 

additional level of complexity is added by the need of different senses 

to act jointly to evoke specific responses (Rolls, 2005).  
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This introduction is focused on pheromone communicaction, with 

special attention to the principal system in charge of detecting 

pheromones, the accessory olfactory system (AOS) –also called 

vomeronasal system (VNS)–. Before getting into detail, a brief 

introduction to chemical senses and in particular to olfaction and the 

sense of smell is needed to conceptualize the complex nature of this 

system. 

1.1 Chemical senses 

Chemoreception or chemosensation is defined as the ability to 

perceive specific chemical stimuli and is one of the most evolutionary 

ancient forms of interaction between living organisms and their 

environment, underscoring its importance in basic survival strategies 

(Sokolinskaya et al., 2020). This ancient sense enables animals to 

locate nutritious food and mating partners, and to avoid predators and 

eating toxic substances (Mombaerts, 2004). Three chemical systems 

have been identified, all located within the nose and mouth: olfaction, 

taste, and the trigeminal chemosensory system, and they rely on a 

broad heterogeneity of sensory receptors in the nasal cavity (NC), 

mouth and face, respectively, to efficiently detect an immense variety 

of chemical molecules. Chemical stimuli can be detected by each 

system independently and also by the three of them at the same time. 

In this latter case, chemical stimuli trigger a unitary perception, called 

flavour (Small 2008; Lundström et al., 2011). 

1.1.1 Olfaction – an infinite mind 

Olfaction is an ancient sense, already found in the most 

primitive single-cell organisms (Buck 2000) and the dominant sensory 

system for most animals (Brennan and Keverne 2004). It refers to the 

sense of smell and involves the olfactory system, specialized in 

sensing chemicals in the air via the nose and sending information to 

the brain through olfactory nerves. However, this apparent simple 

organization becomes blurry when going into details (Poncelet and 

Shimeld, 2020), especially because olfaction not only provides 

information about how things ‘smell’ but it also influences a wide 

https://www.ncbi.nlm.nih.gov/books/n/neurosci/A2251/def-item/A2855/
https://pubmed.ncbi.nlm.nih.gov/?term=Lundstr%C3%B6m%20JN%5BAuthor%5D
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range of fundamental pheromone-mediated behaviours such as 

feeding, reproduction, and fighting (Purves et al., 2001). Therefore, 

the sense of smell has a dual requirement for 1) general odor sensing 

and also 2) sensing of specialized odours known as pheromones 

(Buck, 2000a). This latter is called chemical communication and has a 

powerful role at mediating individuals’ communication with each 

other and with their environment, thus significantly influencing social 

interactions (Moulton, 1968; Stowers and Liberles, 2016). 

Classically, two major olfactory subsystems, in tetrapods, were 

considered to be in charge of detecting odors and pheromones 

respectively: the main (MOS) and the accessory olfactory systems –

this latter also called VNS as previously stated. They both share a 

similar morphological organization, being composed of olfactory 

sensory neurons (OSNs) of the main olfactory epithelium (MOE) and 

vomeronasal sensory neurons (VSNs) of the vomeronasal organ 

(VNO), respectively, which send their axons to second-order neurons 

located in the main (MOB) and accessory (AOB) olfactory bulbs, 

respectively. The location of the MOE at the most inner part of the NC 

makes it well suited to detect volatile odorant ligands, while the 

location of the VNO at the bottom of the anterior part of the NC was 

thought to be better suited to detect non-volatile pheromones 

(Stowers, and Marton, 2005) (Figure 1).  
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Figure 1. Anatomical and molecular organization of the olfactory systems. 
(A) Mid-sagittal view of an individual head showing the position of the different 

chemosensory organs, the vomeronasal organ (VNO), the main olfactory epithelium 
(MOE), the septal organ (SO) and the Grüneberg ganglion (GG)1, and their 

connections to the brain, specifically to the accessory olfactory bulb (AOB), main 
olfactory bulb (MOB), ventromedial aspect of the MOB (*); and the NG (necklace 
glomeruli)2, respectively. The orange/blue dichotomy showed for the VNO (G-

                                                           
1 In mammals, apart from the two major olfactory subsystems –VNS and MOS–, there are 

other two structures in the NC involved in detecting odours, namely the Masera or septal 

organ and the Grüneberg ganglion (see section ‘1.1.1.3 Evolution of the olfactory system in 

vertebrates’ for detail).  

2 The ‘necklace glomeruli’ is composed of interconnected glomeruli encircling the caudal part 

of the main olfactory bulb and receives input from various olfactory neuron subtypes, 

including neurons from the GG. Though its specific role is unknown, it responds to 

pheromones and other relevant cues. Indeed, the role of this system in suckling behaviour in 

pups has been discussed (Juilfs et al., 1997; Breer et al., 2006). 
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protein Gαi2 and V1Rs in blue; and Gαo and V2Rs in orange) that directly link to the 
anterior and posterior part of the AOB represents the case of mice but not all 

species follow the same pattern (see section ‘2.1.3 Signal transduction 
mechanisms’ for detail). The cross section of the head shows the position of the 

VNO relatively to the nasal cavity (NC) and the MOE; (B) Inset showing a transversal 
section of the NC containing both the MOE and the VNO; (C) Inset showing the MOE 

at higher magnification. (D) Inset showing the VNO at higher magnification. 

 

Additionally, individuals can learn to correlate odors with specific 

objects or situations based on experience, which means that odor 

perception induces memory via associative learning (Stevenson, 

2012). In contrast, pheromone responses have been largely considered 

innate and hardwired (Stowers and Marton, 2005). This traditional 

dichotomy has proven to be inconsistent since the MOS and the VNS 

show considerable overlap in terms of the chemosignals they detect, 

the effects that they mediate and their projections to the higher centers 

in the brain (Brennan and Zufall, 2006; Brennan and Keverne, 2004; 

Poncelet et al., 2020). Indeed, it is known that both systems can detect 

semiochemicals including pheromones and recognize chemical signals 

regardless their volatility (Bakker and Leinders-Zufall, 2016), and 

therefore the two olfactory subsystems –MOS and VNS– should be 

considered as complementary pathways for chemosensory 

communication.  

As for their neural projections, both olfactory subsystems largely 

bypass thalamic areas –contrary to the other senses, which are 

processed by the thalamus– and have direct projections to the limbic 

brain, closely related to emotions, mood state and memory (Soudry et 

al., 2011; Athanassi et al., 2021). Therefore, the olfactory system has 

the ability to elicit feelings, powerful emotions and memories, thus 

impacting quality of life (Margot et al., 2022).  

1.1.1.1 Chemical stimuli perceived by the olfactory system 

This section comprehensively defines the different types 

of chemical stimuli perceived by the olfactory system, with special 

focus on pheromones. 

javascript:;
javascript:;
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Odor: Refers to the detection and discrimination of all different 

chemical molecules (odorants) by the olfactory system (Wyatt, 2014a) 

Smell: Odors that are ‘consciously perceived’. They are mainly 

detected through the MOS. 

Semiochemicals/social odor signals: Complex specialized odors, 

also called chemosensory cues
3
, released by any living organism to 

the environment and perceived by others, providing information about 

the external world. They are mainly perceived by the VNS and act as 

key players in chemical communication (Wyatt, 2014a). They can be 

classified according to how they are released vs received among 

individuals (Figure 2): 

A) Chemical stimuli exchanged between members of the same 

species: 

- Pheromones (greek ‘pherein’) are specific olfactory 

cues/chemical stimuli released by one individual and perceived 

by another individual of the same species, triggering a 

behavioural or physiological response in the receiver (Wyatt, 

2014b; Bakker and Leinders-Zufall, 2016). 

- Signature mixtures/instinctive cues: Subset of variable 

molecules (not pheromones) from the chemical profile of a 

conspecific that are learnt by the receiver for distinguishing 

individuals or colonies (Wyatt, 2014b).  

- Scent marks: Complex composition of chemical molecules, 

including the major histocompatibility complex (MHC) and 

major urinary proteins (MUPs), that provide genetic 

information about individuals regarding species, sex, 

individual identity, and metabolic information (social 

dominance and reproductive and health status) (Nevison et al., 

2003; Arakawa et al., 2008). They originate from multiple 

sources, being urine and anal gland secretion the most 

common ones (Roberts, 2007) and their chemical composition 

                                                           
3
 Semiochemicals are usually a mix of various molecules: (1) variable molecules, meaning 

those unique from each individual and (2) pheromones that are shared among groups of 

individuals. Altogether, they represent the chemical profile or chemical signature of an 

individual (Wyatt, 2014a). 
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is thought to include both pheromones and other general 

odours (Johnson, 1973). The form of olfactory social 

communication between conspecifics mediated by scent marks 

(Melo et al., 2008) is defined as scent-marking
4
. 

B) Chemical stimuli exchanged between members of different 

species (Wyatt, 2014b; Bakker and Leinders-Zufall, 2016). 

These are called allelochemicals and they can be divided in:  

- Allomones, when they benefit the emitter.  

- Kairomones, when they benefit the receiver. 

- Synomones, when they benefit both the receiver and the 

emmiter.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Diagram showing the different types of chemosensory cues 
involved in chemical communicaction. An example of ‘species-wide’ 

pheromone signals could be male sex pheromones, produced by any dominant 
male. Signature mixtures involve the process of learning (i.e. recognition of 

siblings) based on unique chemical profiles for each individual, and thus there 
is no species-wide molecule(s) to find. Modified from Wyatt, 2014b. 

                                                           
4 The most common scent-marking behaviour is territorial marking (between conspecifics), 

closely related to dominance, but it is also used as an alarm signal and as a threat to 

conspecifics as well as to other species. For instance, gland secretions may be deposited as a 

response to a predator odour with the effect of signaling alarm to conspecifics (Arakawa et al., 

2008). This behaviour facilitates maintenance of a territory, reproductive competition, and 

sexual advertisement (Brown, 1979; Wolff, 2004). 
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In particular, pheromones are classified into different types based 

on the responses they trigger as well as on their chemical nature. They 

were first described by Karlson and Lüscher (1959) as chemical 

signals released by one individual to the environment and perceived 

by another individual of the same species, causing a physiological or a 

specific behavioural response in the receiver. They suggested the term 

would apply to chemical signals in all types of animals from 

invertebrates to fish to terrestrial mammals, and they could be single 

molecules or a mix of various molecules – even different species 

could share some molecules, probably causing different responses. 

Pheromones can be classified according to the response they trigger in 

the receiver (Wyatt, 2014a) (Figure 3): 

- Primer pheromones: They trigger a physiological response in 

the receiver, which is slow (not immediate) and usually 

modulated by the endocrine system (i.e. Early termination of 

pregnancy, or pregnancy block when a recently mated female 

is housed with a strange male, known as Bruce effect (Bruce 

1959; 1960)).  

- Releaser pheromones: They trigger an immediate behavioural 

response upon reception (i.e. Nipple-search and suckling 

behaviour by rabbit kits, elicited by the rabbit mammary 

pheromone (2MB2; 2-methylbut-2-enal) (Schaal et al., 2003)).  
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Figure 3. Diagram showing how pheromones stimulate the VNS. Pheromones 
stimulate vomeronasal sensory neurons of the VNO, which send electrical inputs to 
the AOB and in turn prompt either direct behavioural responses (reseaser effect) or 

indirect physiological responses via stimulation of hormone secretion (primer 
effect). The same pheromone compound can act as primer and releaser at same 

time or in different contexts (Wyatt, 2009). Modified from Wyatt, 2014a. 

 

As previously mentioned, classical studies suggested that most 

pheromones are nonvolatile, activate the VNO, specifically VSNs, and 

trigger innate and stereotyped social behaviours and neuroendocrine 

release (Connor 1972; O’Connell and Meredith, 1984). However, this 

definition may be too restrictive and cannot explain all the behaviours 

induced by pheromones. In fact, Halpern (1987) already pointed out 

that the separation into volatile and nonvolatile compounds may be 

too simplistic. Accordingly, in the last decades, researchers have 

proven that the chemical nature of pheromones is highly diverse, and 

almost any type of chemical molecule (simple or mixed) has the 

potential to be a pheromone as long as they trigger the appropriate 

response in the receiver. Contrary to traditional thoughts, they can be 

either volatile or nonvolatile depending on the medium they are 

released (Brennan and Keverne, 2004). Additionally, pheromones can 

activate the VNO and also the main olfactory epithelium (MOE) of 

the MOS. Indeed, Halpern (1987) already argued that the MOS and 

the VNS may interact to yield specific responses to chemical signals, 

and traditional behavioural and neuroscience studies had always 

suggested that mammals use the VNS and the MOS, either 

independently or both working together, to perceive odors and 

semiochemicals, depending on species, signals, and previous 

experience. Importantly, inputs from the VNS and the MOS are 

integrated at higher centers in the brain (i.e. amygdala – see section 

2.3 ‘Higher centers: limbic system and hypothalamus’ for detail) 

(Baxi et al., 2006; Meredith 1998; Wyatt, 2014a).  

Finally, pheromone effects can be altered by context –their 

responses are not as hardwired as previously thought– (Stowers and 

Marton, 2005). Therefore, pheromones are powerful signals that 

influence individuals’ behaviour, yet pheromone responses are not 

always stereotyped. Recent molecular and genetics advances have 
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shown that variability in pheromone responses among individuals may 

be modulated at different levels of pheromone-processing circuitry, 

and in particular in the vomeronasal system –from the peripheral 

(VSNs) to higher centers in the central nervous system (AOB and 

vomeronasal amygdala)–. Studying the molecular mechanisms 

underlying variability in pheromone responses –i.e. VNS plasticity 

(see section ‘3. Plasticity of the vomeronasal system’ for detail)– 

should provide a needed framework for deciphering how pheromonal 

outputs are flexibly shaped into neural circuits and alter behaviour 

(Stowers and Liberles, 2016). 

1.1.1.2 Chemosensory receptors of the olfactory system 

In mammals, the two major olfactory subsystems, the 

MOS and the VNS, are provided with OSNs and VSNs respectively, 

each with their own sets of receptors. Identifying such receptors as 

well as their mechanisms of action is a needed first step to further 

understand how this sensory system works. It was not until the 

nineties that a first large family of olfactory receptors –olfactory 

receptors (OR) in the MOE– was discovered by Buck and Axel 

(1991), a study which represents a big breakthrough in the field of 

olfaction and was awarded with the 2004 Nobel Prize for Physiology 

and Medicine. Soon after, researchers from Axel’s lab identified the 

vomeronasal receptor family (VRs) in the VNO (Dulac and Axel, 

1995). Since then and thanks to the advent of new biotechnological 

and genomic techniques, great advances have been made in the field 

of olfaction and chemocommunication, especially regarding signal 

transduction, and the organization of the olfactory subsystems across 

evolution (Bakker and Leinders-Zufall, 2016; Brennan, 2018). 

In this part, we will briefly explain the different types of 

chemosensory receptors found in the MOS and VNS. In section 

‘1.1.1.3 Evolution of the olfactory system in vertebrates’, the 

chemosensory receptors will be explained in an evolutionary context, 

and in section ‘2.1.2 Sensory receptors of the vomeronasal organ’ 

the vomeronasal receptors will be explained in detail.  

Across the mammalian chemosensory system, five types of 
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chemosensory G-protein coupled receptors (GPCRs) have been 

identified so far: olfactory receptors (ORs) and trace amine associated 

receptors (TAARs) expressed in the MOE; and vomeronasal receptors 

(V1Rs and V2Rs) and formyl peptide receptors (FPRs), in the VNO. 

Additionally, a subset of VSNs in the VNO coexpresses V2R and H2-

Mv, a subfamily of nine nonclassical class I major histocompatibility 

complex genes. 

Olfactory receptors (ORs) (Buck and Axel, 1991). They are the 

largest gene family in mammals, representing the 2-5% of the total 

genome (Barnes et al., 2020), and are located in OSNs in the MOE. 

Each mature OSN expresses only one OR –one receptor-one neuron– 

following a monoallelic fashion (Chess et al., 1994). Each OSN is able 

to respond to a high diversity of odorants; and conversely, each 

odorant can activate OSNs expressing different receptors (Malnic et 

al., 1999). This combinatorial code explains why we are able to detect 

more than one trillion of olfactory stimuli (Bushdid et al., 2014) with 

just a repertoire of several hundreds of ORs.  

Trace amine-associated receptors (TAARs) (Liberles and Buck, 

2006). They have arisen as a second type of chemoreceptors located in 

the MOE. This family is expressed in a small subpopulation of OSNs 

and despite they do not co-express with ORs (Stowers and Logan, 

2010), both share some features such as monoallelic expression and 

the one-neuron-one-receptor rule (Dewan et al., 2021). TAARs 

represent only the 1% (15 genes in mice and 6 in humans (Lindemann 

et al., 2005)) of all olfactory receptors (including ORs and TAARSs), 

but their evolutionary maintenance points to their fundamental role in 

olfactory function (Dewan et al., 2018). Despite their precise 

functionality is yet to be determined, these receptors are activated by 

chemical cues that show the hallmarks of pheromones (Liberles and 

Buck 2006). 

Some studies suggested that the MOS may be composed of two 

functional modules: one for the discrimination and associative 

learning of complex odours and the other for innate odour responses 

mediated by pheromones (Kobayakawa et al., 2007). Later studies 

suggested that ORs and TAARs could be the receptors specialized in 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7058195/#bibr13-2398212818817496
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7058195/#bibr13-2398212818817496


PAULA RODRÍGUEZ VILLAMAYOR 

68 
 

the detection of learned vs innate responses, respectively (Johnson et 

al., 2012). Despite we know now that pheromone responses depend on 

context and therefore the terms ‘innate’ ‘hardwired’ and ‘sterotyped’ 

are not fully correct (Saraiva et al., 2016; Dewan et al., 2021), the 

involvement of TAARs in the detection of specific socio-

environmental cues makes them potential candidates for pheromone 

detection in the MOS (Liberles, 2009). 

The chemoreceptors of the VNO are explained in detail in section 

‘2.1.2 Sensory receptors of the vomeronasal organ’. Briefly, there are 

two main types of vomeronasal receptors –V1R (Dulac and Axel, 

1995) and V2R (Ryba and Tirindelli, 1997)–, which greatly vary 

across evolution, possibly to face adaptation to a continuous changing 

environment. Additionally, a second type of vomeronasal receptors –

formyl peptide receptors (FPRs)– were identified (Rivière et al., 2009; 

Liberles et al., 2009) and appear to be exclusive of the rodent lineage. 

Finally, a subfamily of nine nonclassical class I major 

histocompatibility complex genes, called H2-Mv were identified as 

vomeronasal receptors that act jointly with V2R (Ishii et al., 2003). 

V1R and V2R receptors are differentially expressed in two VSN 

populations that also express the G-protein alpha-subunits: Gαi2 or 

Gαo, respectively (Jia and Halpern 1996). In contrast, FPRs co-

express with both Gαi2 and Gαo –though each individual receptor 

only expresses one G-protein– (Liberles et al., 2009; Riviere et al., 

2009) (Figure 4). 
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Figure 4. Schematic diagram illustrating the molecularly distinct apical (orange) 
and basal (green) layers of the vomeronasal sensory neuroepithelium –based on 
mice expression–. The three main vomeronasal receptors (V1Rs, V2Rs and FPRs) as 
well as their associated G protein coupled receptors (GPCR) are shown. Modified 

from Miras-Portugal, 2006. 

 

1.1.1.3 Evolution of the olfactory system in vertebrates 

Olfaction is usually referred as one of the most 

'primitive' sense in organisms – even bacteria are provided with a 

chemosensory system able to detect chemical molecules from the 

environment. Throughout evolution, different species evolved 

different receptors, structures and organs to be able to adapt to a 

continuously changing environment and ensure species survival. In 

Figure 5 and Table 1 we briefly summarize the distinct types of 

receptors and olfactory systems that vertebrates have evolved 

throughout evolution. 

 

 

 
 

Figure 5. Vertebrate phylogeny, showing the olfactory systems. MOS: main 
olfactory system. VNS: vomeronasal system. GG: grüneberg ganglion. MO: masera 

organ.  



PAULA RODRÍGUEZ VILLAMAYOR 

70 
 

Table 1. Olfactory systems and receptors of representative species 
from the different Vertebrate Superclasses. * amphibian V2Rs, 448 are 

pseudogenes –non-functional genes–. ** V1Rs and V2Rs repertoires greatly differ 
across species in mammals (see section ‘2.1.2 Sensory receptors of the 

vomeronasal organ’and Nei et al., 2008 for details). 

Phylogenetic 
Superclass 

MOS VNS ORs 
TAA
Rs 

V1Rs V2Rs Refer. 

Agnata 
(lamprey) 

Yes 
VNS 

precur
sor 

~ 40 ~ 28 ~ 4 ~ 2 

Beauséjo
ur et al., 

2022; 
Kowatsc
hew and 
Korschin
g, 2022) 

Gnathostomat
a (shark) 

One unique 
‘accessory 
system’ 

~ 8 ~ 5 ~ 6 ~ 35 
(Sharma 
et al., 
2019) 

Osteichthyes 
(bony fishes) 

One system ~ 160 
~ 

112 
~ 6 

(ORAs) 
~ 60 

(OlfC) 

Nei et 
al., 

2018; 
Villamay
or et al., 
2021b) 

Amphibia Yes Yes > 1000 7 22 697* 
Nei et 
al., 

2008) 

Reptilia Yes Yes 
~ 360-
1000 

~ 2 ~ 2-4 
~ 116-
430 

Hogan et 
al., 

2021) 

Aves Yes No > 200 
~ 3 
(2) 

0 0 

Shi and 
Zhang, 
2007; 

Vandewe
ge et 

al., 2016 

Mammalia Yes Yes 
~ 800-
1200 

~20 
~0-

200** 
~0-

200** 

Nei et 
al., 

2008) 

The VNS was largely considered as an adaptation to terrestrial 

life, but this view is now questioned since VRs and even a sort of 

‘VNS’ appeared before the water-to-land adaptation (i.e. lamprey, 

lungfish) (Ubeda-Abañón et al., 2011). A detailed description of the 

evolution of the olfactory system in vertebrates is beyond the scope of 

this introduction but useful references are added to Table 1. 



GENERAL INTRODUCTION 

 

71 
 

Mammals can be classified depending on their ability to smell in 

microsmatic (well-developed sense of smell (i.e. rodents, carnivores)), 

microsmatic (feebly developed sense of smell (i.e. primates)) or 

anosmatic (lacking the sense of smell (i.e. many aquatic mammals 

(Smith and Bhatnagar, 2004). In terrestrial mammals, there are two 

major and well-characterized nasal chemosensory subsystems –MOS 

and VNS–, containing a high diversity of gene families that encode 

MOE and VNO receptors. An additional level of complexity should 

be added to the organization of the sense of smell in mammals: 1) 

there are two other structures in the NC which were involved in 

detecting odours, namely the Masera or septal organ (SO) and the 

Grüneberg ganglion (GG), mainly studied in rodents (Salazar and 

Sánchez-Quinteiro, 2009; Munger et al., 2009). Since their axons 

project to specific areas of the MOB –SO to the ventromedial aspect 

of the MOB and GG to the caudal MOB, named the necklace 

glomeruli (Figure 1)–, some authors considered them as part of the 

MOS (Zimmerman and Munger, 2021). Even though their functional 

contributions are still unknown, there is evidence that both contribute 

to pheromone detection (Ma et al., 2003; Roppolo et al., 2006; 

Tirindelli et al., 2009); and 2) the MOE is further subdivided in 

various ‘subsystems’ which contain different olfactory sensory neuron 

subpopulations, each with their own receptors and projection-areas. 

Briefly, apart from the previously mentioned OSNs that express ORs 

and TAARs (called canonical OSNs), other non-canonical OSNs 

subpopulations are found in the MOE: OR37 neurons, GC-D+ OSNs 

and Trpc2+ OSNs (more extensive information can be found in Bader 

et al., 2012; Klein et al., 2015 for OR37 receptors; Greer et al., 2016 

for GC-D+ OSNs; Omura and Mombaerts (2014) for Trpc2+ OSNs). 

Altogether, the mammalian sense of smell contains a diverse 

array of subsystems which are characterized based on the stimuli they 

respond to, the cell types and receptors they hold, their signal 

transduction mechanisms and the connections they establish to 

specific areas of the brain. This multifunctional task may allow for 

parallel processing of chemical cues, in which each subsystem 

probably serve a specific function therefore conveying different types 

of information from a single chemical cue.   
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2. ORGANIZATION OF THE VOMERONASAL SYSTEM IN MAMMALS 

Although different chemosensory organs are well equipped to detect 

pheromones, the VNS ranks as the main sensory structure involved in 

socio-sexual communication in mammals (Baxi et al., 2006; Nei et al., 

2008; Tirindelli, 2021). The VNS becomes highly organized in the 

basal branch of this class (the order Monotremata, including platypus), 

and also in many other mammalian orders such as Didelphimorphia 

(i.e., opossum), Rodentia (i.e., rat and mouse) and some primates s 

(prosimians and new world monkeys) (Halpern et al., 1995; Jia and 

Halpern 1996; Schneider 2011; Taniguchi, 2014; Dittrich et al., 2016; 

Silva and Antunes 2017). In contrast, the VNS is not present in marine 

mammals (Meisami and Bhatnagar, 1998), some bats (Wible and 

Bhatnagar, 1996), old world monkeys, apes, and humans (Keverne, 

1999). In Carnivora (cat and dog), Artiodactyla (sheep, goat, pig, and 

cow), Perissodactyla (horse and rhinos), and Strepsirrhini primates 

(lemurs), it occurred a transitional situation, and they have a more 

simple VNO receptor and signal transduction organization. This VNO 

differences throughout evolution suggest that different species 

evolved different mechanisms of pheromone communication to adapt 

responses to their particular environments (Tirindelli, 2021). 

The VNS is composed of a VNO, whose neurons projects into the 

AOB through the vomeronasal nerves (McCotter, 1912), and by the 

vomeronasal amygdala and the nerves and tracts by which all these 

structures are connected. This section of the introduction will be 

devoted to the anatomical and molecular organization of this system, 

in particular of the VNO and the AOB, of which much has been 

investigated in recent decades though far more remains to be 

discovered. Due to the close relationship between the VNS and the 

MOS, in some cases comparisons will be made between the two 

systems. 

2.1 Vomeronasal organ  

This sensory structure is the first processing organ of the VNS 

and it has proven to be essential in social and reproductive behaviours. 

For instance, in male mice, the increase of testosterone or emission of 
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precopulatory vocalizations –considered as standard reproductive 

behaviours– are eliminated following VNO ablation (Wysocki and 

Lepri, 1991). Such ablation also impairs but not avoids male sexual 

behaviour toward females in mice and hamsters (Meredith, 1985; 

Wysocki and Lepri, 1991). In females, VNO ablation induces deficits 

in reproductive activation at endocrine levels and also eliminates 

maternal aggression towards intruders. Of note, most of these effects 

are limited to naïve individuals, and previous experience can 

significantly modify the behavioural responses (i.e. in hamsters, while 

VNO ablation impairs mating behaviour before sexual experience, it 

has no effect in experienced males (Meredith, 1985).  

2.1.1 Anatomy of the vomeronasal organ 

The VNO is a bilateral structure that lies at the anterior and 

basal part of the nasal septum and communicates to the external world 

through the nasal and/or oral cavities (OC) –depending on the 

species– via the vomeronasal duct.  This vomeronasal duct can either 

open into the NC or merge to a nasopalatine duct
5
, establishing a 

indirect (i.e. rodents) or direct (i.e. dogs, cows, pigs) communication 

with the OC, respectively (Figure 6). Finally, horses follow an 

atypical pattern in which the rostral end of the nasopalatine duct is 

blind and therefore the vomeronasal duct only communicates to the 

exterior through the NC (Jacobson et al., 1998; Salazar et al., 1997). 

Importantly, the VNO does not contact directly with the air stream –in 

contrast to the MOE– and stimuli need to first access the NC/OC and 

then be added to the oro-nasal mucus to enter the VNO, specifically 

reaching VSNs through the VNO duct. 

The VNO is a tubular structure composed of three components: a 

duct, whose lumen is covered laterally and medially by a non-sensory 

(also called respiratory) and sensory epithelium respectively; a 

parenchyma made up of veins, arteries, nerves, glands and connective 

tissue; and a capsule constituted by cartilage and/or bone which 

                                                           
5 The nasopalatine duct, also called incisive duct, starts from the incisive papilla at the OC all 

the way to to the caudal part of the NC. Silimarly to the vomeronasal duct, tit can open into 

the NC or merge to the nasopalatine duct. 
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encloses all the structures mentioned (Halpern 1987). The sensory 

epithelium is a columnar pseudostratified epithelium provided with 

VSNs (immature and mature), sustentacular or supportive cells, and 

basal or stem cells. The stem cells are found along the basal 

membrane. Sustentacular cells are located in the most superficial layer 

of the sensory epithelium (Figure 6). They have a long-like shape, 

project to the luminal surface and give support to VSNs. Each VSNs 

is a bipolar neuron and has a round shape and visible nucleolus. Its 

apical soma continues to a dendrite which project to the luminal 

surface, ending in a microvilli knob-like structure (contrary to the cilia 

of the MOS). The basal part of the soma continues to a thin axon 

which forms bundles constituting the vomeronasal nerve (VNN), 

which projects to the glomeruli layer of the AOB (Døving and 

Trotier, 1998; Takami, 2002; Takami et al., 2016). Microvilli of 

sensory neurons contain vomeronasal receptors (V1Rs, V2Rs, FPRs 

and H2-Mv) through which the VNO perceive chemical stimuli, 

mainly pheromones, from the environment. Bone, cartilage and 

venous sinuses contribute to what is called ‘pumping mechanism’, 

which consist of transporting chemical stimuli across the entire 

surface (anterior-posterior axis) of the sensory epithelium, to reach 

specific VSNs and vomeronasal receptors. In horses, ruminants and 

felids, a pronounced curl back of the upper lip exposing its front teeth 

–the so called flehmen behaviour– has been associated with promoting 

stimuli access to the VSNs (Keverne, 1999).  

The VNO innervation contains two main components: the 

sensorial unmyelinated vomeronasal nerve that leaves the organ 

caudodorsally to the AOB; and the myelinated branches of the nasal 

caudal nerve that reach the organ caudoventrally and lies at the basal 

part of the nasal septum. The function of this latter is to provide the 

VNO parenchyma with sympathetic and parasympathetic fibers. 

  

https://anatomypubs.onlinelibrary.wiley.com/doi/full/10.1002/ar.23290#ar23290-bib-0008
https://anatomypubs.onlinelibrary.wiley.com/doi/full/10.1002/ar.23290#ar23290-bib-0044
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Figure 6. Schematic drawing of the vomeronasal organ (VNO) 
communication to the environment and its particular features. (A) Model of 

indirect communication of the VNO with the oral cavity (OC), through independent 
openings of the vomeronasal duct (VD) and the nasopalatine duct (ND). (B) Model of 
direct communication of the VNO to the OC, through the merging of the VD and the 
ND. (C) Bilateral structure of the VNO showing its main features. (D) Inset of (C), 

showing the VNO neuroepithelium. NC: nasal cavity; OC: oral cavity; NS: nasal 
septum; Pi: incisive papilla; VD: vomeronasal duct; ND: nasopalatine duct; NDO: 
nasopalatine duct opening; VG: vomeronasal glands; VB: vomeronasal bone; ^: 

blood vessels; VSE: vomeronasal sensory epithelium; VRE: vomeronasal respiratory 
epithelium; * vomeronasal nerves; BC: basal stem cells; VSNs: vomeronasal sensory 

neurons; SC: sustentacular cells; arrowhead: microvilli of the VSE. 

 

2.1.2 Sensory receptors of the vomeronasal organ 

This organ is provided with different subset of sensory 

receptors which hold specific functions. Since these receptors greatly 

vary across evolution, it is necessary to approach them in an 

evolutionary context, but special attention will be made to their 

molecular and functional properties.  
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2.1.2.1 Vomeronasal type-1 receptors 

The V1R gene family, which belongs to the seven-

transmembrane domain G protein-coupled receptor family, is found in 

all mammalian genomes and its origin dates back over 550 million of 

years ago (V1Rs were already detected in lampreys) (see Table 1), in 

the common ancestor of extant vertebrates. V1Rs underwent extreme 

species-specific gene losses and duplications, with a dynamic 

interplay between gene “birth” and “death”, resulting in a rapid gene 

turnover also leading to a massive presence of V1R pseudogenes 

(Grus et al., 2005; Rodriguez, 2005). Mammalians have higher 

number of V1Rs than the rest of vertebrate species, and in general, the 

size of V1R repertoire correlates with the anatomical dimensions of 

the VNS (Tirindelli, 2021). As expected, the number of active/intact 

V1Rs differs dramatically between mammal species. The largest 

V1Rs expansions are found in platypus (270, which is the largest V1R 

repertoire found in vertebrates), mice (187) and rats (102) (Shi et al., 

2005; Young et al., 2005). In humans, a few V1Rs with a complete 

open reading frame were identified and found expressed in ciliated 

neurons of the MOE (Rodriguez and Mombaerts 2002), but they are 

thought to be under an ongoing pseudogenization process (Zhang and 

Webb 2003). Other species such as opossums, cows and dogs hold 49, 

32 and 8, respectively (Table 2). Such extreme variability makes this 

gene family the most variable gene family size of all mammalian 

genomes (Grus et al., 2005; 2007). The number of total V1Rs of each 

species is approximate and not fixed –it varies across different 

research articles– likely due to technical issues related to genome 

versions. New high quality genome assemblies are providing new and 

powerful information on vomeronasal receptor research. 

Interestingly, very few ortholog genes have been found in closely 

related species. For instance, mice and rats only share 9% of their 

V1R genes, and significant variation was found even between two 

mice strains (Kurzweil et al., 2009). In contrast to this view, Ohara et 

al., (2009) found that V1Rs in ruminants follow a different logic and 

up to 70% of these genes were shared between cows, sheep and goat, 

suggesting a remarkable conservation through evolution of V1Rs 

https://link.springer.com/article/10.1007/s00239-004-0172-y#auth-Joseph_P_-Bielawski
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among ruminants. These different features between rodents and 

ruminants may indicate that V1Rs acquired distinct functions in each 

group across evolution (Ohara et al., 2009).  

The high duplication rate of V1Rs led to a large degree of 

pseudogenization and pseudogenes are in some case more numerous 

than intact genes, even in orders with well-developed VNS such as 

rodents (i.e. 165 in mice; 110 in rats; 115 in humans (Young et al., 

2005); 41 in cows; 22 in dogs; and 53 in opossum) (Grus et al., 2005; 

Rodriguez, 2008) (Table 2). Despite being largely considered non-

functional genes, transcriptomic studies have found expression of 

V1R pseudogenes in the mice VNO (Oboti et al., 2015), though their 

precise role, if any, in the VNO remains elusive.  

On the other hand, V1Rs are encoded by genes with a single 

exon, and each VSN is known to express one (or a few) V1R receptor, 

from a single random allele. Although the monoallelic expression is 

well supported in the literature, the monogenic expression has been 

examined in a limited number of VRs and still needs further 

experimental evidence. What it seems clear is that V1Rs do not 

overlap with any other type of VRs (V2Rs and FPRs) within the same 

VSN (Rodriguez, 2008).  

Structurally, V1Rs have short N-terminal extracellular domains 

and they may bind ligands through the transmembrane region (Del 

Punta et al., 2000). At the functional level, V1Rs function as 

pheromone receptors in the VNO. They can detect individual or 

multiple molecules (Francia et al., 2014), mostly low molecular 

weight volatile cues involved in gender discrimination and sexual 

behaviors (Silva and Antunes, 2017). For instance, deletion of 16 

mouse V1Rs have proven to impair social behaviour and eliminates 

VNS responsiveness to specific pheromones (Del Punta et al., 2002; 

Ohara et al., 2009). Later studies demonstrated that V1Rs can 

distinguish various classes of steroids such as androgens, estrogens, 

and glucocorticoids, suggesting their role as detectors of the animal 

physiological state (Isogai et al., 2011). 

All in all, it seems clear that V1R receptors have evolved to detect 

a broad range of specie-specific external cues used for individuals’ 
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interaction, and simple comparisons of the V1R gene repertoire, even 

between closely related species, may lead to unexpected and 

fascinating findings, which ultimately would bring us one step closer 

to the understanding of social communication in mammals. 

2.1.2.2 Vomeronasal type-2 receptors 

V2R receptors also belong to the seven-transmembrane 

domain GPCR family, but they share no sequence homology with 

V1Rs. Thus, V1Rs and V2Rs are generally considered to have 

evolved independently. V2R genes have been identified in vertebrates, 

and are supposed to be restricted, similar to V1Rs, to this subphylum 

(Rodriguez, 2008). In contrast to V1Rs, the number of functional 

V2Rs is not correlated with VNO complexity (Grus et al., 2007). The 

largest V2R gene repertoire is found in amphibians (see Table 1). In 

mammals such as mice and rats, 61 (updated to 122 by Ishii and 

Mombaerts, 2009) and 57 V2R genes with intact open reading frames 

have been reported, respectively (Yang et al., 2005); therefore, V2R 

repertoire in rodents appears to be smaller than the V1Rs repertoire. In 

other species such as opossum and platypus, 90 and 15 V2Rs have 

been found, respectively. Until recently it was thought that 

aryctiodactila did not posses V2Rs, but a few active V2R genes were 

found encoded in the genome of cattle, goats, sheep and pigs (Kondoh 

et al., 2022). Nonetheless, no functional V2R genes have been found 

in dogs, chimpanzee, macaque and humans (Grus et al., 2007; Young 

et al., 2007) (Table 2). V2Rs also have a large repertoire of 

pseudogenes in mice (148) and rats (111) (Yang et al., 2005). Platypus 

and opossum have 57 (Grus et al., 2007) and 79 (Young et al., 2007), 

respectively, and between 9-20 were found in cow, dogs and humans 

(Young et al., 2007) (Table 2). 

At molecular level, V2Rs differ from V1Rs by the presence of 

introns and the long N-terminal extracellular region, which is encoded 

by five exons –in contrast with V1Rs that only hold one exon– and 

likely reflects the ligand-binding site (Francia et al., 2015).  

Despite the vast majority of V2R genes were only expressed in 

the VNO, Ibarra-Soria et al., (2014) found expression of one V2R in 
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the MOE, Vmn2r29, suggesting previous unrecognized mechanisms 

of pheromone detection in the MOE. 

Functionally, V2Rs have proven to detect high molecular weight 

non-volatile proteins and peptides (Roberts et al., 2010). In particular, 

the potential ligands for V2Rs include peptide pheromones such as 

exocrine gland-secreting peptide 1 (ESP1) (Kimoto et al., 2005), 

mouse urinary proteins (MUPs) (Chamero et al., 2007) and MHC 

peptides (Leinders-Zufall et al., 2004). Later studies suggested that 

V2Rs may be devoted to encode information about the identity of 

emitters (i.e. gender identity, heterospecifc cues such as predator vs 

non-predator), with clear behavioural significance (Isogai et al., 2011). 

At gene expression levels, both V1Rs and V2Rs showed variation 

across different mice strains. Although these differences are not 

equivalent to genetic differences at the nucleotide level, they are 

nonetheless important traits that can provide information about 

evolutionary divergence among mice strains (Duyck et al., 2017). 

Table 2. Number of V1Rs and V2Rs in different mammal species. Numbers in 
parenthesis indicate pseudogenes. Data obtained from Nei et al., 2008; Kondoh et 

al., 2022. 

Species V1Rs V2Rs 

Mice 187 (121) 121 (158) 
Rats 106 (66) 79 (142) 

Cattle 24 (8) 2 (11) 
Goats 9 (2) 1 (2) 
Sheep 16 (4) 1 (2) 
Pigs 16 (9) 10 (3) 
Dogs 8 (33) 0 (9) 

Chimpanzee 0 (116) 0 (17) 
Humans 5 (115) 0 (20) 

2.1.2.3 Formyl-peptide receptors 

FPRs are seven transmembrane domain GPCR belonging 

to the rhodopsin-like superfamily and were first described in immune 

cells (Le et al., 2002). In mammals, fpr1 and fpr2 are believed to play 

an important role in innate immune response and are expressed by 
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immune cells such as granulocytes and monocytes (He et al., 2013; 

Ackels et al., 2014). The evolutionary history of this immune family is 

highly complex (Silva et al., 2020); while a single copy of fpr1 has 

been described in mammals, fpr2 has undergone dynamic episodes of 

duplication events widely varying among species, that points towards 

the frequent neofunctionalization of this subfamily. In rodents, at two 

different times, an fpr coding sequence was integrated in a VR gene 

cluster, acquiring the regulatory elements of VRs and leading to their 

expression in the VNO. In other words, two gene shuffling events 

forced an immune pathogen sensor to transition into an olfactory 

chemoreceptor (Dietschi et al., 2017; Boillat et al., 2021). 

Consequently, in Rodentia, a third class of VNO receptors was found 

exclusively expressed in vomeronasal tissue and represents an 

expansion of the immune gene fpr2. VNO FPRs include 5 out of the 7 

members of the formyl peptide receptor family (fprs) -Fpr-rs1 (also 

known as Fpr3), Fpr-rs3, Fpr-rs4, Fpr-rs6 and Fpr-rs7, (Rivière et al., 

2009; Liberles et al., 2009). There is no evidence of co-expression of 

FPRs with V1Rs or V2Rs, and it has been argued that specific subsets 

of VSNs exclusively express FPRs in a monogenic manner (Liberles 

et al., 2009; Riviere et al., 2009). 

The ligand types that bind VNO FPRs remain largely unknown 

but they might play a role in VNO pathogen sensing (Bufe et al., 

2012) and in mediating sickness conspecific avoidance (Boillat et al., 

2015;Tirindelli, 2021; Dietschi et al., 2017). In fact, Bufe et al., (2019) 

recently found that the non-volatile bacterial MgrB peptide activates 

an FPR subtype (Fpr3) which is expressed in a subset of vomeronasal 

sensory neurons and which drives avoidance behaviour (Bufe et al., 

2019). Although this represents the only functional study of any FPR 

in the VNO to date, FPRs constitute promising candidates for the 

detection of sickness-related cues. Therefore, VNO FPRs may have an 

important function at controlling the virulence of infections, placing 

this sensory organ as a potential interface between the external world 

and the immune system (Bufe et al., 2012, 2015, 2019). 

Finally, although most studies on FPRs have been restricted to 

rodents and primates (Dierschi et al., 2017; Yang and Shi, 2010), 

recent finding showed fpr2 paralogs in Chiroptera and Perissodactyla, 
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though their putative expression in the VNO remains unknown (Silva 

et al., 2020). These results suggest that fpr2 expansions may have not 

been restricted to Rodentia, and further studies using high quality 

genome assembles will help deciphering the evolutionary history of 

this unusual genomic event.  

2.1.2.4 H2-Mv receptors 

In mice, nine genes belonging to the family of non-

classical class I major histocompatibility complex (MHC) genes (H2-

Mv), were found differentially expressed in subsets of basal VNO 

neurons (Ishii et al., 2003; Loconto et al., 2003; Ishii and Mombaerts 

2008; Leinders-Zufall et al., 2009). These vomeronasal-specific genes 

were found co-expressed with V2R (Ishii et al., 2003). To our 

knowledge, no information of H2-Mv genes has been reported in other 

mammal species. Functionally, although dispensable to trigger 

physiological responses in the VNO neurons, H2-Mv genes contribute 

to ultrasensitive detection of pheromones by a subset of VSNs 

(Leinders-Zufall et al., 2014). However, their specific role in the VNO 

needs further investigation and in fact whether these molecules should 

be considered as pheromone receptors remains controversial (Ishii and 

Mombaerts 2008; Francia et al., 2014). 

2.1.3 Signal transduction mechanisms 

VNO signal transduction is complex and not yet fully 

understood. Most studies have focused on the transduction 

mechanisms for V1Rs and V2Rs receptors, but new studies are now 

questioning the traditional view in which specific G proteins -Gαi2 

and Gαo- were thought to directly correlate with V1R and V2R 

expression. 

In general, in the VNO the signal is initiated by a pheromone-like 

ligand binding to one of two types of VNS-specific GPCRs, V1Rs or 

V2Rs. This binding modifies the receptor conformation, causing the 

release of the βγ complex of the heterotrimeric G proteins Gαi2 and 

Gαo, for V1Rs and V2Rs, respectively. This activates phospholipase 

javascript:;
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C (PLC), which will increase levels of two secondary messengers, 

diacylglycerol (DAG) and inositol 1,4,5- triphosphate (IP3) (Minke 

and Cook, 2002). Both DAG and IP3 increase the intracellular 

calcium level -DAG by activating the Trpc2 channel allowing a 

depolarizing influx of Na
+
 and Ca2

+ 
and IP3 by allowing the release of 

intracellular calcium stores- (Figure 7). Trpc2 appears to be the main 

transduction channel in V1R-expressing neurons but its role in V2R-

expressing neurons is less clear (Francia et al., 2014). While some of 

the signal transduction molecules are common to other signal 

transduction pathways, three types of VNS genes (V1Rs, V2Rs, and 

trpc2) are known to function in the VNS-specific chemoreception. 

 

 
 

Figure 7. Transduction mechanisms of V1Rs and V2Rs. PLC: phospholipase C; 
DAG: diacylglycerol; IP3: inositol 1,4,5- triphosphate. Modified from Tirindelli et 

al., 2009. 
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In some orders such as Rodentia and Didelphimorphia, VNO 

show segregated expression of specific G-protein coupled receptors: 

Gαo, expressed at the basal VNO neuroepithelium; and Gαi2, 

expressed at the apical part, (Halpern et al., 1998). However, not all 

mammalian VNOs have this segregated pattern (i.e. in fox Gia2 and 

Gαo were found intermingled in the VNO neuroepithelium (Ortiz-Leal 

et al., 2020). Furthermore, as previously mentioned, in some mammal 

species intact V2R genes have completely degenerated (see section 

‘2.1.2.2 Vomeronasal type-2 receptors’), and consequently, they 

usually lack VNO Gαo expression. Accordingly, two types of VNO G 

expression patterns can be defined: 1) dichotomous expression of Gαo 

and Gαi2 in species with intact V1Rs and V2Rs such as mouse, rat, 

opossum (Jia and Halpern, 1996) and 2) exclusive expression of Gαi2 

in species which lack V2Rs such as goat (Takigami et al., 2000), 

sheep (Salazar et al., 2007), dog (Salazar et al., 2013) and cat (Salazar 

and Sanchez-Quinteiro, 2011). Notwithstanding, recent studies have 

added an additional level of complexity to this organization: in fox, 

Gαo expression has been found in the VNO but no V2Rs (intact or 

pseudogenes) have been identified in the fox genome (Ortiz-Leal et 

al., 2020). The authors suggested that this would be the first case in 

mammals in which no V2Rs pseudogenes exist and point towards low 

quality fox genome assemblies, more than a real scientific fact. 

In any case, VSNs project their axons to the AOB glomerular 

layer (see Figure 8 and section ‘2.2.2 Functional circuitry of the 

AOB’). Species that express both types of G proteins –Gαi2 and Gαo– 

show an expression pattern restrictive to the anterior (Gαi2 

expression) and posterior (Gαo expression) parts of the AOB 

(glomerular and nerve layers), respectively. If the species only 

expresses Gαi2, its expression covers the entire surface of the 

glomerular-nerve layers of the AOB. In fox, where Gαo expression 

was found in the VNO, such expression was lacking at the AOB level, 

suggesting that Gαo-mediated projections from the VNO could be 

reaching the MOB rather than the AOB (Ortiz-Leal et al., 2022). 

Additionally, results from our group (unpublished) indicate that rabbit 

fetus show strong patterns of Gαi2 and Gαo in both the VNO and the 

AOB, but the expression of V1Rs and V2Rs –analyzed by RNAseq– 
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is almost absent.  

Finally, VNO FPRs have also proved to co-express with Gαi2 and 

Gαo. Specifically, Fpr-rs1 coexpresses Gαo and all the rest (Fpr-

rs3,4,6,7) coexpresses Gαi2 (Liberles et al., 2009).  

In summary, these results show that although Gαi2 and Gαo 

usually show a correlated expression with V1Rs and V2Rs, 

respectively, they do not exclusively do; and that the interplay 

between the VNS and the MOS could be already established at the 

first step of the sensory processing. Though it seems clear that all of 

the mentioned elements (i.e. V1Rs, V2Rs, G proteins, Trpc2, etc.) 

contribute to the signal transduction machinery, the logic behind their 

expression appears to be highly complex and other yet unknown 

specie-specific G proteins and vomeronasal receptors may also be 

implicated in signal detection and transduction.  

2.2 Accessory olfactory bulb  

VSNs axon bundles form the vomeronasal nerve, which enter the 

brain through the cribriform plate and target a specialized region 

usually located at the posterior dorsal part of the MOB -it seems to be 

embedded in it-; the AOB. The AOB is therefore the first neural 

integrative centre of the VNS. Although this structure was first 

described in the late 19
th

 century by Gudden (1870) and it was one of 

the earliest cortical areas studied by classic neuroanatomist, its 

apparent absence in humans together with its extremely high 

complexity has hampered its investigation, especially at cytological 

and neural circuit levels. Both AOB and MOB share some similarities 

including their layered organization, classes of neuronal cell types and 

functional connectivity (Mohrhardt et al., 2018). Note, however, that 

both structures also show important differences with major 

physiological implications and therefore, extrapolation of the 

structural and functional principles from the MOB to the AOB should 

be taken with caution (Dulac and Wagner 2006; Stowers and Spehr 

2015). The next part of the introduction will focus on the main 

features of the AOB, particularly in comparison to those of the MOB. 
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2.2.1 Structure of the AOB 

The AOB is located at the anterior part of the encephalon and 

caudally to the MOB. Both MOB and AOB present a comparable 

structure in terms of layers and cell-types. Since the MOB has been 

more broadly studied than the AOB, the layering and cell-type 

nomenclature of the AOB have been an extension of that previously 

described in the MOB. Though this seems a practical and suitable 

approach, it has sometimes led to misunderstanding and lack of 

accuracy of some AOB specific features. 

In general, both MOB and AOB can be understood as elongated 

onions made up of different layers that are organized in concentric 

circles (Olude et al., 2014). Traditionally, the layers that form the 

MOB and, by extension, also the AOB are –from the outside to the 

inside of the bulb– 1) the nerve layer (VNL), 2) the glomerular layer 

(GlL), 3) the external plexiform layer (EPL), 4) the mitral cell layer, 

5) the internal plexiform layer (IPL), and 6) the granular layer (GrL) 

(Allison, 1953) (Figure 8). The latter can be split into external and 

internal granular layer. 
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Figure 8. Schematic representation of the VNS pathway from the environment 
to the VNO and to the AOB, showing the different AOB layers. The layers of the 
AOB and the different types of neurons are represented. VNO: vomeronasal organ; 
AOB: accessory olfactory bulb; ECL: external cellular layer; ICL: internal cellular 
layer; VNE: vomeronasal neuroepithelium; VNL: vomeronasal nerve layer; GlL: 
vomeronasal glomerular layer; EPL: external plexiform layer; MCL: mitral/cell 
layer; IPL: internal plexiform layer; eGrL: external granular cell layer; iGrL: 

internal granular layer; VSNs: vomeronasal sensory neurons. Modified from Galliano 
Lab at https://gallianolab.org/. 

 

Regarding cell types, the AOB is provided with excitatory 

principal cells (the MOB homologous are named as mitral/tufted cells) 

that receive input from OSNs and send output to higher brain centers. 

They are found in the MCL (also in the EPL in some cases) and can 

be subdivided according to their shape (i.e. rat AOB: large principal 

cells, round projecting cells and tufted cells (Larriva-Sahd, 2008). 

There are also inhibitory interneurons (IN): periglomerular cells in the 

GlL and granule cells in the GrL. 

Due to the high complexity of the system, even though advances 

have been made recently in terms of cell-types and specie-specific 

features, the current literature still maintain the traditional 

nomenclature as a reference, and very few studies face the variability 

and complexity of the bulbs. Importantly, Larriva-Sahd (2008) on his 

study of the rat AOB pointed towards the need of differentiating the 

AOB and MOB nomenclatures and proposed a new nomenclature to 

the AOB. His team proposed two new layers: the external cellular 

layer (ECL), containing the plexiform layers (EPL and IPL), the 

MCL, and the external part of the GrL; and the internal cellular layer 

(ICL), replacing the internal GrL (Figure 8).  

The AOB appears to retain the structural dichotomy observed in 

the VNO: the two main subsets of either Gαi2 or Gαo expressing 

neurons target two segregated regions in the VNL and GlL along its 

rostro-caudal axis. Gαi2 positive neurons are located in the rostral 

region of the AOB, whereas Gαo-positive are expressed in the 

posterior region of the AOB. Though this is usually correlated with 

the expression of V1Rs and V2Rs, respectively (Martinez Marcos, 

2008), this is not always the case (see section ‘2.1.3 Signal 

https://gallianolab.org/


GENERAL INTRODUCTION 

 

87 
 

transduction mechanisms’ for detail). Also, axons of FPR-rs3-

expressing VSNs converge onto multiple (~8) glomeruli in a spatially 

restricted region of the rostral AOB, which does not overlap with 

V1Rs and V2Rs expressing VSNs (Dietschi et al., 2013; Mohrhardt et 

al., 2018). 

Phylogenetically, the AOB has been subjected to higher species-

specific structural and variations than the MOB (Meisami and 

Bhatnagar 1998), especially in terms of AOB location, shape, size, 

cell-types specificity, morphological features and developmental 

patterns. AOB is well developed in rodents (Rodriguez et al., 1999), 

marsupials (Jia and Halpern 2004), and prosimians (Skeen and Hall, 

1977). In some species such as dogs (Salazar et al., 2013), mink 

(Salazar et al., 1998) and some bats (Frahm and Bhatnagar, 1980), the 

AOB is present but appears to be poorly developed, and in some 

others such as African elephant (Ngwenya et al., 2011), West Indian 

manatee (Mackay-Sim et al., 1985) and human (Trotier et al., 2000), 

the AOB is absent or has not yet been identified.  

Additionally, regarding sexual dimorphism, previous studies on 

adult rats showed differences in the AOB volume of males and 

females (Segovia et al., 1984), as well as in the density of new-born 

cells at the anterior part of the AOB (Peretto et al., 2001), which 

appears to be specifically linked to discriminating reproductive-related 

chemosensory stimuli (Dulac and Torello, 2003; Oboti et al., 2009). 

2.2.2 Functional circuitry of the AOB 

VSNs project their axons directly to the AOB, which is the 

initial site of the adult mammalian brain where vomeronasal sensory 

information is first processed. VSNs expressing VRs project their 

axons to activate multiple neuropil sac-filled structures, known as 

glomeruli which reside in the GlL of the AOB. Glomeruli are tightly 

clustered and sparsely surrounded by periglomerular IN. Contrary to 

the MOB, periglomerular cells do not define a clear boundary around 

each glomeruli but rather establish a fine line which separates the GlL 

from the MCL (Tirindelli et al., 2009). An important difference 

between the AOB and the MOB is that while each OSNs expressing 
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one olfactory receptor target only a single or a selectively few MOB 

glomeruli, VSNs expressing the same VR can target multiple 

glomeruli, (Belluscio et al., 1999; Rodriguez et al., 1999; Mombaerts 

et al., 1996; Treloar et al., 2002). These data, together with the 

spatially complicated functional organization of the AOB glomeruli –

which involves activity of either selective juxtaposition or specific 

dispersion of glomeruli (Hammen et al., 2014)-, give rise to a highly 

complex olfactory sensory map of the AOB glomeruli.  

Within the glomeruli, VSN axon terminals release glutamate and 

make excitatory synapses with principal projection neurons, principal 

cells which reside in the ECL. These synapses, together with the 

‘similar’ synapses established at a parallel level in the MOS are the 

first synapses established in the olfactory system and they are 

anatomically considered the most plastic synapsis of the whole 

encephalon, which undergo significant changes not only during 

development but also throughout adult life (Grubb et al., 2008). Other 

important difference between the AOB and the MOB is that in the 

MOB each mitral cell contacts a single glomerulus whereas in the 

AOB multiple dendrites from a single principal cell contact multiple 

glomeruli. This feature provides the AOB with potential for 

integrating multiple sensory channels already at the level of the first 

synapsis of the circuit (Mohrhardt et al., 2018) (Figure 8). Principal 

cells in turn convey the vomeronasal sensory information towards 

higher centers including the medial amygdala and bed nucleus of the 

stria terminalis (see section ‘2.3 Higher centers: limbic system and 

hypothalamus’) (Scalia and Winans, 1975; Cansler et al., 2017). 

Remarkably, principal cells activity is modulated by inhibitory IN 

–periglomerular cells in the GlL and granular cells in the GrL–. 

Though they play a key role at controlling input processing and may 

coordinate the spiking of principal cells, their specific roles are not yet 

fully understood (Arruda et al., 2013).  

2.2.3 Neuronal clusters in the AOB 

In the ICL, one cluster of pyramidal-like neurons delimited 

by the myelinic fibres of the dorsal lateral olfactory tract (LOT), a 
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structure which conducts axons from both AOB and MOB projection 

neurons (Larriva-Sahd, 2008), was first described by Ramón y Cajal 

(1904) in guinea pig. Later studies demonstrated the presence of an 

additional second cluster in hedgehog, defining them as α and β 

clusters (Valverde et al., 1989). The α-cluster was further studied by 

Larriva-Sahd (2012) in rats, mice and guinea pigs, suggesting a 

functional role in sensory quality detected by the AOB and the MOB. 

No information about the presence of these clusters in other species or 

their precise functional role has been proposed in the literature. 

However, the possibility that specific information coming from VSNs 

expressing Gαo could be processed at the level of these clusters in 

species which do not show AOB Gαo expression has been 

hypothesized (Ortiz-Leal et al., 2022). 

2.2.4 Neurochemistry of the AOB 

Neurochemical studies of the AOB are very useful to 

characterize the different layer and cell-types as well as to define the 

anterior-posterior AOB zones and identify new cell-types with 

specific molecular properties. Antibodies anti-Gαi2 and anti-Gαo label 

the anterior and posterior part of both the VNL and GlL of the AOB, 

respectively –note that some species lack of Gαo expression (see 

section ‘2.3 Higher centers: limbic system and hypothalamus’ for 

detail)–. The somas and dendritic trees of principal cells of the AOB 

can be well-defined using α-glutaminase (GLS) and microtubule 

associated protein 2 (MAP-2) antibodies, respectively. The neuronal 

growth and maturation can be examined with anti-growth-associated 

protein 43 (GAP-43), and anti-olfactory marker protein (OMP) 

staining, respectively. Additionally, two members of the group of 

calcium-binding proteins –calretinin and calbindin– label different 

layers and characterize morphologically and functionally diverse 

subclasses of periglomerular cells in the MOB (Iseppe et al., 2016), 

and in the AOB (Porteros et al., 1995; Briñón et al., 2001; Jia and 

Halpern, 2003; 2004). Finally, glial and ensheathing cells are well-

characterized with an antibody against glial fibrillary acidic protein 

(GFAP). Additionally, lectin staining (i.e. Ulex europaeus (UEA-I), 

Bandeiraea simplicifolia (BSI-B4), and Lycopersicon esculentum 
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(LEA)) are also a useful method to characterize the AOB features. 

All in all, the MOB and the AOB can be understood as structures 

which contain heterogeneous groups of cells with different 

morphological, molecular and electrophysiological properties 

(Nagayama et al., 2014). The continuous discovery of new cell types 

and neural circuits has complicated the establishment of a 

comprehensive model that represents the neural connections of the 

olfactory sensory map (Merckle et al., 2014). Further AOB studies 

should aim at gaining a better understanding of the heterogeneity of 

AOB neurons and also at expanding the range of animal models, 

considering the species-specificity of the VNS (Mohrhardt et al., 

2018). Studying the AOB structure and function in different species 

will represent one step further towards understanding how the VSN 

process sensory information to drive specific behaviours. 

2.3 Higher centers: limbic system and hypothalamus 

Principal cells of the AOB (second order neurons) send their 

axons to third-order limbic system nuclei including the medial 

amygdala (MeA) and the posteromedial cortical nucleus, which 

together comprise the vomeronasal amygdala (Martinez-Marcos 2009; 

Gutierrez-Castellanos et al., 2014; Stowers and Liberles 2016; also see 

Figure 51.2 in Stowers and Spehr (2015) to visualize all amygdala 

nuclei which receive AOB inputs); therefore, vomeronasal signals 

largely bypass the thalamocortical axis. In fact, despite the limbic 

system is traditionally considered to mediate hardwired signals 

(Meredith 1991), increasing data suggests flexibility and experience-

dependent modulation along the AOS pathway (Yang and Shah 2014).  

According to Lanuza et al., (2008), the amygdala is the only 

structure in the brain receiving pheromonal information directly from 

the AOB (Lanuza et al., 2008). The MeA appears to be ‘divided’ in 

sub-regions which are specifically activated depending on a given 

stimulus (Stowers and Spehr, 2015). Also, anatomical and functional 

evidence suggest that the V1R/V2R segregation established at the 

level of the AOB is maintained in the anterior MeA and in the bed 

nucleus of the stria terminalis (Mohedano-Moriano et al., 2007; 2008). 
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The first evidence of functional sexual dimorphism arises downstream 

at the level of the MeA, where male pheromone- evoked activity is 

overrepresented in females while female pheromone-evoked activity is 

overrepresented in males (Bergan et al., 2014). Finally, the last major 

processing module between VNO sensory input and output command 

–this latter will directly trigger neuroendocrine release and/or the 

generation of specific motor patterns– is the hypothalamus (Lo and 

Anderson 2011), especially the ventromedial hypothalamus (Stowers 

and Liberles, 2016). It is important to highlight that this direct 

connection of the vomeronasal amygdala to the hypothalamus 

underlies the link between the AOS and neuroendocrine alterations, 

emotional changes, and social/sexual behavior. Neural activity from 

the MeA can directly engage the hypothalamus (Lo and Anderson, 

2011; Pardo-Bellver et al., 2012). Alternatively, the signal can be 

further processed by either the bed nucleus of the stria terminalis, a 

region which is thought to integrate homeostatic and sensory 

information (Dong et al, 2001; Dumont, 2009) or by the hippocampus, 

directly related to territorial behaviour in mice. This latter suggest that 

an amygdalo-entorhino-hippocampal circuit underlying pheromone-

mediated territorial behaviour (Villafranca-Faus et al., 2021). 

However, and as previously mentioned, VNO and AOB studies 

have not shown functional sexual dimorphism to date. In this doctoral 

thesis I will tackle the potential sexual dimorphism of the VNO and 

the AOB in a species close to mice, but which is exposed to a more 

‘natural environment’ – farmed rabbits. Special interest will be paid to 

the VNS plasticity, with sex-specific differences being tested under 

particular environmental scenarios. 

All in all, the VNS system has many species-specific features 

subjected to extreme adaptations throughout evolution. Understanding 

its morphological and molecular rationale in different species –in 

particular in mammals– is essential to decipher how this system drives 

fundamental behaviours. In this PhD thesis, we approached the VNS 

of rabbits (see ‘section 4. Rabbits’ for details) at anatomical (chapter I 

and II), genomic (chapter III and IV), and behavioural (chapter V) 

levels, providing comprehensive knowledge of the VNS molecular 

biology and pheromone-mediated behaviours of this species.   
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3. PLASTICITY OF THE VOMERONASAL SYSTEM 

‘Neural plasticity’ is a general term commonly used for any structural 

or functional change observed in the brain/nervous system, in 

response to experience, aging and injury. It includes changes in 

neuron and glial cells in terms of electrophysiological and network 

firing properties, cell abundance, gene expression and structural 

modifications affecting axons, dendrites or synapses (von Bernhardi et 

al., 2017).  

Plasticity in the VNS was largely discarded, since it somehow 

contradicted the well-described innate and hardwired properties of the 

system. As we previously described, the VNS takes over perceiving 

pheromones, which were long thought to trigger fixed and well-

defined behavioural responses (Oboti and Pereto, 2014). However, in 

the last few decades, this stereotyped view has proven to be wrong 

since individuals can learn and adapt specific responses depending on 

the perceived stimulus -including pheromones-. In other words, some 

behavioural responses conducted by the VNS are highly modulated by 

learning and context; this is a form of experience-dependent VNS 

plasticity (Brennan, 2010; Kaur et al., 2014; Lanuza et al., 2014; Xu et 

al., 2016; Moharadat et al., 2018; Marom et al., 2019; Trouillet et al., 

2021; Villafranca-Faus et al., 2021), concept that was long considered 

inappropriate to this system (Mohrhardt et al., 2018). In contrast, the 

MOS has largely been linked to associative abilities and social 

learning (Marom et al., 2019). Such traditional dichotomy has been 

replaced by an emerging picture in which both systems –VNS and 

MOS– show substantial overlap in terms of the chemical signals they 

perceive as well as the effects that they trigger (Zufall and Leinders-

Zufall, 2007). Additionally, despite the terms ‘associate’ and ‘innate’ 

do not apply anymore to MOS and VSN respectively, distinction 

between circuits that mediate innate and learnt responses could occur 

within each system (Marom et al., 2019). In this section, the VNS 

plasticity will be approached, with special focus on the VNO and 

VSNs. Comparison between VNS and MOS will be made when 

appropriate.  
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3.1 Plasticity of the VNO 

The VNO possesses high plasticity to cope with environmental 

changes. This fresh view is of paramount to understand the functional 

and molecular rationale underlying the VNO and ultimately 

demonstrate how VNO inputs modulate behaviour. Therefore, VNO 

plasticity will likely mark a turning point in the field of 

chemocommunication and should always be considered in further 

VNS studies. 

Specifically, VNO plasticity has been shown in recent studies in 

mice. Marom et al., (2019) demonstrated that responses triggered by 

VSNs are highly plastic and greatly vary upon experience and among 

individuals. Experience-dependent plasticity triggers significant 

changes in the abundance of specific functional types of VSNs, 

inducing specific behaviours (Xu et al., 2016). Also, VSNs showed 

strong short and long-term sensory adaptation. Such adaptation is 

defined as an experience-dependent feedback that allows tuning 

physiological responsiveness to the continuous presence of a given 

stimulus (Wong et al., 2018). Additionally, experience also affects 

gene expression of VRs (Broad and Keverne, 2012; Zhang et al., 

2010). In particular, experiments of long term (6-months) 

environmental modulation via sex-separation (animals not exposed to 

members of the opposite sex since birth) have demonstrated that VRs 

and overall VNO gene expression (RNAseq) in mice significantly 

differ from those VRs and VNO of sex-combined individuals (animals 

continuously exposed to members of the opposite sex since birth) 

(Van der Linden et al., 2018; Santoro and Jacob, 2018). However, it 

remains unclear whether this is a long-term effect or else a shorter 

exposure to this specific condition would follow a similar effect. 

Finally, to date, VNO plastic capacity has only been investigated 

in rodents, which are exposed to strict laboratory conditions. Studying 

chemosensory plasticity outside of laboratory conditions –i.e. farmed 

or wild animals– may give a more realistic picture of how the VNS 

adapts to a changing environment (this issue is approached in Chapter 

IV). 
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3.1.1 A lifetime of neurogenesis in VSNs 

Neurogenesis represents another key weapon in the adult 

nervous system’s plasticity armoury for dealing with a constantly 

changing world (Lledo et al., 2006). Briefly, though neurogenesis was 

largely linked to embryonic and early postnatal stages in vertebrates, it 

is nowadays well-known that newly generated neurons continue 

throughout life in specific regions of the nervous system. In particular, 

three main neurogenic niches have been identified: 1) subgranular 

zone –which send neurons to the dentate gyrus of the hippocampus –; 

2) subventricular zone –which send interneurons (mostly granular but 

also periglomerular cells) to the main and accessory olfactory bulb–; 

and 3) olfactory and vomeronasal neuroepithelia –which generate new 

excitatory olfactory and vomeronasal sensory neurons whose axons 

connect to the main and accessory olfactory bulb, respectively 

(Kageyama et al., 2012; Brann and Firestein, 2014). The two latter 

supply new neurons to the first level structures of the olfactory system 

–sensory neurons and olfactory bulbs–. Notably, adult neurogenesis in 

the olfactory system, and in particular in the olfactory bulb, is of 

paramount for sensory discrimination, odour-based learning, and 

reproductive social behaviours (Pignatelli and Belluzzi, 2010; Lledo 

and Valley, 2016). However, while the role of subventricular zone 

neurogenesis in learning seems clear (Moreno et al., 2014), the 

olfactory neuroepithelia remains understudied (Brann and Firestein, 

2014).  

VSNs originate as stem cells in the marginal zones near the dorsal 

and ventral aspects of the VNO and then migrate horizontally along 

the basal zone where they differentiate into first immature and then 

mature functional VNO neurons. It is commonly known that VSNs 

undergo regeneration throughout life both physiologically and after 

injury (Martínez-Marcos et al., 2005; Brann and Firestein, 2014). 

Interestingly, though VSNs regenerative and proliferative capacity 

seems to decrease in natural aged animals (Mechin et al., 2021; 

Portalés et al., 2022), it remains robust in response to damage even 

with advanced age (Brann and Firestein, 2010). In contrast, aged 

hippocampus lacks of neuron regeneration following injury (Shetty et 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8111887/#bib0695
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8111887/#bib0485
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8111887/#bib0485
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al., 2010). This places VSNs at the forefront of stem cell therapies, 

which may require isolation from an aged system, as the onset of most 

neurodegenerative diseases is during later life stages (Brann and 

Firestein, 2010). The functional rationale of VSNs regeneration is not 

clear, but it seems to be influenced by epigenetic effects (Xia et al., 

2010).  

All in all, VSNs neurogenesis remains an underexplored yet 

promising field of study. Future work should aim at understanding the 

proliferative nature of these neural stem cells, especially in the context 

of their therapeutic implications (Brann and Firestein, 2010; 2014). Of 

note, even though OSNs neurogenesis is beyond the scope of this 

introduction (see in detail in Mackay-Sim et al., 2015), it follows a 

comparable pattern to that of VSNs. Overall, despite OSNs 

neurogenesis has been more broadly studied than VSNs neurogenesis, 

even with advance single-cell technologies (Hanchate et al., 2015; 

Durante et al., 2020), the regulation of olfactory neurogenesis is not 

completely understood in any of the two systems. 

3.2 Plasticity of the AOB 

MOB and AOB are structures that display an important plasticity 

receiving olfactory axons, newborn interneurons and showing 

adaptive changes of the intrinsic and also the centrifugal afferents 

neurons (Diaz et al., 2017; Zhang and Meeks, 2020). One of the main 

plastic mechanisms of these systems arise from the incorporation of 

new local GABAergic inhibitory neurons –mostly granular but also 

periglomerular interneurons (Oboti and Peretto, 2014)– to the existing 

circuits throughout life (Oboti et al., 2009; Wu et al., 2020). However, 

less is known about their neurochemical profile and functional 

integration into the bulb, especially in the case of AOB, where 

information processing is poorly understood compared with the MOB 

(Oboti et al., 2009; Zhang and Meeks, 2020).  

The maturation and survival of newborn interneurons in the MOB 

depends on sensory inputs, as shown by olfactory enrichment and 

deprivation studies (Rochefort et al, 2002; Mandaironetal, 2006). 

Indeed, 24 h sensory deprivation –via naris occlusion– is sufficient to 
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induce functional plasticity in a specific subtype of MOB interneurons 

(Galliano et al., 2018). 

Although renewing at a slower rate (Oboti et al., 2009), newborn 

cells in the AOB are likely to similarly contribute to VNS function. 

Sensory activity induced by chemical stimuli present in bodily 

secretions or urine increases the survival of newborn AOB 

interneurons (Oboti et al., 2009, 2011; Nunez-Parra et al., 2011). 

Interestingly, exposure to male-soiled bedding significantly increased 

the number of new neurons in the AOB of female mice (Oboti et al., 

2009), pointing towards a key role of newborn interneurons –and in 

particular granule cells– in the regulation of reproductive and social 

behaviour (Peretto et al., 2014). Subsequent studies showed that 

mating behaviour originates long-term sensory memory for the 

pheromones of the stud male, and that this is directly linked to mitral 

cells plasticity and AOB sensitivity (Gao et al., 2017). Furthermore, 

male-male social interaction has proven to drive AOB inhibitory 

plasticity in which mitral cell activation is suppressed by increased 

excitability of newborn granule cell (Cansler et al., 2017); this sensory 

inhibition is critical for the regulation of behavioural responses to 

social chemosignals (Zuk et al., 2022). Therefore, AOB adult 

neurogenesis and mitral cell vs interneuron communication seems to 

be regulated by an experience-specific mechanism and may be 

functionally linked to the specific role of the VNS in pheromone-

perception (Oboti et al., 2009), critical for animal physiology and 

behaviour (Zhang and Meeks, 2020). 

Finally, male pheromones have proven to be involved in 

regulating neurogenesis, not only in the AOB but also in the MOB and 

hippocampus (Mak et al., 2007). Further work should approach the 

molecular and circuit logic behind the AOB and the other neurogenic 

niches –MOB and hippocampus–, to understand how learning and 

social behaviours are impacted by newborn neurons. 

4. RABBIT 

Rabbit represents a suitable model of chemocommunication in 

mammals. Since rabbits are farmed for animal production and also 
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lately became pets, outcomes of our studies in rabbits will not only 

have impact in the research community but also set the basis to apply 

pheromones at industrial level, to enhance reproductive parameters 

and animal welfare. 

4.1 Taxonomy 

Rabbits have been considered rodents until early 20
th 

century. 

However, contrary to such popular belief, rabbits belong to the Order 

Lagomorpha and differ from rodents in several traits related to teeth -

they have an extra pair of incisors- and other digestive and 

reproductive features. Lagomorpha and Rodentia have diverged from 

a common ancestor called Glires around 64.5 millions of years ago 

(57.3–73.3) (Rose et al., 2008). Brandt (1855) already considered 

Lagomorphs as a suborder within rodents, but it was not until 1912 

when JW Gidley officially stated Lagomorpha as a separate Order.  

Lagomorpha is divided into 2 families comprising 92 species: 

Ochononidae (29 species; pikas) and Leporidae (63 species; rabbits 

and hares) (Ruedas et al., 2018). The European rabbit (wild or 

domestic rabbit) is the most well-known species of rabbit and the only 

one belonging to the genus Oryctolagus. Its complete taxonomic 

classification is as follows (ITIS, 2022): 

Domain: Eukaryota 

    Kingdom: Metazoa 

        Phylum: Chordata 

            Subphylum: Vertebrata 

                Class: Mammalia (Linnaeus, 1758) 

                    Order: Lagomorpha (Brandt, 1855) 

                        Family: Leporidae (Fischer, 1817) 

                            Genus: Oryctolagus (Lilijeborg, 1873)  

                                Species: Oryctolagus cuniculus (Linnaeus, 

1758) – European Rabbit 

4.2 Biology 

The European rabbit (Oryctolagus cuniculus) is native to the 
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Iberian Peninsula, western France and Northwest Africa but it was 

successfully introduced in many countries across the world since 

medieval times, and its distribution is nowadays considered 

worldwide (Cooke, 2018). Their ear and eye are well-developed 

allowing early detection of predators. They also use a variety of 

olfactory signals / pheromones released by exocrine glands (i.e. chin 

gland for territory marking and mammary-gland for nipple-search 

behaviour) to communicate among themselves, and conduct 

information related to reproduction, dominances, maternal care, etc. 

(Melo and González-Mariscal, 2010). Rabbits are well-known for 

their reproductive capacity. Gestation lasts for about 30 days, and 

litters range between 6-10 kittens / litter. Females are of induced 

ovulation, which means that eggs are only released after copulation 

(Nowak, 1999; Vaughan et al., 2010).  

Rabbits have been raised commercially for meat, fur, as pets 

(Varga, 2014) and also for research purposes. In this latter, in addition 

of being a model of chemical communication studies (Schaal et al., 

2003), (see section ‘4.3 Rabbit as a model of chemocommunication’ 

for detail), they are well-known for antibody production and also 

became an animal model to study human physiology and pathology 

such as human pregnancy, fetal development or osteoarthrosis (Banks, 

1989; Esteves et al., 2018; Xu et al., 2021). 

4.3 Rabbit as a model of chemocommunication 

To date, most VNS studies have been focused on laboratory 

rodents. Due to the phylogenetic proximity between Rodentia and 

Lagomorpha, studies have been tempting to wrongly extrapolate 

information form mice and rats to rabbits (Salazar and Sanchez-

Quinteiro, 2009). As we stated throughout the introduction, the VNS 

greatly varies among species and even between strains and 

individuals, in terms of structure, function, and molecular and 

genomic features.  

Rabbits are considered one of the best models for studying 

chemocommunication in mammals (Schneider et al., 2018). This 

species remains as the only mammal species in which a mammary 
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pheromone, the 2MB2, has been fully characterised (Schaal et al., 

2003). MP is released by lactating females and triggers the nipple-

sucking reflex in rabbit neonates. Though previous studies pointed to 

the MOS as MP chemodector (Charra et al., 2013), receptors involved 

in its detection have still not been identified. Additionally, some 

behavioural studies have also pointed towards the importance of 

pheromone communication in rabbits (i.e. the rabbit ‘male effect’ 

points to an improvement of doe reproductive performance (El-Azzazi 

et al., 2017).  

The VNS ranks as the main pheromone detector system in 

mammals. However, it is a paradox that rabbits –considered a model 

of chemocommunication– lack of comprehensive VNS studies. 

Specifically, anatomical and physiological studies on the rabbit VNO 

and AOB have been scarce in the literature (see introductions of 

chapters I and II for more details). Also, rabbit VNO has not been 

included in most VNO phylogenetic studies and no functional 

genomic studies have been approached to assess gene expression (see 

introduction of chapter III). Therefore, behavioural studies lack of 

integrative approaches which consider the structural, functional and 

molecular rationale of pheromone-communication. Rabbit-specific 

new –OMIC technological studies at the level of the VNS are urgently 

needed, for example to decipher the rabbit VNO VR repertoire as well 

as to define its gene expression patterns. 

Farmed rabbits arise as a suitable model to study the structure and 

function of the VNS as well as to perform pheromone-like exposure 

trials. On the one hand, VNS studies in a more ‘natural’ environment 

(outside lab conditions) will provide a better picture of how this 

sensory system integrates external cues and internal states to instruct 

behaviour. On the other hand, results obtained could be directly 

translated into industry. Finally, rabbits are also a convenient species 

to work with because of its small size, easy handling, short 

reproductive cycle (1 month), and high fertility and prolificacy.  

4.4 Cuniculture  

Rabbit farming or cuniculture is the agricultural practice of 
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breeding rabbits as livestock, mainly to produce meat for human 

consumption. Rabbit meat is highly recommended, not only for its 

low fat content –similarly to other white meats– but also for its 

richness in highly-quality proteins, omega-3 fatty acids, vitamin B12 

and minerals like calcium and potassium (Cullere and Zotte, 2018).  

4.4.1 Current status of cuniculture  

The European Union (EU) is the second largest producer of 

rabbit meat worldwide, after China (EFSA, 2019). Cuniculture within 

the EU is mainly concentrated in three countries, representing the 83% 

of the total EU production: Spain (48.5 million of animals/year), 

France (29 million) and Italy (24.5 million) (European Commission, 

2017). Therefore, Spain is considered an industrial reference in rabbit 

meat production throughout the European territory. Specifically, our 

country generates more than 50,000 tons of rabbit meat annually. 

Within the Spanish territory, Galicia occupies the second position in 

the ranking, just after Cataluña, with a production of almost 11,500 

tons per year –data from 2018; there is still no available data of 

Galicia from 2019 onwards– (MAPAMA, 2021a; 2021b). In 

particular, the company COGAL (Rodeiro, Pontevedra), which has 

been actively collaborating with this PhD project, is responsible for 

more than 50% of the rabbit meat production in Galicia.  

Worldwide, from 2010 to 2016 rabbit meat market increased by 

1.16%, from 1,224,186 to 1,428,085 tons, with China as the largest 

rabbit meat producer (Li et al., 2018). Up to 2021, meat market has 

continued expanding modestly, with China followed by North Corea 

and Egypt as the main consuming countries (IndexBox, 2021).  

Cuniculture has a key role on diversification of the meat 

production sector in an increasingly demanding society from the 

food point of view. Accordingly, new farming strategies as well as 

national and international regulations on animal welfare, organic 

farming and climate change are urgently needed to ensure the 

sustainability of the sector, specifically in the EU (Cullere and Zotte, 

2018). In this PhD thesis, we are setting the baseline for the 

application of pheromones in cuniculture as a way of reducing the 
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use of injectable hormones, thus creating a more ‘natural image’ for 

the sector. In a broader scenario, pheromones might contribute to 

enhance animal production and welfare, covering both producers’ 

and consumers’ expectations. 

4.4.2 Reproductive performance in rabbit farms 

Since the end of the last century, the artificial insemination 

(AI) has been established as the most commonly used reproductive 

system in rabbit farms. Female rabbits are induced ovulating animals 

and lack of a defined and regular estrous cycle (Arias-Álvarez et al., 

2010). Therefore, to perform AI animals need to be synchronized in 

their maximum receptivity stage. Currently, this is induced by 

hormone treatments of GnRH and eCG (equine chorionic 

gonadotropin). Regarding GnRH, advances have been made and 

nowadays this hormone is included in the insemination straw, thus 

reducing animal handling (Vega et al., 2012). As for eCG, despite it 

can be administrated in several consecutive cycles without having 

unwanted effects (Maerten et al., 1995), it implies animal handling 

and greater workforce. Additionally, despite hormones are applied to 

mothers and not enter in the food chain, there has been an important 

discussion about the possibility of replacing hormones with different 

bio-stimulation methods for preserving the ‘natural image’ of rabbit 

meat.  

4.4.3 Biostimulation methods  

Biostimulation is an animal management practice which 

helps improving reproductive efficiency by modulating animal’s 

interaction with external sensory stimuli (visual, olfactory, 

pheromone, tactile, auditory, social and nutritional cues, among 

others). In most cases it allows individuals to develop their own 

natural behaviour, also contributing to the improvement of animal 

welfare (Theau-Clément et al., 1998). In rabbit farms, different 

biostimulation methods are usually employed –mostly in 

conjunction– to improve animal production: mother-litter separation 

(Garcia‐Dalmán and González‐Mariscal, 2012), feeding control 
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(Quintela et al., 2001), photoperiod programs (Mousa-Balabel, 

2011), animal manipulation and, the called ‘male effect’ (Theau-

Clement, 2008). Additionally, various biostimulation methods are 

generally used in conjunction with hormone treatment in doe rabbit 

farms to ensure reproductive efficiency (Keeling et al., 2019). 

4.4.3.1 Biostimulation methods based on pheromone 

communication 

The most powerful method of biostimulation is probably 

that which uses chemical or pheromone communication as a source of 

sensory stimuli. In fact, the terms ‘pheromone communication’ and 

‘biostimulation’ have been wrongly interchanged by the literature 

(Rekwot et al., 2001; Kerketa et al., 2017). We should then clarify that 

pheromone communication is used as one type of biostimulation, and 

relies on chemosensory cues to modulate individual behaviour, 

usually to enhance their reproductive performance. 

One example of biostimulation method based on pheromone 

communication –probably in conjunction with other visual and 

auditory cues–  is the commonly called ‘male effect’, in which 

females exposed to sexually active males trigger activation of 

luteinizing hormone (LH) secretion and synchronized ovulation 

(Gelez and Fabre-Nys, 2004). This practice is a valuable management 

tool exploited in small ruminant (Walkden-Brown et al., 1999; Martin 

et al., 2004; Gelez and Fabre-Nys, 2004) and swine (Chenoweth et al., 

2014) husbandry to stimulate the onset of puberty and to reduce the 

postpartum period. In rabbits, there is evidence that the presence of 

males increases the receptivity of females (Lefêvre et al., 1976), its 

fertility (Berepudo et al., 1993) and also induces sexual maturity in 

prepubertal rabbits (Frank, 1966). More recent studies point to an 

improvement of doe reproductive performance (El-Azzazi et al., 

2017), especially in does at first lactation (Bonnano et al., 2003) when 

they are exposed to male odors just before AI. However, published 

data are controversial (Kustos et al., 2000; Ola et al., 2012), 

hampering clear conclusions. Additionally, rabbit farms have 

implemented a biostimulation method based in female-female 
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interaction prior to AI, which seems to increase their receptivity, but 

their actual efficiency in terms of fertility and prolificity remain to be 

elucidated. 

All in all, pheromone communication has been largely 

approached from various independent disciplines but without an 

integrative approach between them, which would definitely offer a 

deeper understanding not only of the knowledge of chemical 

communication but also regarding pheromone applications in the 

industrial sector. For this reason, this work has involved a 

multidisciplinary approach, involving anatomy, genetics reproduction 

and behaviour. 
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AIMS 

 

The main objective of this work is to study the neuroanatomical and 

transcriptomic features of the rabbit –Oryctolagus cuniculus- 

accessory olfactory system and decipher its potential plasticity to 

adapt to different socio-environmental scenarios. Special attention will 

be paid to vomeronasal receptors and other reproductive and VNO 

functional genes. Furthermore, practical implications of pheromone-

communication will be assessed by measuring reproductive 

performance of female rabbits when exposed to either urine or seminal 

plasma. All data obtained in this study set the basis for further 

implementation of pheromones in farm management and thus 

naturally improve animal production and welfare. 

The specific objectives of the project are: 

1. To decipher the structural and morphofunctional features of 

the rabbit VNO to verify its role in chemocommunication 

(chapter I) 

2. To assess the structural and morphofunctional features as well 

as the potential sexual dimorphism of the rabbit AOB to verify 

its role in chemocommunication (chapter II). 

3. To characterize the rabbit VNO transcriptome and evaluate the 

gene expression differences between stages (prepuber vs 

puber) and sexes (females vs males). Special focus will be paid 

to vomeronasal receptors and other genes related to 

reproduction and VNO functional activity (chapter III). 

4. To analyze the potential plasticity of the rabbit VNO –via 

transcriptional modulation– by exposing animals to different 
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socio-environmental conditions (sex-separated vs sex-

combined). This will help understand how an individual can 

adapt to specifically respond to a continuous changing 

environment (chapter IV). 

5. To investigate practical implications of urine and seminal 

plasma as sources of pheromones in female reproductive 

technology. Specifically, we will explore receptivity, fertility 

and prolificacy levels of rabbit females when exposed to either 

rabbit male / female urine or seminal plasma just before 

artificial insemination (chapter V). 

  



 

 
 

 

 

 

 

 

 

MATERIAL AND 

METHODS (In brief) 



 

 
 

 



 

111 
 

 

 
 
 

MATERIAL AND 

METHODS (In brief) 

 

We provide here a brief description of the material and methods 

employed in this work. More detailed information can be found in the 

material and methods section of each chapter. 

All animals pertained to a commercial hybrid -Hyplus strains PS19 

and PS40 for female and male, respectively- and were maintained on a 

farm (Cogal SL, Rodeiro, Spain) under the same temperature 

conditions (18-24 °C), dark-light cycles of 12:12 hours and ad libitum 

feeding and drinking. All individuals were humanely sacrificed by an 

abattoir of the same company, in accordance with the current 

legislation. 

1. ANATOMICAL STUDY 

1.1 Animals 

- Vomeronasal organ: 20 individuals (males and females) of 60-

70 days old. 

- Accessory olfactory bulb: 10 individuals (males and females) 

of 3-10 months old. Additionally, 12 individuals (6 males and 

6 females) of 70 days old for morphometric studies. 

1.2 Techniques 

- Dissection and microdissection: Identification and extraction 

of the VNO and the olfactory bulb (OB), exposing the 

innervation from the VNO to the OB. Aspects such as the 
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irrigation and innervation of the VNO and its communication 

with the environment were studied, determining whether this is 

done directly through the nasal cavity or indirectly and doubly 

through both nasal and oral cavities.  

- Histological processing of the samples, included in paraffin for 

cutting into microtome (5-10 μm thickness). Both routine 

(Hematoxylin-eosin / Nissl stain) and specific histological 

stains (PAS, Alcian Blue, Gallego’s Trichrome, Tolivia and 

Bielschowsky) were used.  

- Immunohistochemical and histochemical techniques to obtain 

morphofunctional information. Lectins such as LEA, BSI-B4 

and UEA and antibodies against proteins such as Gαo and 

Gαi2, OMP, GFAP, GAP-43, MAP-2, glutaminase and 

calcium binding proteins (CB, CR) allowed us not only to 

discriminate the different cellular components of both 

formations (VNO and OB), but also to assess the expression of 

the two most important subfamilies of vomeronasal receptor, -

V1R and V2R- known to be associated to Gαi2 and Gαo 

expression, respectively. 

- Morphometric and stereological analysis of the rabbit AOB in 

both males and females to study sexual dimorphism. 

2. GENOMIC STUDY 

2.1 Animals 

24 animals for studying the rabbit VNO transcriptome, evaluating 

differential gene expression between different conditions, and 

assessing VNO plasticity. There were 3 animals per experimental 

condition, as follows: juvenile (40 days) and adult (180 days) males 

and females, and two different environmental scenarios: sex-separated 

and sex-combined. 

2.2 Technique 

We employed RNAseq.  

After sacrificing the animals, swift dissection of the VNO was 
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needed to avoid RNA degradation. The double VNO structure was 

immediately dissected out after opening the lateral walls of the nasal 

cavity and removing the palate and nasal turbinates. Samples were 

immersed in Trizol and kept in ice (~4°C). Tissue was homogenized at 

the sampling point using a mixer to guarantee the whole tissue sample 

is soaked by Trizol -due to the double bone and cartilage envelope of 

the rabbit VNO-. After 20 minutes, samples were stored at -80°C for 

further RNA extraction (RNeasy mini kit (Qiagen) with DNase 

treatment). RNA was sent to Novogene UK Company SL 

(Cambridge) for library construction and sequencing. The 

bioinformatics analysis included quality filtering (FastQC) and 

elimination of adapters and barcodes (Trimmomatic v3.0). Filtered 

reads were aligned against the rabbit genome (OryCun2.0) and 

assigned to genes based on the latest annotation of the rabbit genome 

using STAR v.2.7.0e two-pass mode. Additionally, Kallisto, a 

software that pseudoaligns reads to a reference genome producing a 

list of transcripts that are compatible with each read while avoiding 

alignment of individual bases, was also used to compare the results 

between STAR and Kallisto.  

3. FIELD STUDY 

3.1 Animals 

The behavioural study was done in groups of 60 females. 

According to the experimental design, there were five experimental 

groups and the experiment was repeated three times over a 120-day 

period (once each 40 days, according to the female reproductive 

cycle). Even though some individuals were the same at different 

experimental time-points, we consider them as ‘different individuals’ 

because the data obtained was new each time. In total, for the 

behavioural study we employed 60 x 5 x 3 = 900 females in 

reproductive stage. 

Urine was obtained from 25 mature males and 25 mature females 

(> 180 days) by ultrasound-guided cystocentesis 24 h before the 

behavioural experiment (and kept at 4 ºC overnight). Considering that 
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the experiment was repeated three times, we employed a total of 75 

males and 75 females. 

Seminal plasma was provided by an AI center from 60 mature 

males (>180 days) 24 h prior to the behavioral experiment. Ejaculates 

were mixed together and centrifuged at 3000 rpm, 10 min, to obtain 

the seminal plasma, which were then kept at 4 ºC overnight. Similarly, 

60 x 3 experimental time-points = 180 mature males. 

3.2 Experimental design 

Evaluation of specific female rabbit (doe) reproductive 

parameters when they are exposed to biological fluids –urine and 

seminal plasma of adult individuals (6 months old)–. Groups of 60 

females/each (between third and seventh birth) were exposed to (1) 

female urine, (2) male urine, (3) seminal plasma and (4) female–

female (F–F) separated, just before AI, and compared to a ‘golden 

method’ F-F interaction. The following reproductive parameters were 

analyzed for each group: receptivity (vulvar color), fertility (kindling 

rate), prolificacy and number of born alive and dead kits/litter. For 

conditions 1, 2 and 3, the corresponding stimulant was sprayed around 

the nose area, 1 h, 15 min, and 1 min before insemination. 

Specifically, 1 mL nasal spray was used in each exposure per animal, 

in total, 3 mL / individual. AI and the corresponding handling were 

always performed by the same farm workers to reduce statistical 

noise.  

 

 

 



 

 
 

 

 

 

  

 

 

 

 

CHAPTER I 

Morphological and 

immunohistochemical study of 

the rabbit vomeronasal organ 

 

Paula R Villamayor, José Manuel Cifuentes, Patricia Fernández de 

Troconiz, Pablo Sánchez-Quinteiro
*
 (2018) Morphological and 

immunohistochemical study of the rabbit vomeronasal organ. Journal 

of Anatomy 233:814—827. doi: 10.1111/joa.12884. 

Department of Anatomy, Animal Production and Clinical Veterinary 

Sciences, Faculty of Veterinary, University of Santiago de 

Compostela, Lugo, Spain. 
*
Corresponding author. 

  



 

 
 

 



 
 

 

 

 

 

 

 

 

CHAPTER II 

Structural, morphometric and 

immunohistochemical study of 

the rabbit accessory olfactory 

bulb 

 

Paula R Villamayor
1
, José Manuel Cifuentes

1
, Luis Quintela

2
, 

Ramiro Barcia
3
, Pablo Sánchez-Quinteiro

1*
(2020) Structural, 

morphometric and immunohistochemical study of the rabbit accessory 

olfactory bulb. Brain Structure and Function 225:203–222. doi: 

10.1007/s00429-019-01997-4.  

1
Department of Anatomy, Animal Production and Clinical Veterinary 

Sciences, Faculty of Veterinary, University of Santiago de 

Compostela, Lugo, Spain. 
2
Department of Animal Pathology, Faculty 

of Veterinary, University of Santiago de Compostela, Lugo, Spain; 
3
 

Department of Biochemistry and Molecular Biology, Faculty of 

Veterinary, University of Santiago de Compostela, Lugo, Spain. 
*
Corresponding author. 



 

 
 

 



 

 
 

 

 

 

 

 

 

 

CHAPTER III 

Analysis of the vomeronasal 

organ transcriptome reveals 

variable gene expression 

depending on age and function 

in rabbits 

 

Paula R Villamayor
1,2

, Diego Robledo
3
, Carlos Fernández

1
, Julián 

Gullón
4
, Luis Quintela

5
, Pablo Sánchez-Quinteiro

2*
, Paulino 

Martínez
1
 (2021) Analysis of the vomeronasal organ transcriptome 

reveals variable gene expression depending on age and function in 

rabbits. Genomics 113:2240–2252. doi: 

https://doi.org/10.1016/j.ygeno.2021.05.007. (Open Access). 

1
Department of Zoology Genetics and Physical Anthropology, Faculty 

of Veterinary, University of Santiago de Compostela, Lugo, Spain; 
2
Department of Anatomy, Animal Production and Clinical Veterinary 

Sciences, Faculty of Veterinary, University of Santiago de 

Compostela, Lugo, Spain; 
3
The Roslin Institute and Royal (Dick) 

School of Veterinary Studies, University of Edinburgh, Midlothian, 

UK; 
4
Conejos Gallegos, COGAL SL, Rodeiro, Pontevedra, Spain; 

5
Department of Animal Pathology, Faculty of Veterinary, University 

of Santiago de Compostela, Lugo, Spain. 
*
Corresponding author. 

https://doi.org/10.1016/j.ygeno.2021.05.007


 

 
 

 



 

 
 

 

 

 

 

 

 

 

CHAPTER IV 

Sex separation unveils the 

functional plasticity of the 

vomeronasal organ in rabbits 

 

Paula R Villamayor
1,2*

, Julián Gullón
3
, Luis Quintela

4
, Pablo 

Sánchez-Quinteiro
2
, Paulino Martínez

1†
, Diego Robledo

5†
 (2022) Sex 

separation unveils the functional plasticity of the vomeronasal organ 

in rabbits. Frontiers in Molecular Neuroscience (2022) 15:1034254. 

doi: 10.3389/fnmol.2022.1034254. (Open Access). 

1
Department of Zoology Genetics and Physical Anthropology, Faculty 

of Veterinary, University of Santiago de Compostela, Lugo, Spain; 
2
Department of Anatomy, Animal Production and Clinical Veterinary 

Sciences, Faculty of Veterinary, University of Santiago de 

Compostela, Lugo, Spain; 
3
Conejos Gallegos, COGAL SL, Rodeiro, 

Pontevedra, Spain; 
4
Department of Animal Pathology, Faculty of 

Veterinary, University of Santiago de Compostela, Lugo, Spain; 
5
The 

Roslin Institute and Royal (Dick) School of Veterinary Studies, 

University of Edinburgh, Midlothian, UK. 
*
Corresponding author. 

†
These authors contributed equally to this work and share last 

authorship.  



 

 

  



 

 
 

 

 

 

 

 

 

 

 

CHAPTER V 

Assessment of biostimulation 

methods based on chemical 

communication in female doe 

reproduction 

 

 

Paula R Villamayor
1,2*

, Julián Gullón
3
, Uxía Yáñez

4
, María 

Sánchez
3
, Pablo Sánchez-Quinteiro

2
, Paulino Martínez

1
, Luis 

Quintela
4
 (2022) Assessment of biostimulation methods based on 

chemical communication in female doe reproduction. Animals 

12:308. doi: https://doi.org/10.3390/ani12030308. (Open Access). 

1
Department of Zoology Genetics and Physical Anthropology, Faculty 

of Veterinary, University of Santiago de Compostela, Lugo, Spain; 
2
Department of Anatomy, Animal Production and Clinical Veterinary 

Sciences, Faculty of Veterinary, University of Santiago de 

Compostela, Lugo, Spain; 
3
Department of Animal Pathology, Faculty 

of Veterinary, University of Santiago de Compostela, Lugo, Spain; 
4
Conejos Gallegos, COGAL SL, Rodeiro, Pontevedra, Spain. 

*
Corresponding author. 

https://doi.org/10.3390/ani12030308


 

 
 

 

 



 

 
 

 

 

 

 

 

 

 

 

DISCUSSION 

 



 

 
 

 



 

309 
 

 

 

 

DISCUSSION 

 

This discussion highlights the importance of approaching pheromone 

communication from an integrative perspective, considering both 

basic research (i. e. structural, molecular, behavioural approaches, 

etc.) and applied research to the industrial sector. This means that 

pheromone market should always go hand with hand with research 

studies to ensure final product efficiency and security. Additionally, 

due to their fundamental role in pheromone perception, vomeronasal 

receptors –VRs, FPRs and sex-steroid receptors– are also extensively 

approached in this discussion. We will pay special attention to the 

plastic capacity of sex-specific VRs upon environmental modulation 

and discuss their potential implication in the ‘male effect’. We will 

also highlight the extranasal VRs gene expression and their potential 

functional implications. Finally, we will point towards new 

vomeronasal receptors yet to be discovered and provide evidence of 

sex-steroid receptors as possible pheromone receptor candidates. 

Overall, the high complexity of pheromone perception and in 

particular of vomeronasal receptors, calls for further investigations 

into their physiological and molecular rationale. 

1. IMPORTANCE OF AN INTEGRATIVE APPROACH IN 

CHEMOCOMMUNICATION RESEARCH 

As we stated throughout this manuscript, pheromone-mediated 

chemical communication plays a fundamental role in animal 

reproduction and physiology. Our main goal was to gain an in-depth 

understanding of chemocommunication mediated by the VNS in 

rabbits through a multidisciplinary approach that combines traditional 

morphofunctional analysis (chapter I and II) with innovative 
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transcriptomic and molecular methodologies (chapter III and IV), but 

also, behavioural field studies that measure reproductive parameters 

related to pheromone exposure (chapter V). A main outcome of this 

approach would be transferring results to the productive system by 

applying pheromonal compounds for improving rabbit farming, 

ameliorating reproductive parameters and animal welfare, as well as 

reducing the usage of hormones in farms. 

Getting into the detail, the structural and morphofunctional study 

of the rabbit VNO (chapter I) shows a well-developed structure, with 

an extensive venous vasculature, which differs from any other group 

of mammals (Vaccarezza et al., 1981; Barrios et al., 2014). This, 

along with a double bone and cartilaginous envelope, strongly 

suggests that the rabbit VNO is very active at receiving pheromones 

by pumping VNO mechanisms (see discussion of chapter I for detail).  

Also, the expression of the two vomeronasal G-protein families –gαi2 

and Gαo– in the rabbit VNO neuroepithelium (chapter I) and in two 

segregated regions of the AOB –Gαi2 at the anterior part and Gαo at 

the posterior part (chapter II)–, likely correlates to the expression of 

VRs, since a link between the expression of V1Rs with Gαi2 and 

V2Rs with Gαo is generally assumed–. Remarkably, preliminary data 

from our group have shown that in rabbits at perinatal stage there is no 

correlation between the expression of VRs and their corresponding G-

protein (Villamayor et al., 2019; 2022a). This is rather surprising and 

contradicts most of the VNO traditional studies to date (Halpern and 

Martinez-Marcos, 2003; Suarez et al., 2011a). Notwithstanding, it 

demonstrates the importance of approaching VNS studies from an 

integrative perspective (morphofucntional vs gene expression studies 

in this case) and points towards the necessity of more in-depth studies 

regarding the real association between V1R and V2R with Gαi2 and 

Gαo, respectively.  

The broad diversity of VRs together with the lack of specific 

antibodies hampers their mophofunctional characterization. Genomic 

data complement very well structural studies. We employed gene 

expression analysis (RNAseq) to identify and update the active VR 

repertoire in rabbits –we found 128 V1Rs and 67 V2Rs– (chapter III). 

The number of VRs greatly varies among species (from > 250 in mice 
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to ~ 8 in dogs) (Grus et al., 2005; Young and Trask, 2007), and 

comparisons of VR repertoires and their gene expression patterns have 

been done across a range of mammals, demonstrating that each 

species has a ‘quasi-private’ repertoire to detect and respond to a wide 

variety of external signals (Wynn et al., 2012). 

We also analyzed the rabbit VNO gene expression variation 

across different socio-environmental conditions (chapter IV). Indeed, 

we identified that VRs were especially up- and down- regulated in 

sex-separated juvenile females and sex-separated adult females, 

respectively. Our data revealed that VRs expression repertoire in 

rabbits is environmentally modulated which contrasts with results 

obtained from a similar experimental study in adult mice (Van der 

Linden et al., 2018) (see discussion of chapter IV for details). If we 

translated our rabbit data into a rabbit farm perspective, where males 

and female are usually located in separated facilities, we would expect 

that females not exposed to males –rabbit farm routine– would display 

down-regulation of their VRs repertoire –according to our sex-

separation study (chapter IV)–, and this could be linked to a lower 

reproductive performance. Then, if we were to expose females to 

sexually mature males –the so-called ‘male effect’, which is known to 

increase female receptivity and fertility (Gelez and Fabre-Nys, 2004; 

El-Azzazi et al., 2017)–, how would VRs expression behave? In other 

words, are VRs implicated in the ‘male effect’ and if so, how would 

their gene expression patterns be like?  

The physiological rationale underlying ‘the male effect’ remains 

largely unknown, but pheromones are likely to be the main key 

players at driving such behaviour. Therefore, we would expect a direct 

functional implication of the VNO and VRs in the ‘male effect’. 

Knowing that adult females show overall down-regulation of VRs 

when sex-separated (chapter IV) and assuming, that exposure to males 

(‘male effect’) would lead to an increase in reproductive performance, 

the ‘male effect’ could be guided by an increase of VRs expression in 

females when exposed to sexually active males. Importantly, since the 

VNO has shown experience dependent plasticity (Marom et al., 2019), 

this would likely explain why the ‘male effect’ is ‘acute’ –meaning 

that it is effective only if the exposure takes place during a short 
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period of time–. Instead, chronic exposure to males eventually leads to 

a drop in female reproductive performance (Gelez and Fabre-Nys, 

2004). This fact could be explained by the saturation of VRs and the 

consequent reduction of their expression (see theory use-it-and-lose-it 

in discussion of chapter IV). Further behavioural and gene expression 

analysis are needed to verify this hypothesis. Since we have already 

established a protocol for testing female reproductive performance 

following ‘pheromone exposure’ via biological fluids (chapter V), and 

we also have long experience with gene expression analyses (chapter 

III, IV), we are equiped with the experience to design experiments 

aimed at testing the functional implication of VRs in ‘male effect’. 

At a more basic scientific level yet essential to know how the 

VNS drives behaviour, a further step would be to identify how those 

vomeronasal inputs are processed in the brain. We have provided an 

extensive structural and morphofunctional analysis of the rabbit AOB, 

but also determined its structural sexual dimorphism -female rabbit 

AOB presents higher morphometric values than male (chapter II)-. 

This is in accordance with previous data from Guillamón and Segovia 

(1997), who also identified sexual dimorphism in rats, but with higher 

morphometric values in male than in female. We have no explanation 

for these opposite patterns between the two species, and the functional 

role of such AOB dimorphism remains unknown. 

In any case, we argue that the structural AOB sexual dimorphism 

may play a role at mediating sex-specific behaviours. The nature of 

the AOB is highly complex due to continuous neuroregeneration of 

inhibitory interneurons that somehow regulate the signaling of 

principal cells. Considering the importance of these newborn neurons 

in the regulation of reproductive and social behaviour, further studies 

in rabbits should aim at deciphering their functional implication in the 

AOB circuit, and it might be wise to address the studies in a sex-

specific manner. In order to do so, we could take advantage of a recent 

study that has provided insights into the complex physiology of mice 

AOB interneurons, and which set the basis for future studies of AOB 

function, circuits and plasticity mechanisms (Maksimova et al., 2019). 

Also, new OMICs techniques, such as single-cell RNAseq and spatial 

transcriptomics, are providing new insights into the cellular 

https://pubmed.ncbi.nlm.nih.gov/?term=Maksimova%20MA%5BAuthor%5D
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heterogeneity of adult born MOB interneurons as well as the complex 

organization of the MOB glomerular map in mice (Tepe et al., 2018; 

Wang et al., 2022). These cutting-edge techniques have not yet been 

applied to the AOB, but they constitute promising opportunities to 

tackle the molecular rationale of the AOB. Therefore, 

multidisciplinary approaches including new –OMICs but also new 

imaging techniques, as well as electrophysiological recordings would 

be crucial to understand the functional and structural interplay of this 

tinny structure, extremely necessary for animal reproduction and 

survival.  

All in all, pheromone communication has been largely 

approached from various independent disciplines, but without an 

integrative strategy, which would definitely provide a deeper 

understanding, not only of the knowledge of chemical communication, 

but also regarding pheromone applications for the industrial sector. 

For this reason, this doctoral thesis approaches the VNS from 

anatomical, genomic, behavioural and reproductive points of view, 

and other new approaches such as proteomics and volatolomics are 

already in the track. As a result, it is expected an improvement in the 

reproductive parameters and well-being of farmed rabbits through 

pheromone implementation. 

2. COMPLEXITY OF VOMERONASAL CHEMORECEPTORS 

Vomeronasal receptors have evolved independently in the 

different taxa and species to detect a broad range of chemical stimuli 

and instruct specie-specific behaviours. Despite many advances in the 

field have been made in the past few years (reviewed in Tirindelli, 

2021), we still do not know how pheromones / chemical cues bind 

vomeronasal receptors, and therefore approaching the study of these 

receptors in different species and from a multidisciplinary perspective 

will help framing how this system works and ultimately how it affects 

species-specific behaviours. This part of the discussion exposes the 

high complexity of vomeronasal receptors, with special focus on the 

VRs gene expression variation depending on socio-environment 

conditions as well as its expression in extranasal tissues. Also, due to 
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the identification of a new family of vomeronasal receptors –FPRs– 

which was exclusively found in mice (Liberles et al., 2009; Rivière et 

al., 2009), we raise the question of whether there may be species-

specific families of vomeronasal chemoreceptors yet to be discovered. 

Finally, the expression of sex-steroid receptors in VSNs together with 

the fact that steroids act as VNO stimuli are rather new concepts 

which open new avenues for studying whether such sex-steroid 

receptors could be identified as a new type of vomeronasal receptors. 

2.1 V1R and V2R receptors  

V1R and V2R receptors are among the gene families showing 

broader variation in gene number across vertebrate lineages (Nei et al., 

2008; Shi and Zhang, 2007). Due to this species-specificity, 

vomeronasal studies should always be addressed in each species 

independently and from a comparative point of view among species. 

Extrapolations from one species to another might lead in most cases to 

mistaken conclusions (Salazar and Sanchez-Quinteiro, 2009). 

Additionally, we should keep in mind intraspecific variation as a 

source for local adaptation of populations and further as the raw 

material for evolutionary studies. 

We performed a phylogenetic study of the rabbit VRs and 

compared it to that of mice –a phylogetically close species– (chapter 

III). Our data revealed that rabbits have undergone several expansions 

from ancestral genes, which have been completely lost in mice, and 

that are distributed in a few independent clades. Additionally, VRs 

seemed to group in clusters in the rabbit genome. For example, we 

found 30 V1R genes in chromosome 9. However, most of the VRs 

appeared in scaffolds not anchored to chromosomes, and although 

they may also be grouped, a new rabbit genome assembly will be 

necessary to appropriately address this question. In contrast to mice, in 

which VRs have been extensively classified in the literature (Yang et 

al., 2005; Miller et al., 2020), rabbit VRs have not yet been grouped in 

different subfamilies. In an attempt to classify them, we contacted 

Prof. Leif Anderson´s group from Uppsala University, which recently 

released a new rabbit genome assembly, OryCun 3.0 (2020), but this 
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genome is not annotated and therefore we could not use it in our 

analysis. According to Prof. Anderson, this assembly would not be 

annotated due to specific issues related to old PacBio chemistry, 

which produced small gaps in the assembly, but a new OryCun 4.0 

assembly is in the way, which will be critical for future VNO studies, 

especially considering the evolutionary history of vomeronasal 

receptors. 

It is well documented that VNO-mediated behaviour is sexually 

dimorphic (i. e. male pheromones such as MUPs or ESP1 evoke 

territorial aggression when detected by another male, but promote 

sexual attraction and receptivity when detected by females) (Tan and 

Stowers, 2020). Morphological sexual dimorphism has been found at 

every stage of the vomeronasal pathway, including the VNO, AOB, 

amygdala, and hypothalamic areas (Guillamón and Segovia, 1997; 

Segovia et al., 2006; chapter II). However, the first evidence of 

functional sexual dimorphism occurs in the MeA (Bergan et al., 2014; 

Tan and Stowers, 2020), thus suggesting that both sexes may equally 

detect cues, which in turn will be differentially processed in each sex 

at higher brain centers. This hypothesis is also supported by the fact 

that VRs expression was found to be similar in male and female mice 

exposed to the same environmental conditions (Ibarra-Soria et al., 

2014b). Consistent with this, our data demonstrated that, in rabbits, 

VNO and VRs expression patterns follow a similar logic in males and 

females exposed to the same environmental scenario (chapter III).  

Nevertheless, considering that the VNO is a sensory organ which 

takes over sensing a broad range of chemical stimuli from the external 

world, this landscape –meaning the similar VNO and VRs expression 

patterns found in males and females exposed to similar environments– 

could change if animals are subjected to different environmental 

conditions. Indeed, studies in mice showed that the VNO is able to 

adapt responses to a given scenario, demonstrating its experience- and 

state- dependent plasticity (Lanuza et al., 2014; Mohrhardt et al., 

2018; Marom et al., 2019; Trouillet et al., 2021; Villafranca-Faus et 

al., 2021). Also, VRs gene expression has proven to be affected sex-

specifically by particular environments in mice (Van der Linden et al., 

2018). In our study, we showed for the first time the rabbit VNO 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4038839/#bib27
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plasticity under different socio-environmental conditions (chapter IV). 

Specifically, our sex-separation vs sex-combined experimental 

approach, where animals do not contact with members of the opposite 

sex since birth vs in close contact since birth, revealed that VNO and 

VRs gene expression differs between males and females under the two 

studied environmental conditions. This result proved that despite sex 

itself does not influence VRs expression as long as animals are 

exposed to same environment (demonstrated in rabbits in chapter III), 

such expression dramatically changes when animals are exposed to 

different scenarios (chapter IV). We argue that sexual dimorphism of 

the VNS and specifically of the VRs should always be considered 

according to the environment to which animals are exposed to, 

because despite sex might not be a condition itself, responses to a 

given environmental condition are definitely shaped in a sex-specific 

manner. 

Additionally, considering that the VNO has been suggested to 

play a role at puberty onset (Szymanski and Keller, 2014; Cross et al., 

2021), we extended our study to juvenile individuals. When 

comparing the gene expression of juvenile rabbit VNO to that of 

adults –under same environmental conditions–, striking differences 

were detected between the two stages. However, the VR repertoire 

showed little gene expression differences between the two stages 

(chapter III). This would follow a similar logic as the one described 

above for male and female adults under the same environmental 

conditions –equal capacity for detecting cues through the VNO, but 

different ways of processing the information at higher brain centers–. 

Our next question was to determine whether juvenile VNO and VRs 

expression would also be affected by exposure to a particular 

environmental, and if so, whether this would also be sex-specific. 

Following a similar approach as outlined above, we determined that 

juvenile VNO and VRs gene expression repertoires sharply vary upon 

environmental conditions in females but not in males, thus pointing to 

a functional role of the VNO at the onset of puberty (see discussion of 

chapter IV for details). Finally, the DEGs repertoires found between 

sex-separated and sex-combined conditions greatly differ between 

juveniles and adults, thus proving that the VNO and VRs not only 

https://www.sciencedirect.com/science/article/pii/S0166432814003544#!
https://www.sciencedirect.com/science/article/pii/S0166432814003544#!
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show sex- but also stage-specific gene expression, and this is 

conditioned by a given environment. All in all, considering that until 

now chemical cues / pheromones were thought to be equally detected 

in males and females by the VNO and VRs, our data strongly suggest 

that the VNO and VRs are highly sensitive chemodectors with an 

outstanding plasticity to adapt to a continuous changing environment, 

and this is sex- and stage-specific.  

2.1.1 Extranasal expression of VRs 

An additional level of complexity of vomeronasal 

receptors comes from their extranasal expression. Outside olfactory 

organs, V1Rs expression was found in testis in mice and swine 

(Tatsura et al., 2001; Dinka et al., 2016), but also in brain, bulb, heart, 

kidney, and liver (< 7 genes / tissues) (Zhang et al., 2010), though 

their function remains unknown. As for V2Rs, despite the vast 

majority of V2R genes were only expressed in the VNO, Ibarra-Soria 

et al., (2014) found expression of one V2R in the MOE, Vmn2r29, 

suggesting previous unrecognized mechanisms of pheromone 

detection in the MOE. In other non-sensory tissues, only very few 

V2Rs were found, specifically in mice brain, bulb, heart, kidney, liver, 

and lung (< 5 V2Rs / tissue) (Zhang et al., 2010), but as for V1R, their 

potential functionality remains completely unexplored. In rabbits, we 

compared the VRs VNO expression to that of other seven rabbit 

tissues (hindbrain, forebrain, ovary, testis, liver, heart and kidney) 

available in the Rabbit Expression Atlas (Cardoso-Moreira et al., 

2019). We found high expression of extranasal VRs in testis, low 

expression in ovary and brain and no expression was found in heart, 

liver and kidney (see chapter III for detail). Despite VRs extranasal 

expression has not been comprehensively addressed in the literature, 

studies of extranasal ORs expression point to the necessity of further 

approaching this topic. Briefly, the traditional definition from Buck 

and Axel (1991) stated that ORs were only found in the main olfactory 

epithelium. However, a small subset of ORs was later found expressed 

in other chemosensory tissues such as the VNO (Lévai et al., 2006) 

and the septal organ (Kaluza et al., 2004; Tian and Ma, 2004). 

Additionally, soon after the discovery of ORs, their expression was 
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also found in testes (Parmentier et al., 1992), and despite not much 

attention was paid at that time, many studies since then have shown 

ORs expression in other tissues such as, liver and kidney, but also in 

cancer and immune cells (Neuhaus et al., 2009; Pluznick et al., 2009). 

Despite extranasal ORs specific function is still not clear, their role as 

fundamental genes in other parts of the body throughout evolution has 

been speculated. Strikingly, one OR found in macrophages was 

recently reported driving atherosclerosis (Orecchioni et al., 2022). 

Consequently, these studies are becoming a vibrant field, not only for 

their potential as disease biomarkers but also as key targets for disease 

treatments (Drew 2022).  By extension, this should also encourage 

further studies aimed at deciphering the functional role of extranasal 

VRs. 

2.2 FPRs 

It is well documented that the VNO plays a role in pathogen 

sensing (i. e. detecting sick individuals, harmful bacteria, etc.) (Boillat 

et al., 2015; Bufe et al., 2019), but less it is known about the 

vomeronasal chemoreceptors in charge of detecting pathological cues. 

It seems that the VNO should somehow be connected to the immune 

system to efficiently respond to pathologic cues. Interestingly, mice 

have undergone gene expansion of the immune gene FPR2, which 

gave rise to a new family of vomeronasal chemoreceptors –VNO 

FPRs–, found exclusively expressed in VSNs. While their function in 

VSNs is not clear, their potential role as chemodetectors of pathogen-

related cues has been discussed (Bufe et al., 2019). Interestingly, this 

family seemed to be rodent-specific since VNO FPRs have not been 

found in the genome of any other species. Our data in rabbits further 

support this view (chapters III, IV).  

However, rabbit VNO activity is still closely related to the 

immune system, demonstrated by the expression of immune-related 

genes in the VNO (chapter III, IV), thus supporting the fact that the 

VNO acts as an interface between the immune and the nervous system 

functions (Bufe et al., 2012). The rabbit VNO may act as a first barrier 

in the detection of external stimuli, including harmful pathogens 
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(chapters III, IV). We propose that studying the VNO immune cells 

repertoire may lead to the detection of species-specific expansion of 

different immune cells –similar to VNO FPRs in mice–. This may in 

turn lead to the identification of new types of vomeronasal 

chemoreceptors –in this case in rabbits, but that could also apply to 

other species as well–. Understanding how different species cope with 

pathogens and danger by sensing them through species-specific VNO 

chemoreceptors as well as framing it in an evolutionary context, 

becomes an appealing field for further studies. 

In our data, we found expression of FPR1 and FPR2 –immune 

receptors– in rabbits (chapter III), and such expression was modulated 

by specific environmental conditions (sex-separation vs sex-combined 

conditions) (chapter IV). In general, despite the physiological role of 

immune FPRs –FPR1 and FPR2– in the VNO remains unknown, their 

expression in VSNs has been discarded and they do not seem to have 

a function as vomeronasal receptors (Rivière et al., 2009). Instead, 

considering that the VNO parenchyma contains lymphoid tissue 

(Elgayar et al., 2014), one option would be that FPR1 and FPR2 act as 

immune receptors in this tissue. Nevertheless, the fact that these 

receptors are environmentally modulated suggests that the VNO 

immune function could be more complex and plastic than previously 

thought. All in all, it seems that the VNO takes advantage of the 

immune system to detect signals related to danger, pathogens, etc. for 

an efficient response to those threatens. 

2.3 Sex-steroid receptors 

Steroids have been shown to play a fundamental role in VNO 

chemosensation, but again the vomeronasal receptors in charge of its 

detection are still a mystery. Recently, it has been shown that V1R 

receptors are involved in the detection of sulfated estrogens (Haga-

Yamanaka et al., 2015) and bile acids (Wong et al., 2020). Also, sex-

steroid receptors were found in VSNs, suggesting a potential role in 

signaling actions of pheromones (Ploβ et al., 2014). In the discussion 

of chapter IV we raised two hypothesis of the potential implication of 

these receptors in steroid sensing: 1) sex-steroid receptors could act 
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jointly with VRs to detect steroids –in this case, VRs and sex-steroid 

receptors are expected to be found in the same VSN–; or 2) sex-

steroid receptors and VRs act independently –in this case, VRs and 

sex-steroid receptors are expected to be found in different VSN–. 

Validation of the latter hypothesis may rank sex-steroid receptors as a 

new type of pheromone-receptors. 

Accordingly, although outside the scope of this doctoral thesis, 

we have recently performed a single nuclei RNAseq analysis of the 

rabbit VNO, to better characterize VNO cell-types and pheromone 

receptors. Our preliminary data has revealed that VSNs expressing 

VRs do not overlap with VSNs expressing sex-steroid receptors 

(Villamayor et al., 2022b). Though this still needs further 

confirmation, it is an important feature that points to sex-steroid 

receptors as a new type of vomeronasal receptors. Additionally, other 

physiological and behavioural studies (i. e. knockout experiments of 

specific sex-steroid receptors that are known to respond to particular 

steroid cues) are also needed to test this hypothesis. 

When studying chemosensation, another layer of complexity 

needs to be added. On one hand, steroid-binding globulins have been 

found in VNO mucus but not in VSNs and they could sequester 

additional pheromones to deliver them to sensory cells –similar to the 

role of lipocalins– (Caldwella et al., 2019). Additionally, VNO is 

heavily vascularized, especially in rabbits (chapter I), and therefore 

accessible to self-circulating steroid hormones and peptides; 

accordingly, an individual could react to their own steroids. In fact, 

mice can regulate sensory signalling depending on their own 

hormonal state (Eckstein et al., 2020). Furthermore, estradiol can be 

locally synthesized in the VNO and modulates odorant responses 

mediated by VSNs, probably through estrogen receptors found in 

VSNs (Cherian et al., 2014). Finally, in some cases, the integrated 

action of various chemical compounds is needed (i. e. urinary estrus 

signals and sulfated estrogen) to trigger a specific behaviour (Haga-

Yamanaka et al., 2014). 

In summary, vomeronasal chemosensation is highly complex but 

many elegant studies in the past few years are providing valuable data 
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in part due to the advance of new genomic and imaging technologies. 

We believe that further studies aimed at understanding the VNO 

cellular and molecular rationale (i. e. single nuclei RNAseq or spatial 

transcriptomics techniques) would provide the needed framework for 

disentangling how pheromonal inputs are mediated by sensory 

neurons, potentially placing VSNs as a peripheral center that 

integrates internal states with external chemosignals. 

3. IMPLEMENTATION OF PHEROMONES IN THE MARKET 

As previously stated, pheromones are natural molecules that 

directly impact animal reproduction and behaviour. Therefore, they 

arise as an opportunity to improve reproductive performance in animal 

production (fertility, prolificacy, increase in semen quality and 

quantity, reduction of the use of hormones and antibiotics, etc.) and 

contribute to the improvement of animal welfare (i. e. reduction of 

stress). This can be extended to other animal purposes such as pet care 

or the control of endangered species and pests. Additionally, 

pheromones are innocuous for the animal, environment and final 

consumer, because they act at very low concentrations (10
-9

 ou 10
-12

) 

(Leinders-Zufall et al., 2000) –a recent patent [‘Composition of 1% or 

less than 1% of pheromones to control behaviour’, CEVA Sante 

Animale (FR) registration code US20181610278420180814, 

01/02/2017] has determined that the minimum quantity required for a 

pheromone to induce an effect is below the 1% of the total product 

(dissolved in serum or even water)–. Additionally, they do not have 

long-lasting history inside the body because they are not ingested or 

incorporated into the blood stream. Instead, they are directly received 

by the VNO (and also the MOE), which sends electrical inputs to the 

brain to elicit a physiological or behavioural response. Taken together, 

pheromone implementation in animal production has not only 

economic advantages but it is also committed to animal welfare and 

sustainable animal production, ensuring food quality and safety. 

Similarly, due to its natural origin, they also contribute to ecological 

transition. This is important because consumers are reluctant to the 

use of hormones in animal production (Szendrő et al., 2012) and they 

would rather buy products labeled as ‘ecological’ or ‘produced with 



PAULA RODRÍGUEZ VILLAMAYOR 

 

 
 

no added hormones’ (Yang et al., 2017).  

Considering all their advantages, how could pheromones be 

implemented in the market? There is an obvious need of connecting 

the research community to the industrial sector. Although many 

studies have approached chemocommunication from different 

perspectives (i. e. anatomical, molecular, behavioral, reproductive, 

etc.) (Salazar et al., 2013; Xu et al., 2016; Schaal et al., 2003; El-

Azzazi et al., 2017), all of them failed to address this issue from an 

integrative approach together with industry to further apply the 

research results into the market.  

In this doctoral thesis, we have tackled this issue by approaching 

pheromone research from a multidisciplinary perspective. We focused 

on rabbits, for being small –time-cost efficiency–, easy to work with, 

short breeding cycle and also because research results can be directly 

translated into the market –not only farms, but also rabbits as pets–. 

Additionally, rabbits are considered an endangered and invasive 

species at the same time
1
, and it would be wise to tackle this issue 

with pheromone therapies, together with ecological and conservation 

programs.   

Transferring our results to the industrial sector, and specifically to 

the cuniculture industry, has been in part facilitated by our 

collaboration with the rabbit farm COGAL SL –among the largest 

rabbit farms in Spain– since the beginning of the project. In addition 

to employing farm animals for all of our anatomical and genomic 

studies –thus ensuring farm environmental conditions–, we also 

performed a translational research study, in which female reproductive 

                                                           
1 In Australia rabbits are considered a pest, causing enormous ecological damage with a major 

impact on the native flora and fauna, and efforts to control and exterminate them have been 

implemented, without full success (Naff and Craig, 2012). It is less widely known, however, 

that rabbits are among the most globally threathened of all the mammals. In fact, their 

population is considered endangered in the Iberian Peninsula (Marín-García and Llobat, 

2021). Rabbits provide critical ecosystem services since they are keystones in the 

environment as a prey species for a wide variety of wild carnivores and they also play an 

important role at increasing availability of nitrogen in soil, species richness as well as plant 

growth and biomass (Smith, 2018). 
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parameters (receptivity, fertility, prolificacy) were assessed after their 

exposure to different biological compounds (urine, seminal plasma), 

as sources of pheromones (chapter V). Our results demonstrated that 

urine and seminal plasma did not significantly increase reproductive 

performance. Considering that the employed farm had overall high 

reproductive rates, further studies should be done in farms which have 

lower parameters. Additionally, a similar approach employing other 

sources of pheromones –i.e. extracts from exocrine glands such as 

chin or mammary glands– also calls for further investigations. In this 

regard, there is abundant evidence showing that different bodily 

secretions of male and female rabbits participate in regulating specific 

aspects of reproduction, such as mating, maternal behaviour and social 

hierarchy (Melo and González-Mariscal, 2010). For instance, rabbits 

deposit chin gland secretions by rubbing their chin on objects; this 

behaviour is called ‘chinning’ or ‘chin-marking’. Chin gland has 

proved to be involved in reproductive behaviour (González-Mariscal 

et al., 1990; 1993) and chinning frequency has shown to correlate with 

sexual receptivity in does (Melo and González-Mariscal, 2010). Our 

‘farm experimental design’ should be next performed with chin gland 

secretions to determine their potential implication in the improvement 

of reproductive efficiency. Furthermore, pheromone communication 

can also be exploited to improve male reproductive performance. 

Indeed, Rodríguez De Lara et al., (2010) found that male rabbits 

clearly showed greater libido, increase of semen volume, sperm 

motility and sperm ejaculate, and a higher number of semen doses, 

when exposed to does. This effect was termed ‘doe exposure effect’. 

Other key player in the chain is the pharmaceutical industry, 

directly in charge of product development processes. In this context, 

we have developed an ambitious business plan including research, 

product development and market to implement the use of pheromones 

in rabbit farms. This business plan was awarded with the first prize in 

the entrepreneurship program ARGOS of the University of Santiago 

de Compostela and also in the competition IdeaLugo
2
, and established 

                                                           
2
 ARGOS prize: https://www.usc.gal/gl/xornal/novas/argos-2019-premia-proxecto-

comercializacion-feromonas-naturais-comunicacion-accesible 

https://www.usc.gal/gl/xornal/novas/argos-2019-premia-proxecto-comercializacion-feromonas-naturais-comunicacion-accesible
https://www.usc.gal/gl/xornal/novas/argos-2019-premia-proxecto-comercializacion-feromonas-naturais-comunicacion-accesible
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the foundation to continue this work into the final goal: pheromone 

commercialization. 

Up to date, a few ‘putative pheromones’ have been 

commercialized, especially for dogs and cats (to control behaviour) 

but also for some farmed species (to control reproduction). However, 

most of them lacked scientific background, leading to inefficient 

products. For example, in rabbits the Rabbit Mammary Pheromone –

2MB2– is known to exclusively induce pup suckling behaviour 

(Coureaud et al., 2010; Charra et al., 2013; Schneider et al., 2016). 

Industrial market has taken advantage of this only characterized rabbit 

pheromone to date -2MB2-, by commercializing an analog called 

Rabbit Appeasing Pheromone, described as ‘pheromone products 

based on a combination of pheromones’ including the rabbit 

mammary pheromone 2MB2 (i.e. 1); Ceva Santé Animale created the 

first ‘Rabbit Appeasing Pheromone’ (http://www.asfc-

lapin.com/Docs/Activite/cuninov/Cuninov2007/Cuninov2007-

CEVA.pdf, 2007
3
; 2); and Sibpma and SIGNS laboratories have 

commercialized the SecureRabbit®, a synthetic analog of the maternal 

appeasing pheromone (licence IRSEA – US Patent 6-077-867, 6-054-

481 y 6-169-113) (https://sibpma.es/wp-

content/uploads/2020/12/Ficha-SecureRabbit%C2%AE-SIGNS-

2020.pdf)
5
. However, there are no published data (neither VNS 

neuroanatomical studies (sensory pathways involved, receptor 

                                                                                                                                        
IdeaLugo prize: https://www.elprogreso.es/gl/articulo/lugo/proxecto-mellora-benestar-animal-

feromonas-fai-premio-idealugo/202011251340161471891.html 
3 CEVA. According to their results, female rabbits were less stressed, and technical actions 

were easier. Moreover, fertility (percentage of parturitions per artificial insemination (AI), 

live born rabbits per litter and rabbits’ viability at birth improved (Bouvier et al., 2008, 

conference communication). This product is not available in the CEVA website, suggesting 

that is not being commercialized – we have no information whether it has ever been 

commercialized. 

4 SIBPMA pheromones prevent the negative effects of stress, improve animal production and 

enhance animal welfare. However, no scientific data has been reported and its efficiency 

should be considered with caution. 

5 SIBPMA pheromones prevent the negative effects of stress, improve animal production and 

enhance animal welfare. However, no scientific data has been reported and its efficiency 

should be considered with caution. 

http://www.asfc-lapin.com/Docs/Activite/cuninov/Cuninov2007/Cuninov2007-CEVA.pdf
http://www.asfc-lapin.com/Docs/Activite/cuninov/Cuninov2007/Cuninov2007-CEVA.pdf
http://www.asfc-lapin.com/Docs/Activite/cuninov/Cuninov2007/Cuninov2007-CEVA.pdf
https://sibpma.es/wp-content/uploads/2020/12/Ficha-SecureRabbit%C2%AE-SIGNS-2020.pdf)
https://sibpma.es/wp-content/uploads/2020/12/Ficha-SecureRabbit%C2%AE-SIGNS-2020.pdf)
https://sibpma.es/wp-content/uploads/2020/12/Ficha-SecureRabbit%C2%AE-SIGNS-2020.pdf)
https://www.elprogreso.es/gl/articulo/lugo/proxecto-mellora-benestar-animal-feromonas-fai-premio-idealugo/202011251340161471891.html
https://www.elprogreso.es/gl/articulo/lugo/proxecto-mellora-benestar-animal-feromonas-fai-premio-idealugo/202011251340161471891.html
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locations, etc.) nor any functional approach (gene expression, 

electrophysiology, neuroendocrine studies, etc.)) that justify the use of 

a ‘newborn suckling pheromone’ to improve the well-being of adult 

rabbits. 

In this context, it is important to highlight that pheromone market 

is not regulated by law. Indeed, a direct consult to the Spanish Agency 

of Medicines and Medical Devices (AEMPS) in 2021 indicated that 

since pheromone market is quite small and lacks specific legislation, 

this type of compounds could be considered under different laws 

depending on their characterization / identification processes (i. e. in 

Spain, ‘Law 29/2006’ if we consider pheromones as compounds 

obtained from glands). Some companies have taken advantage of this 

gap to sell ‘pheromone products’ without any scientific background, 

which –not surprisingly– turn out being extremely inefficient. It is 

therefore of utmost importance that the scientific community within 

the field tackles this issue, asking for the implementation of specific 

regulations in which pheromone products must prove a solid 

background which justifies its effectiveness before being sold. 

 



 

 
 

 

  



 

 
 

 
 
 

CONCLUDING REMARKS 

AND FURTHER STEPS 
 

This doctoral thesis set the basis for chemocommunication 

research in rabbit. It provides strong foundation of the structural and 

molecular basis of the VNS and specifically of VRs, as well as 

establishes a protocol for further field studies on pheromone-induced 

behaviours. Started from scratch five years ago, this project has 

already generated a great deal of relevant data which may ultimately 

contribute towards the competitive implementation of pheromones in 

the market. 

This work is included in a broader project of our group. The next 

steps include 1) molecular studies (proteomics, volatolomics, etc.) of 

biological fluids to characterize rabbit pheromones; 2) behavioural 

analysis of biological compounds other than urine and seminal 

plasma, such as extracts from exocrine glands, to study their impact in 

reproductive parameters of female and also male rabbits; 3) 

establishing the link pheromone-receptor by molecular studies (qPCR, 

in situ hybridization); and 4) field studies with potential pheromone 

candidates. All these analyses will benefit from the data obtained in 

this PhD thesis. The final goal of this approach is to improve animal 

production and welfare by the implementation of pheromones as 

natural molecules that contribute to the ecological sustainability of 

livestock production. Indeed, the validity of these results as well as of 

the coming research approaches have been recently supported by the 

Spanish Science and Innovation Ministry, with a 3-year project for 

their continuation. 
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CONCLUSIONS 

 

1. Vomeronasal chemoperception is highly complex and should 

always be approached from a multidisciplinar perspective. Our 

data provide extensive knowledge into rabbit 

chemocommunication, specifically at anatomical, genomic, 

reproductive and behavioural levels, providing the baseline for 

further translational studies aimed at implementing the use of 

pheromones in rabbit farms. 

 

2. At anatomical level, the rabbit, Oryctolagus cuniculus, holds a 

well-developed VNS –VNO and AOB–, which contains all 

necessary elements to develop an effective 

chemocommunication between individuals of the same 

species. 

 

3. The degree of structural development of the adult rabbit VNO 

is comparable to that of mammals with the highest level of 

chemocommunication. The VNO displays many species-

specific morphological features, such as a double direct and 

indirect communication –via nasal and oral cavities, 

respectively– to the external world. Pheromone circulation 

along the VNO length is ensured by its double bone and 

cartilaginous enveloped as well as its unique blood vessels. 

 

4. The adult rabbit AOB has a complex structure with specific 

topographic, lamination and neurochemical properties. It also 

contains three types of principal cells that significantly differ 
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in quantity between males and females, indicating structural 

sexual dimorphism. Additionally, four neuronal clusters 

composed of piramidal-like cells and found at the accessory 

bulbar white matter suggest an additional level of complexity 

of the AOB circuitry. 

 

5. Immunohistochemical and histochemical markers are valuable 

tools for characterizing the morphofunctional features of the 

rabbit VNS, especially the AOB. For instance, G-protein Gαi2 

and Gαo allowed the identification of two well-differenciated 

AOB regions –anterior and posterior, respectively–. 

 

6. At genomic level, the rabbit VNO transcriptome does not 

differ between males and females, but it significantly differs 

between adults and juveniles. It contains 128 and 67 V1Rs and 

V2Rs, respectively, as well as many genes involved in 

reproduction, immunity and VNO functional activity.  

 

7. The rabbit VNO is highly plastic and shows sex- and stage- 

specific gene expression differences upon socio-environmental 

conditions –via sex-separation and sex-combined scenarios-. 

VRs gene expression is significantly down- and up- regulated 

in sex-separated adult female and sex-separated juvenile 

female respectively. Similarly, genes involved in reproduction, 

immunity and functional activity are also highly plastic in 

terms of their gene expression patterns. 

 

8. Biostimulation methods employing urine and seminal plasma 

as source of pheromones did not affect the reproductive 

performance of female rabbits. Female-female interaction 

before artificial insemination, which is a common farm 

routine, displayed the same reproductive parameters to female-

female separation, and therefore this practice could be 

removed from rabbit farms to avoid unnecessary animal 

handling. 
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9. This study shows many VNS rabbit specific features and 

individual variability which indicates that extrapolation of data 

between species and even between individuals of the same 

species can lead to mistaken conclusion. Accordingly, species-

specific differences and individual variability should always be 

considered in VNO studies and overall chemocommunication 

research. 

 

 

 



 

 
 

 



 

 
 

 

 

 

 

 

 

 

 

 

REFERENCES 

  



 

 
 

  



 

337 
 

 

 

 

REFERENCES 

 

Ablimit A, Aoki T, Matsuzaki T, Suzuki T, Hagiwara H, Takami, 

S (2008) Immunolocalization of water channel aquaporins in the 

vomeronasal organ of the rat: expression of AQP4 in neuronal 

sensory cells. Chem. Senses 33:481–488. doi: 

10.1093/chemse/bjn015. 

Ackels T, von der Weid B, Rodriguez I, Spehr M (2014) 

Physiological characterization of formyl peptide receptor 

expressing cells in the mouse vomeronasal organ. Front Neuroanat 

8:134. doi: 10.3389/fnana.2014.00134. 

Adams GP, Ratto MH, Silva ME, Carrasco RA (2016) 

Ovulation-inducing factor (OIF/ß-NGF) in seminal plasma: a 

review and update. Reprod Dom Anim 51(2):4–17. doi: 

10.1111/rda.12795. 

Allison AC (1953) The morphology of the olfactory system in 

the vertebrates. Biological Reviews, 28(2):195 – 244. doi: 

https://doi.org/10.1111/j.1469-185X.1953.tb01376.x. 

Alvaro CG, Thorner J (2016) Heterotrimeric G protein-coupled 

receptor signaling in yeast mating pheromone response. The 

Journal of biological chemistry 291(15): 7788–7795. doi: 

https://doi.org/10.1074/jbc.R116.714980.  

Apfelbach R, Blanchard CD, Blanchard RJ, Hayes RA, McGregor 

IS (2005) The effects of predator odors in mammalian prey 

species: a review of field and laboratory studies. Neurosci Biobehav 

Rev 29:1123–1144. 

https://doi.org/10.1111/j.1469-185X.1953.tb01376.x


PAULA RODRÍGUEZ VILLAMAYOR 

338 
 

Arakawa H, Blanchard DC, Arakawa K, Dunlap C, Blanchard RJ 

(2008) Scent marking behavior as an odorant communication in 

mice. Neurosci Biobehav Rev 32(7):1236–1248. doi: 

10.1016/j.neubiorev.2008.05.012. 

Arias-Alvarez M, García-García RM, Torres-Rovira L, González-

Bulnes A, Rebollar PG, Lorenzo PL (2010) Influence of hormonal 

and nonhormonal estrus synchronization methods on follicular 

and oocyte quality in primiparous lactating does at early 

postpartum period. Theriogenology 73:26–35. doi: 

10.1016/j.theriogenology.2009.07.017. 

Aristotle (S IV aC) De Anima (On the Soul). In: Calvo Martínez 

T, editor (2003). Editorial Gredos, Madrid. 

Arruda D, Publio R, Roque AC (2013) The periglomerular cell 

of the olfactory bulb and its role in controlling mitral cell spiking: a 

computational model. PLoS One 8(2):e56148. doi: 

10.1371/journal.pone.0056148. 

Athanassi A, Dorado-Doncel R, Bath KG, Mandairon N (2021) 

Relationship between depression and olfactory sensory function: 

a review. Chem Senses 46:1–12. doi: 

https://doi.org/10.1093/chemse/bjab044. 

Bader A, Klein B, Breer H, Strotmann J (2012) Connectivity 

from OR37 expressing olfactory sensory neurons to distinct cell 

types in the hypothalamus. Front Neural Circuits 6:84. doi: 

10.3389/fncir.2012.00084. 

Bakker J, Leinders-Zufall T (2016) The sense of smell: the role 

of the olfactory systems in the detection of pheromones. In: 

Neuroscience in the 21
st
 century: from basic to clinical. Pfaff DW, 

Volkow ND, eds. Springer pp. 1-26. 

Balthazart J, Taziaux M (2009) The underestimated role of 

olfaction in avian reproduction? Behav Brain Res 200(2):248–259. 

doi:10.1016/j.bbr.2008.08.036. 

Banks R (1989) Rabbits: models and research applications. 

USAMRIID Seminar Series. Online, accessed July 31, 2022 at 

https://doi.org/10.1016/j.theriogenology.2009.07.017
https://doi.org/10.1093/chemse/bjab044


REFERENCES 

339 
 

http://netvet.wustl.edu/species/rabbits/rabtmodl.txt. 

Barber PC, Raisman G (1978) Cell division in the vomeronasal 

organ of the adult mouse. Brain Res 141:57–66. 

Barnes IHA, Ibarra-Soria X, Fitzgerald S, Gonzalez JM, 

Davidson C, Hardy MP, et al.  (2020) Expert curation of the human 

and mouse olfactory receptor gene repertoires identifies 

conserved coding regions split across two exons. BMC Genomics 

21(1):196. doi: 10.1186/s12864-020-6583-3. 

Barrios AW, Nuñez G, Sanchez-Quinteiro P, Salazar I (2014) 

Anatomy, histochemistry, and immunohistochemistry of the 

olfactory subsystems in mice. Front Neuroanat 8:63. 

doi: 10.3389/fnana.2014.00063. 

Baxi KN, Dorries KM, Eisthen HL (2006) Is the vomeronasal 

system really specialized for detecting pheromones? Trends 

Neurosci 29(1):1–7. doi: 10.1016/j.tins.2005.10.002. 

BCSPCA (2020) The British Columbia Society for the 

Prevention of Cruelty to Animals. Online, accessed November 21, 

2020 at https://spca.bc.ca/i-need-help-with/pet-care-behaviour/. 

Beauséjour PA, Zielinski B, Dubuc R (2022) Olfactory‑induced 

locomotion in lampreys. Cell Tissue Res 387:13–27. doi: 

10.1007/s00441-021-03536-2. 

Belluscio L, Koentges G, Axel R, Dulac C (1999) A map of 

pheromone receptor activation in the mammalian brain. Cell 

97:209–220. doi: 10.1016/s0092-8674(00)80731-x. 

Benedito R, Duarte A (2005) Expression of Dll4 during mouse 

embryogenesis suggests multiple developmental roles. Gene 

Expression Patterns 5: 750-55. 

Ben-Shaul Y, Katz LC, Mooney R, Dulac C (2010) In vivo 

vomeronasal stimulation reveals sensory encoding of conspecific 

and allospecific cues by the mouse accessory olfactory bulb. PNAS 

107:5172–5177. 

Berepudo NA, Nodu MB, Monsi A, Amadi EN (1993) 

http://netvet.wustl.edu/species/rabbits/rabtmodl.txt
https://dx.doi.org/10.3389%2Ffnana.2014.00063
https://spca.bc.ca/i-need-help-with/pet-care-behaviour/


PAULA RODRÍGUEZ VILLAMAYOR 

340 
 

Reproductive response of prepubertal female rabbit to 

photoperiod and/or male presence. World Rabbit Sci 1(2):83-87. 

Bergan JF, Ben-Shaul Y, Dulac C (2014) Sex-specific processing 

of social cues in the medial amygdala. eLife 3:e02743. doi: 

https://doi.org/10.7554/eLife.02743. 

Berghard A, Buck LB (1996) Sensory transduction in 

vomeronasal neurons: evidence for G alpha o, G alpha i2, and 

adenylyl cyclase II as major components of a pheromone signaling 

cascade. J Neurosci 16(3):909-18. doi: 10.1523/JNEUROSCI.16-03-

00909.1996.  

Bernhardt R, Matus A (1984) Light and electron microscopic 

studies of the distribution of microtubule-associated protein 2 in 

rat brain: a difference between dendritic and axonal 

cytoskeletons. J Comp Neurol 226:203–221. 

Bhatnagar KP, Meisami E (1998) Vomeronasal organ in bats 

and primates: extremes of structural variability and its 

phylogenetic implications. Microsc Res Tech 43(6):465-75. doi: 

10.1002/(SICI)1097-0029(19981215)43:6<465::AID-

JEMT1>3.0.CO;2-1. 

Bock P, Rohn K, Beineke A, Baumgärtner W, Wewetzer  K 

(2006) Site-specific population dynamics and variable olfactory 

marker protein expression in the postnatal canine olfactory 

epithelium. J Anat 215:522–535. doi: 10.1111/j.1469-

7580.2009.01147.x. 

Boehm U (2006) The vomeronasal system in mice: from the 

nose to the hypothalamus- and back! Semin Cell Dev Biol 17:471–

479. doi: 10.1016/j.semcdb.2006.04.013. 

Boehm U, Zou Z, Buck LB (2005) Feedback loops link odor 

and pheromone signaling with reproduction. Cell 123:683–695. 

doi: 10.1016/j.cell.2005.09.027. 

Boillat M, Carleton A, Rodriguez I (2021) From immune to 

olfactory expression: neofunctionalization of formyl peptide 

receptors. Cell Tissue Res 383(1):387-393. doi: 10.1007/s00441-020-

https://doi.org/10.7554/eLife.02743
https://pubmed.ncbi.nlm.nih.gov/?term=Bhatnagar+KP&cauthor_id=9880162
https://pubmed.ncbi.nlm.nih.gov/?term=Meisami+E&cauthor_id=9880162
https://doi.org/10.1111/j.1469-7580.2009.01147.x
https://doi.org/10.1111/j.1469-7580.2009.01147.x
https://doi.org/10.1016/j.semcdb.2006.04.013


REFERENCES 

341 
 

03393-5. 

Boillat M, Challet L, Rossier D, Kan C, Carleton A, Rodriguez I 

(2015) The vomeronasal system mediates sick conspecific 

avoidance. Curr Biol 25(2):251-255. doi: 10.1016/j.cub.2014.11.061.  

Bolger AM, Lohse M, Usadel B (2014) Trimmomatic: a flexible 

trimmer for Illumina sequence data. Bioinformatics 30:2114–20. 

doi: https://doi.org/10.1093/bioinformatics/btu170. 

Bonanno A, Mazza F, Alabiso M, Di Grigoli A, Alicata ML 

(2003) Effects of bio-stimulation induced by the presence of buck 

on reproductive performance of rabbit does. Italian J Anim Sci 

2:133–135. doi: https://doi.org/10.4081/ijas.2003.11675938. 

Bouvier AC, Jacquinet C (2008) Pheromone in rabbits: 

preliminary technical results on farm use in france. 9
th

 World 

Rabbit Congress – Proceedings. Xiccato G, Trocino A, Lukefahr SD, 

eds. Verona (Italy) pp. 303–308. Online, accessed July 31, 2022 at 

http://world-rabbit-science.com/WRSA-Proceedings/Congress-2008-

Verona/Papers/R-Bouvier.pdf. 

Brann JH, Firestein S (2010) Regeneration of new neurons is 

pre- served in aged vomeronasal epithelia. J Neurosci 30:15686–

15694. doi: 10.1523/JNEUROSCI.4316-10.2010. 

Brann JH, Firestein SJ (2014) A lifetime of neurogenesis in the 

olfactory system. Front Neurosci 8(182):1-11. doi: 

10.3389/fnins.2014.00182. 

Bray NL, Pimentel H, Melsted P, Pachter L (2016) Near-optimal 

probabilistic RNA-seq quantification. Nat Biotech 34:525–527. doi: 

10.1038/nbt.3519. 

Breer H, Fleischer J, Strotmann J (2006) The sense of smell: 

multiple olfactory subsystems. Cell Mol Life Sci 63:1465–1475. doi: 

10.1007/s00018-006-6108-5. 

Brennan PA (2004) The nose knows who's who: chemosensory 

individuality and mate recognition in mice. Horm Behav 46(3):231-

40. doi: 10.1016/j.yhbeh.2004.01.010. 

https://www.sciencedirect.com/science/article/pii/S0960982214015553#!
https://www.sciencedirect.com/science/article/pii/S0960982214015553#!
https://www.sciencedirect.com/science/article/pii/S0960982214015553#!
https://www.sciencedirect.com/science/journal/09609822/25/2
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.4081/ijas.2003.11675938
http://world-rabbit-science.com/WRSA-Proceedings/Congress-2008-Verona/Papers/R-Bouvier.pdf
http://world-rabbit-science.com/WRSA-Proceedings/Congress-2008-Verona/Papers/R-Bouvier.pdf
http://www.nature.com/nbt/journal/v34/n5/full/nbt.3519.html
http://www.nature.com/nbt/journal/v34/n5/full/nbt.3519.html


PAULA RODRÍGUEZ VILLAMAYOR 

342 
 

Brennan PA (2010) On the scent of sexual attraction. BMC Biol 

8:71. doi:10.1186/1741-7007-8-71. 

Brennan PA (2018) 50 years of decoding olfaction. Brain and 

Neurosci Adv 2:1-5. doi: 10.1177/2398212818817496. 

Brennan PA, Keverne EB (2004) Something in the air? new 

insights into mammalian pheromones. Curr Biol 14:R81–R89. doi: 

10.1016/j.cub.2003.12.052. 

Brennan PA, Zufall F (2006) Pheromonal communication in 

vertebrates. Nature 444(7117):308-315. doi: 10.1038/nature05404. 

Briand L, Trotier D,  Pernollet JC (2004b) Aphrodisin, an 

aphrodisiac lipocalin secreted in hamster vaginal secretions. 
Peptides 25(9):1545-52. doi: 10.1016/j.peptides.2003.10.026.  

Briand L, Blon F, Trotier D, Pernollet JC (2004a) Natural 

ligands of hamster aphrodisin. Chem senses 29(5):425–430. doi: 

https://doi.org/10.1093/chemse/bjh044. 

Brignall AC, Cloutier JF (2015) Neural map formation and 

sensory coding in the vomeronasal system. Cell Mol Life Sci 

72(24):4697-709. doi:10.1007/s00018-015-2029-5. 

Brignall AC, Raja R, Phen A, Prince JEA, Dumontier E, Cloutier 

JF (2018) Loss of Kirrel family members alters glomerular 

structure and synapse numbers in the accessory olfactory bulb. 
Brain Struct Funct 233:307-19. doi: 10.1007/s00429-017-1485-0.  

Briñón JG, Weruaga E, Crespo C, Porteros A, Arévalo R, Aijón J, 

Alonso JR (2001) Calretinin-, neurocalcin-, and parvalbumin-

immunoreactive elements in the olfactory bulb of the hedgehog 

(Erinaceus europaeus). J Comp Neurol 429:554–570. doi: 

https://doi.org/10.1002/1096-9861(20010122)429:4<554::AID-

CNE4>3.0.CO;2-T 

Broad KD, Keverne EB (2012) The post-natal chemosensory 

environment induces epigenetic changes in vomeronasal receptor 

gene expression and a bias in olfactory preference. Behav Genet 

42:461-471. doi: 10.1007/s10519-011-9523-9. 

https://doi.org/10.1177%2F2398212818817496
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
https://doi.org/10.1093/chemse/bjh044
https://doi.org/10.1002/1096-9861(20010122)429:4%3C554::AID-CNE4%3E3.0.CO;2-T
https://doi.org/10.1002/1096-9861(20010122)429:4%3C554::AID-CNE4%3E3.0.CO;2-T
https://doi.org/10.1007/s10519-011-9523-9


REFERENCES 

343 
 

Brown RE (1979) Mammalian social odours: a critical review. 

Adv Study Behav 10:103–162. 

Brown RE (1985) Effects of social isolation in adulthood on 

odor preferences and urine-marking in male rats. Behav Neural 

Biol 44:139–143. doi: 10.1016/s0163-1047(85)91301-9. 

Bruce HM (1959) Exteroceptive block to pregnancy in the 

mouse. Nature 184:105. doi: 10.1038/184105a0. 

Bruce HM (1960) A block to pregnancy in the mouse caused 

by proximity of strange males. J Reprod Fertil. 1:96–103. 

doi: 10.1530/jrf.0.0010096.  

Brykczynska U,  Tzika AC, Rodriguez I,  Milinkovitch MC 

(2013) Contrasted evolution of the vomeronasal receptor 

repertoires in mammals and squamate reptiles. Genome Biol Evol 

5(2):389-401. doi: 10.1093/gbe/evt013. 

Buck L, Axel R (1991) A novel multigene family may encode 

odorant receptors: a molecular basis for odor recognition. Cell 

65(1):175-87. doi: 10.1016/0092-8674(91)90418-x. 

Buck LB (2000a) Olfactory receptors and odor coding in 

mammals. Nutr Rev 62 (11 Pt 2):S184–S188. doi: 10.1111/j.1753-

4887.2004.tb00097.x. 

Buck LB (2000b) The molecular architecture of odor and 

pheromone sensing in mammals. Cell 100:611–618. doi: 

10.1016/s0092-8674(00)80698-4. 

Bufe B, Schumann T, Kappl R, Bogeski I, Kummerow C, 

Podgorska M, Smola S, Hoth M, Zufall F (2015) Recognition of 

bacterial signal peptides by mammalian formyl peptide receptors: 

a new mechanism for sensing pathogens. J Biol Chem 290:7369–

7387.  doi: 10.1074/jbc.M114.626747.  

Bufe B, Schumann T, Zufall F (2012) Formyl peptide receptors 

from immune and vomeronasal system exhibit distinct agonist 

properties. J Biol Chem 287(40):33644–33655. doi: 

10.1074/jbc.M112.375774. 

javascript:;
https://pubmed.ncbi.nlm.nih.gov/?term=Tzika+AC&cauthor_id=23348039
https://pubmed.ncbi.nlm.nih.gov/?term=Rodriguez+I&cauthor_id=23348039
https://pubmed.ncbi.nlm.nih.gov/?term=Milinkovitch+MC&cauthor_id=23348039


PAULA RODRÍGUEZ VILLAMAYOR 

344 
 

Bufe B, Teuchert Y, Schmid A, Pyrski M, Pérez-Gómez A, 

Eisenbeis J et al. (2019) Bacterial MgrB peptide activates 

chemoreceptor Fpr3 in mouse accessory olfactory system and 

drives avoidance behaviour. Nat Comm, 10:4889. doi: 

https://doi.org/10.1038/s41467-019-12842-x. 

Bushdid C, Magnasco MO, Vosshall LB, Keller A (2014) 

Humans can discriminate more than one trillion olfactory stimuli. 
Science 343(6177): 1370–1372. doi: 10.1126/science.1249168. 

C, Axel R (1995) A novel family of genes encoding putative 

pheromone receptors in mammals. Cell 83(2):195-206.  doi: 

10.1016/0092-8674(95)90161-2. 

Caldwella JD, Londea K, Ochsa SD, Hajdua Z, Rodewaldb A, 

Gebhartb VM, et al.  (2019) Three steroid-binding globulins, their 

localization in the brain and nose, and what they might be doing 

there. Steroids 142:48-54. 

Camargo AP,  Nakahara TS,  Firmino LER,  Netto PHM, do 

Nascimento JBP,  Donnard ER et al. (2019) Uncovering the mouse 

olfactory long non-coding transcriptome with a novel machine-

learning model. DNA Research 26(4):365–378. doi: 

https://doi.org/10.1093/dnares/dsz015. 

Cansler HL, Maksimova MA, Meeks JP (2017) Experience-

dependent plasticity in accessory olfactory bulb interneurons 

following male-male social interaction. J Neurosci 37(30):7240-

7252. doi: 10.1523/JNEUROSCI.1031-17.2017. 

Cardoso-Moreira M, Halbert J, Valloton D, Velten B, Chen C, 

Shao Y et al. (2019) Gene expression across mammalian organ 

development. Nature 571(7766):505–509. doi: 10.1038/s41586-019-

1338-5. 

Carneiro M, Rubin CJ, Di Palma F, Albert FW, Alföldi J, 

Martinez Barria A et al. (2014) Rabbit genome analysis reveals a 

polygenic basis for phenotypic change during domestication. 
Science 345(6200):1074–1079. doi: 10.1126/science.1253714. 

Castellini C, Dal-Bosco A, Arias-Álvarez M, Lorenzo PL, 

javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
https://doi.org/10.1093/dnares/dsz015


REFERENCES 

345 
 

Cardinali R, Garcia-Rebollar P (2010) The main factors affecting 

the reproductive performance of rabbit does: A review. An Repr 

Sci 122:174 182. doi: 10.1016/j.anireprosci.2010.10.003. 

Cervantes MP, Palomino JM, Adams GP (2015) In vivo imaging 

in the rabbit as a model for the study of ovulation-inducing 

factors. Laboratory Animals 49(1):1–9. doi: 

10.1177/0023677214547406. 

Chamero P, Leinders-Zufall T, Zufall F (2012) From genes to 

social communication: molecular sensing by the vomeronasal 

organ. Trends in Neurosci 35(10): 597-606. doi: 

10.1016/j.tins.2012.04.011. 

Chamero P, Marton TF, Logan DW, Flanagan K, Cruz JR, 

Saghatelian A et al. (2007) Identification of protein pheromones 

that promote aggressive behaviour. Nature 450: 899–902. doi: 

10.1038/nature05997. 

Charkoftaki G, Wang Y, McAndrews M, Bruford EA, Thompson 

DC, Vasiliou V et al. (2019) Update on the human and mouse 

lipocalin (LCN) gene family, including evidence the mouse Mup 

cluster is result of an “evolutionary bloom”. Hum Genomics 13:11. 

doi: 10.1186/s40246-019-0191-9. 

Charra R, Datiche F, Casthano A, Gigot V, Schaal B, Coureaud G 

(2012) Brain processing of the mammary pheromone in newborn 

rabbits. Behav Brain Res 226:179–188. doi: 

https://doi.org/10.1016/j.bbr.2011.09.008. 

Charra R, Datiche F, Gigot V, Schaal B, Coureaud G (2013) 

Pheromone-induced odor learning modifies Fos expression in the 

newborn rabbit brain. Behav Brain Res 237, 129–140. 

doi: 10.1016/j.bbr.2012.09.017. 

Chehrehasa F, Ekberg JA, St John JA (2014) A novel method 

using intranasal delivery of EdU demonstrates that accessory 

olfactory ensheathing cells respond to injury by proliferation. 
Neurosci Lett 563:90–95. doi: 

https://doi.org/10.1016/j.neulet.2014.01.043. 

https://www.nature.com/articles/nature05997#auth-Alan-Saghatelian
https://www.ncbi.nlm.nih.gov/pubmed/?term=Charkoftaki%20G%5BAuthor%5D&cauthor=true&cauthor_uid=30782214
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=30782214
https://www.ncbi.nlm.nih.gov/pubmed/?term=McAndrews%20M%5BAuthor%5D&cauthor=true&cauthor_uid=30782214
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bruford%20EA%5BAuthor%5D&cauthor=true&cauthor_uid=30782214
https://www.ncbi.nlm.nih.gov/pubmed/?term=Thompson%20DC%5BAuthor%5D&cauthor=true&cauthor_uid=30782214
https://www.ncbi.nlm.nih.gov/pubmed/?term=Vasiliou%20V%5BAuthor%5D&cauthor=true&cauthor_uid=30782214
https://dx.doi.org/10.1186%2Fs40246-019-0191-9
https://doi.org/10.1016/j.bbr.2011.09.008
https://doi.org/10.1016/j.bbr.2012.09.017
https://doi.org/10.1016/j.neulet.2014.01.043


PAULA RODRÍGUEZ VILLAMAYOR 

346 
 

Chen P, Hong W (2018) Neural circuit mechanisms of social 

behaviour. Neuron 98(1):16-30. doi: 10.1016/j.neuron.2018.02.026. 

Chenoweth PJ, Landaeta-Hernández AJ, Flöercke C (2014) 

Reproductive and maternal behaviour of livestock (chapter 5). In: 

Genet Behav Domest Anim, 2
nd

 Ed. Academic Press, 5:158–194. doi: 

http://dx.doi.org/10.1016/B978-0-12-394586-0.00005-6. 

Cherian S, Lam YW, McDaniels I, Struziak M,  Delay RJ (2014) 

Estradiol rapidly modulates odor responses in mouse vomeronasal 

sensory neurons. Neuroscience, 269:43-58. doi: 

10.1016/j.neuroscience.2014.03.011. 

Chess A, Simon I, Cedar H, Axel R (1994) Allelic inactivation 

regulates olfactory receptor gene expression. Cell 78:823-834. doi: 

10.1016/s0092-8674(94)90562-2. 

Choudhary S, Lal-Kamboj M (2019) Effect of bull 

biostimulation on the oestrous behaviour of pubertal Sahiwal (Bos 

indicus) heifers. An Repr Sci 209:106149. doi: 

https://doi.org/10.1016/j.anireprosci.2019.106149. 

Clancy AN, Macrides F, Singer A, Agosta WC (1984) Male 

hamster copulatory responses to a high molecular weight fraction 

of vaginal discharge: effects of vomeronasal organ removal. 
Physiol Behav 33:653–60. doi: 10.1016/0031-9384(84)90386-x. 

Cloutier JF, Sahay A, Chang EC, Tessier-Lavigne M, Dulac C, 

Kolodkin AL et al. (2004) differential requirements for semaphorin 

3F and slit-1 in axonal targeting, fasciculation, and segregation of 

olfactory sensory neuron projections. J Neurosci 24(41): 9087-96. 

doi: 10.1523/JNEUROSCI.2786-04.2004. 

Committee on Agriculture and Rural Development (2017) 

European Parliament. 2016/2077(INI). Report on minimum 

standards for the protection of farm rabbits. 
https://www.europarl.europa.eu/doceo/document/A-8-2017-

0011_EN.pdf. 

Connor J (1972) Olfactory control of aggressive and sexual 

behavior in the mouse (Mus musculus L.). Psychon Sci 27(1):1–3. 

http://dx.doi.org/10.1016/B978-0-12-394586-0.00005-6
https://pubmed.ncbi.nlm.nih.gov/?term=Struziak+M&cauthor_id=24680884
https://pubmed.ncbi.nlm.nih.gov/?term=Delay+RJ&cauthor_id=24680884
https://doi.org/10.1016/j.anireprosci.2019.106149
https://doi.org/10.1523%2FJNEUROSCI.2786-04.2004
https://www.europarl.europa.eu/doceo/document/A-8-2017-0011_EN.pdf
https://www.europarl.europa.eu/doceo/document/A-8-2017-0011_EN.pdf


REFERENCES 

347 
 

Coombes HA, Stockley P, Hurst, JL (2018) Female chemical 

signalling underlying reproduction in mammals. J Chem Ecol 

44:851–873. doi: https://doi.org/10.1007/s10886-018-0981-x.  

Cooper WE, Burghardt GM (1990) Vomerolfaction and 

vomodor. J Chem Ecol 16(1):103-5. doi: 10.1007/BF01021271. 

Coureaud G, Charra R, Datiche F, Sinding C, Thomas-Danguin T, 

Languille S et al. (2010) A pheromone to behave, a pheromone to 

learn: the rabbit mammary pheromone. J Comp Physiol A 196: 

779-790. doi: 10.1007/s00359-010-0548-y. 

Cross SKJ, Martin YH, Salia S, Gamba I, Major CA, Hassan S, et 

al.  (2021). Puberty is a critical period for vomeronasal organ 

mediation of socio-sexual behavior in mice. Front Behav Neurosci 

14:606788. doi: 10.3389/fnbeh.2020.606788. 

Cullere M, Zotte AD (2018) Rabbit meat production and 

consumption: state of knowledge and future perspectives. Meat Sci 

143:137-146. doi: https://doi.org/10.1016/j.meatsci.2018.04.029. 

D'Aniello B, Semin GR, Scandurra A, Pinelli C (2017) The 

vomeronasal organ: a neglected organ. Front Neuroanat 11:70. 

doi: 10.3389/fnana.2017.00070. 

Dauner K, Liβmann J, Jeridi S, Frings S, Möhrlen (2012) 

Expression patterns of anoctamin 1 and anoctamin 2 chloride 

channels in the mammalian nose. Cell Tissue Res 347: 327-41. doi: 

10.1007/s00441-012-1324-9. 

DeCatanzaro, D (2015) Sex steroids as pheromones in 

mammals: The exceptional role of estradiol. Horm Behav 68:103–

116. doi: http://dx.doi.org/10.1016/j.yhbeh.2014.08.003. 

Degl’Innocenti A, Meloni G, Mazzolai B, Ciofani G (2019) A 

purely bioinformatic pipeline for the prediction of mammalian 

odorant receptor gene enhancers. BMC Bioinformatics 20:474. doi: 

https://doi.org/10.1186/s12859-019-3012-1. 

Dehmelt L, Halpain S (2005) The MAP2/Tau family of 

microtubuleassociated proteins. Genome Biol 6:204. doi: 

10.1186/gb-2004-6-1-204.  

https://doi.org/10.1007/s10886-018-0981-x
https://pubmed.ncbi.nlm.nih.gov/?term=Thomas-Danguin+T&cauthor_id=20574828
https://pubmed.ncbi.nlm.nih.gov/?term=Languille+S&cauthor_id=20574828
https://doi.org/10.1016/j.meatsci.2018.04.029
https://www.ncbi.nlm.nih.gov/pubmed/?term=D'Aniello%20B%5BAuthor%5D&cauthor=true&cauthor_uid=28871220
https://www.ncbi.nlm.nih.gov/pubmed/?term=Semin%20GR%5BAuthor%5D&cauthor=true&cauthor_uid=28871220
https://www.ncbi.nlm.nih.gov/pubmed/?term=Scandurra%20A%5BAuthor%5D&cauthor=true&cauthor_uid=28871220
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pinelli%20C%5BAuthor%5D&cauthor=true&cauthor_uid=28871220
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5566567/
https://dx.doi.org/10.3389%2Ffnana.2017.00070
http://dx.doi.org/10.1016/j.yhbeh.2014.08.003
https://doi.org/10.1186/s12859-019-3012-1


PAULA RODRÍGUEZ VILLAMAYOR 

348 
 

Del Punta K, Leinders-Zufall T, Rodriguez I, Jukam D, Wysocki 

CJ, Ogawa S, et al.  (2002) Deficient pheromone responses in mice 

lacking a cluster of vomeronasal receptor genes. Nature 419:70–74. 

doi: 10.1038/nature00955. 

Del Punta K, Rothman A, Rodriguez I, Mombaerts, P (2000) 

Sequence diversity and genomic organization of vomeronasal 

receptor genes in the mouse. Genome Res 10:1958–1967. doi: 

10.1101/gr.10.12.1958. 

Delcroix I, Mauget R, Signoret JP (1990) Existence of 

synchronization of reproduction at the level of the social group of 

the European wild boar (Sus scrofa). J Reprod Fertil 89:613–617. 

doi: 10.1530/jrf.0.0890613. 

Demir E, Li K, Bobrowski-Khoury N, Sanders JI, Beynon RJ, 

Hurst JL et al. (2020) The pheromone darcin drives a circuit for 

innate and reinforced behaviours. Nature 578:137-159.  doi: 

10.1038/s41586-020-1967-8.  

Dennis JC, Smith TD, Bhatnagar KP, Bonar CJ, Burrows AM, 

Morrison EE (2004) Expression of neuronspecific markers by the 

vomeronasal neuroepithelium in six species of primates. Anat Rec 

281:1190–1200. doi: 10.1002/ar.a.20124. 

Dennis JC, Stilwell NK, Smith TD, Park TJ, Bhatnagar KP, 

Morrison EE (2019) Is the mole rat vomeronasal organ functional? 

Anat Rec 303(2):318-329. doi: 10.1002/ar.24060. 

Dewan A (2021) Olfactory signaling via trace amine-

associated receptors. Cell Tissue Res 383(1):395–407. 

doi:10.1007/s00441-020-03331-5. 

Dewan A, Cichy A, Zhang J, Miguel K, Feinstein P, Rinberg D, 

et al.  (2018) Single olfactory receptors set odor detection 

thresholds. Nat Comm 9:2887. doi: 10.1038/s41467-018-05129-0. 

Dey S, Chamero P, Pru JK, Chien M-S, Ibarra-Soria X, Spencer 

KR, et al. (2015) Cyclic regulation of sensory perception by a 

female hormone alters behaviour. Cell 161: 1334–44. doi: 

10.1016/j.cell.2015.04.052. 

https://doi.org/10.1016%2Fj.cell.2015.04.052


REFERENCES 

349 
 

Díaz D, Muñoz-Castañeda R, Ávila-Zarza C, Carretero J, Alonso 

JR, Weruaga E (2017) Olfactory bulb plasticity ensures proper 

olfaction after severe impairment in postnatal neurogenesis. Sci 

Rep 7(1):5654. doi: 10.1038/s41598-017-05970-1. 

Dietschi Q, Assens A, Challet L, Carleton A, Rodriguez I (2013) 

Convergence of FPR-rs3-expressing neurons in the mouse 

accessory olfactory bulb. Mol Cell Neurosci 56:140–147. doi: 

10.1016/j.mcn.2013.04.008.  

Dietschi Q, Tuberosa J, Rösingh L, Loichot G, Ruedi M, Carleton 

A (2017) Evolution of immune chemoreceptors into sensors of the 

outside world. PNAS 114(28):7397–7402. doi: 

https://doi.org/10.1073/pnas.1704009114. 

Dinka H, Le MT, Ha H, Cho H, Choi MK, Choi H et al. (2016) 

Analysis of the vomeronasal receptor repertoire, expression and 

allelic diversity in swine. Genomics 107: 208-15. doi: 

10.1016/j.ygeno.2015.10.003.  

Dittrich K, Kuttler J, Hassenklover T, Manzini I (2016) 

Metamorphic remodeling of the olfactory organ of the African 

clawed frog, Xenopus laevis. J Comp Neurol 524:986–998.  doi: 

10.1002/cne.23887. 

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S 

et al. (2013) STAR: ultrafast universal RNA-seq aligner. 

Bioinformatics 29:15–21. doi: 

https://doi.org/10.1093/bioinformatics/bts635. 

Dominguez-Pérez D, Durban J, Agüero-Chapin G, Torres-López 

J, Molina-Ruiz R et al.  (2019) The Harderian gland transcriptomes 

of Caraiba andreae, Cubophis cantherigerus and Tretanorhinus 

variabilis, three colubroid snakes from Cuba. Genomics 

111(6):1720-1727. doi: https://doi.org/10.1016/j.ygeno.2018.11.026. 

Dong HW, Petrovich GD, Swanson LW (2001) Topography of 

projections from amygdala to bed nuclei of the stria terminalis. 
Brain Res Brain Res Rev 38:192–246. doi: 10.1016/s0165-

0173(01)00079-0. 

https://www.nature.com/articles/s41598-017-05970-1#auth-D_-D_az
https://www.nature.com/articles/s41598-017-05970-1#auth-R_-Mu_oz_Casta_eda
https://www.nature.com/articles/s41598-017-05970-1#auth-C_-_vila_Zarza
https://www.nature.com/articles/s41598-017-05970-1#auth-J_-Carretero
https://www.nature.com/articles/s41598-017-05970-1#auth-J__R_-Alonso
https://www.nature.com/articles/s41598-017-05970-1#auth-E_-Weruaga
https://doi.org/10.1073/pnas.1704009114
https://www.sciencedirect.com/science/article/pii/S0888754315300379#!


PAULA RODRÍGUEZ VILLAMAYOR 

350 
 

Døving KB, Trotier D (1998) Structure and function of the 

vomeronasal organ. J Exp Biol 201:2913-2925. doi: 

10.1242/jeb.201.21.2913. 

Doyle WI, Meeks JP (2018) Excreted steroids in vertebrate 

social communication. J Neurosci 38(14):3377–3387. doi: 

10.1523/JNEUROSCI.2488-17.2018. 

Drew L (2022) Beyond the nose. Nature – smell outlook 

606:S14-S17. 

Dudley CA, Chakravarty S, Barnea A (2001) Female odors lead 

to rapid activation of mitogen-activated protein kinase (MAPK) in 

neurons of the vomeronasal system. Brain Research 915:32-46. doi: 

10.1016/s0006-8993(01)02820-7.  

Dulac C (2000) Sensory coding of pheromone signals in 

mammals. Curr Opin Neurobiol 10:511–518. doi: 10.1016/s0959-

4388(00)00121-5. 

Dulac C, Torello AT (2003) Molecular detection of pheromone 

signals in mammals: from genes to behaviour. Nat Rev Neurosci 

4:551–562. doi: 10.1038/nrn1140. 

Dulac C, Wagner S (2006) Genetic analysis of brain circuits 

underlying pheromone signaling. Annu Rev Genet 40:449–467. doi: 

10.1146/annurev.genet.39.073003.093937. 

Dumont EC (2009) What is the bed nucleus of the stria 

terminalis? Prog Neuropsychopharmacol Biol Psychiatry 33:1289–

1290. doi: 10.1016/j.pnpbp.2009.07.006. 

Durante MA, Kurtenbach S, Sargi ZB, Harbour JW, Choi R, 

Kurtenbach S, et al.  (2020) Single-cell analysis of olfactory 

neurogenesis and differentiation in adult humans. Nat Neurosci 

23(3):323-326. doi: 10.1038/s41593-020-0587-9.  

Duyck K, DuTell V, Ma L, Paulson A, Yu CR (2017) 

Pronounced strain-specific chemosensory receptor gene 

expression in the mouse vomeronasal organ. BMC Genomics 

18:965. doi: https://doi.org/10.1186/s12864-017-4364-4. 

https://doi.org/10.1016%2Fj.pnpbp.2009.07.006


REFERENCES 

351 
 

Eckstein E, Pyrski M, Pinto S, Freichel M, Venneke R, Zufall F 

(2020) Cyclic regulation of Trpm4 expression in female 

vomeronasal neurons driven by ovarian sex hormones. Mol and 

Cell Neurosci 105:103495. doi: 

https://doi.org/10.1016/j.mcn.2020.103495. 

EFSA (2019) Health and welfare of rabbits farmed in 

different production systems. doi: 10.2903/j.efsa.2020.5944. 

El-Allali K, El-Bousmaki N, Ainani H, Simonneaux V (2017) 

Effect of the camelid’s seminal plasma ovulation-inducing 

factor/β-NGF: a kisspeptin target hypothesis. Front Vet Sci 4:99. 

doi: 10.3389/fvets.2017.00099. 

El-Azzazi FE, Hegab IM, Hanafy AM (2017) Biostimulation 

and reproductive performance of artificially inseminated rabbit 

does (oryctolagus cuniculus). World Rabbit Sci 25:313-321. doi: 

https://doi.org/10.4995/wrs.2017.7446. 

Elgayar SA, Eltony SA, Othman MA (2014) Morphology of 

nonsensory epithelium during post-natal development of the 

rabbit vomeronasal organ. Anat Histol Embryol 43:282–293. doi: 

10.1111/ahe.12073.  

Emms D, Kelly S (2019) OrthoFinder: phylogenetic orthology 

inference for comparative genomics. Genome Biology 20: 238. doi: 

10.1186/s13059-019-1832-y. 

Emms D, Kelly S (2015) OrthoFinder: solving fundamental 

biases in whole genome comparisons dramatically improves 

orthogroup inference accuracy. Genome Biology 16: 157. doi: 

10.1186/s13059-015-0721-2. 

EPMAR (European public MRL assessment report) for alarelin 

(all food producing species) (2018) EMA/CVMP/156095/2017. 

Online, accessed October 11, 2021 at 

https://www.ema.europa.eu/en/documents/mrl-report/alarelin-all-

food-producing-species-european-public-maximum-residue-limit-

assessment-report-epmar_en.pdf. 

Esteves PJ, Abrantes J, Baldauf HM, BenMohamed L, Chen Y, 

https://www.sciencedirect.com/science/article/pii/S1044743119302994#!
https://doi.org/10.1016/j.mcn.2020.103495
https://doi.org/10.4995/wrs.2017.7446
https://www.ema.europa.eu/en/documents/mrl-report/alarelin-all-food-producing-species-european-public-maximum-residue-limit-assessment-report-epmar_en.pdf
https://www.ema.europa.eu/en/documents/mrl-report/alarelin-all-food-producing-species-european-public-maximum-residue-limit-assessment-report-epmar_en.pdf
https://www.ema.europa.eu/en/documents/mrl-report/alarelin-all-food-producing-species-european-public-maximum-residue-limit-assessment-report-epmar_en.pdf


PAULA RODRÍGUEZ VILLAMAYOR 

352 
 

Christensen N, et al.  (2018) The wide utility of rabbits as models of 

human diseases. Exp Mol Med 50:1-10. doi: 10.1038/s12276-018-

0094-1. 

European Commision (2017) Commercial rabbit farming in the 

European Union. doi: 10.2772/898828. 

Farbman AI, Margolis FL (1980) Olfactory marker protein 

during ontogeny: immunohistochemical localization. Dev Biol 

74:205–215. doi: 10.1016/0012-1606(80)90062-7. 

Fernández MDV (2010) Optimización del uso de la 

inseminación artificial en cunicultura. Doctoral dissertation, 

University of Santiago de Compostela, Santiago de Compostela, 

Spain. 

Flores-Horgue L, Assens A, Fodoulian L, Marconi L, Tuberosa J, 

Haider A et al. (2022) Transcriptional adaptation of olfactory 

sensory neurons to GPCR identity and activity. Nat Comm 

13:2929. doi: https://doi.org/10.1038/s41467-022-30511-4. 

Forni PE, Bharti K, Flannery EM, Shimogori T, Wray S (2013) 

The indirect role of fibroblast growth factor-8 in defining 

neurogenic niches of the olfactory/GnRH systems. J Neurosci 

33(50):19620–19634. doi: 10.1523/JNEUROSCI.3238-13.2013. 

Fortes-Marco L, Lanuza E, Martinez-Garcia F (2013) Of 

Pheromones and Kairomones: What Receptors Mediate Innate 

Emotional Responses? Anat Rec 296:1346–1363. doi: 

https://doi.org/10.1002/ar.22745. 

Frahm HD, Bhatnagar KP (1980) Comparative morphology of 

the accessory olfactory bulb in bats. J Anat 130(Pt 2):349–365. 

Francia S, Pifferi S, Menini A, Tirindelli R (2014). Vomeronasal 

receptors and signal transduction in the vomeronasal organ of 

mammals (chapter 10). In: Neurobiology of chemical 

communication. Mucignat-Caretta C, editor. Boca Raton (FL): CRC 

Press/Taylor & Francis, pp. 297-323. doi: 10.1201/b16511-11. 

Francia S, Silvotti L, Ghirardi F, Catzeflis F, Percudani R, 

Tirindelli R (2015) Evolution of spatially coexpressed families of 

https://doi.org/10.1038/s41467-022-30511-4
https://doi.org/10.1523%2FJNEUROSCI.3238-13.2013
https://doi.org/10.1002/ar.22745
http://www.crcpress.com/
http://www.crcpress.com/


REFERENCES 

353 
 

type-2 vomeronasal receptors in rodents. Genome Biol Evol 

7(1):272–285. doi: 10.1093/gbe/evu283. 

Frank H (1966) Ablation des bulbes olfactifs chez la lapine 

impubère. Répercussions sur le tractus génital et le comportement 

sexuel. Soc Biol 160:389-390. Retrieved from Ola SI, Olatunbosun 

OS (2013) Effect of buck presence on sexual receptivity and kindling 

performance of rabbit doe. Livest Res Rural Develop 25(8). Online, 

accessed July 31, 2022 at http://www.lrrd.org/lrrd25/8/ola25135.html. 

Fu X, Yan Y, Xu PS, Geerlof-Vidavsky I, Chong W, Gross ML et 

al. (2015) A molecular code for identity in the vomeronasal 

system. Cell 163(2):313-323. doi: 10.1016/j.cell.2015.09.012. 

Galliano E, Hahn C, Browne LP, Villamayor PR, Tufo C, Crespo 

A, et al.  (2021) Brief sensory deprivation triggers cell type-specific 

structural and functional plasticity in olfactory bulb neurons. J 

Neurosci 41(10):2135-2151. doi: 10.1523/JNEUROSCI.1606-

20.2020. 

Gao Y, Budlong C, Durlacher E, Davison IG (2017) Neural 

mechanisms of social learning in the female mouse. eLife 6:e25421. 

doi: 10.7554/eLife.25421. 

Garcia‐Dalmán C, Gonzalez‐Mariscal G (2012) Major role of 

suckling stimulation for inhibition of estrous behaviours in 

lactating rabbits: Acute and chronic effects. Horm Behav 61:108–

113. doi: https://doi.org/10.1016/j.yhbeh.2011.11.003. 

Gelez H, Fabre-Nys C (2004) The ‘‘male effect’’ in sheep and 

goats: a review of the respective roles of the two olfactory systems. 

Horm Behav 46:257– 271. doi: 10.1016/j.yhbeh.2004.05.002. 

Gliem S, Schild D, Manzini I (2009) Highly specific responses 

to amine odorants of individual olfactory receptor neurons in situ. 
Eur J Neurosci 29(12):2315–2326. doi: 10.1111/j.1460-

9568.2009.06778.x. 

Gobé C, Elzaiat M, Meunier N, André M, Sellem E, Congar P et 

al. (2019) Dual role of DMXL2 in olfactory information 

transmission and the first wave of spermatogenesis. PLoS Genet 

https://doi.org/10.1093%2Fgbe%2Fevu283
http://www.lrrd.org/lrrd25/8/ola25135.html
https://pubmed.ncbi.nlm.nih.gov/?term=Galliano+E&cauthor_id=33483429
https://pubmed.ncbi.nlm.nih.gov/?term=Hahn+C&cauthor_id=33483429
https://pubmed.ncbi.nlm.nih.gov/?term=R+Villamayor+P&cauthor_id=33483429
https://pubmed.ncbi.nlm.nih.gov/?term=Crespo+A&cauthor_id=33483429
https://doi.org/10.1016/j.yhbeh.2011.11.003
https://doi.org/10.1016/j.yhbeh.2004.05.002


PAULA RODRÍGUEZ VILLAMAYOR 

354 
 

15(2): e1007909. doi: 10.1371/journal.pgen.1007909.  

Gómez-Baena G, Armstrong SD, Halstead JO, Prescott M, 

Roberts SA, McLean L et al. (2019) Molecular complexity of the 

major urinary protein system of the Norway rat, Rattus 

norvegicus. Sci Rep 9:10757. doi: 10.1038/s41598-019-46950-x. 

González-Mariscal G, Caba M, Martínez-Gómez M, Bautista A, 

Hudson R (2016) Mothers and offspring: the rabbit as a model 

system in the study of mammalian maternal behavior and sibling 

interactions. Horm Behav 77:30–41. doi: 

10.1016/j.yhbeh.2015.05.011.  

González-Mariscal G, Melo AI, Zavala A, Beyer C (1990) 

Variations in chin-marking behaviour of new zealand female 

rabbits throughout the whole reproductive cycle. Physiol Behav 

48:361-365. 

González-Mariscal G, Melo AI, Zavala A, Chirino R, Beyer C 

(1993) Sex steroid regulation of chin-marking behaviour in male 

new zealand rabbits. Physiol Behav 54:1035-1040. 

González-Urdiales R (2005) Bioestimulación en la coneja. 

¿Alternativa a los tratamientos hormonales? Cunicutura 7-17. 

Greer PL, Bear DM, Lassance JM, Bloom ML, Tsukahara T, 

Pashkovski SL, et al.  (2016) A family of non-gpcr chemosensors 

defines an alternative logic for mammalian olfaction. Cell 

165(7):1734–1748. doi:10.1016/j.cell.2016.05.001. 

Gregg C, Zhang J, Butler JE, Haig D, Dulac C (2010) Sex-

specific parent-of-origin allelic expression in the mouse brain. 

Science 329(5992):682-685. doi: 10.1126/science.1190831.  

Grubb MS, Nissant A, Murray K, Lledo MP (2008) Functional 

maturation of the first synapse in olfaction: development and adult 

neurogenesis. J Neurosci 28(11):2919-2932. doi: 

10.1523/JNEUROSCI.5550-07.2008. 

Grus WE, Shi P, Zhang J (2007) Largest vertebrate 

vomeronasal type 1 receptor gene repertoire in the semiaquatic 

platypus. Mol Biol Evol 24(10):2153-7. doi: 

javascript:;


REFERENCES 

355 
 

10.1093/molbev/msm157. 

Grus WE, Shi P, Zhang Y,  Zhang J (2005) Dramatic variation 

of the vomeronasal pheromone receptor gene repertoire among 

five orders of placental and marsupial mammals. PNAS 102:5767–

5772. doi: 10.1073/pnas.0501589102. 

Grus WE, Zhang J (2004) Rapid turnover and species-

specificity of vomeronasal pheromone receptor genes in mice and 

rats. Gene 340(2):303-12. doi: 10.1016/j.gene.2004.07.037. 

Gudden B (1870) Experimental untersuchungen über das 

peripherische und centrale nervensystem. Arch Psychiatr Nervenkr 

11:693–723. 

Guillamón A, Segovia S (1997) Sex differences in the 

vomeronasal system. Brain Res Bull 44:377–382. doi: 

10.1016/S0361-9230(97)00217-7. 

Haga S, Hattori T, Sato T, Sato K, Matsuda S, Kobayakawa R et 

al.  (2010) The male mouse pheromone ESP1 enhances female 

sexual receptive behaviour through a specific vomeronasal 

receptor. Nature 466: 118–122. doi: 10.1038/nature09142. 

Haga-Yamanaka S, Ma L, Yu CR (2015) Tuning properties and 

dynamic range of type 1 vomeronasal receptors. Front Neurosci 

9:244.  doi: 10.3389/fnins.2015.00244. 

Halpern M (1987) The organization and function of the 

vomeronasal system. Annu Rev Neurosci 10:325–362. doi: 

10.1146/annurev.ne.10.030187.001545. 

Halpern M (1992) Nasal chemical senses in reptiles: structure 

and function. In: Biology of the reptilia: hormones, brain, and 

behavior. Gans C, Crews D, eds. University of Chicago Press, 

Chicago pp. 423–523. 

Halpern M, Martinez-Marcos A (2003) Structure and function 

of the vomeronasal system: an update. Prog Neurobiol 70:245–318. 

doi: 10.1016/s0301-0082(03)00103-5. 

Halpern M, Shapiro LS, Jia C (1995) Differential localization of 

https://pubmed.ncbi.nlm.nih.gov/?term=Kobayakawa+R&cauthor_id=20596023
https://doi.org/10.1038/nature09142


PAULA RODRÍGUEZ VILLAMAYOR 

356 
 

G proteins in the opossum vomeronasal system. Brain Res 

677:157–161. doi: 10.1016/0006-8993(95)00159-n. 

Halpern M, Shapiro LS, Jia C (1998) Heterogeneity in the 

accessory olfactory system. Chem Senses, 23:477–481. 

doi: 10.1093/chemse/23.4.477. 

Hammen GF, Turaga D, Holy TE, Meeks JP (2014) Functional 

organization of glomerular maps in the mouse accessory olfactory 

bulb. Nat Neurosci 17:953–961. doi: 10.1038/nn.3738. 

Hanchate NK, Kondo K, Lu Z, Kuang D, Ye X, Qiu X, et al.  

(2015) Single-cell transcriptomics reveals receptor transformations 

during olfactory neurogenesis. Science 350(6265):1251-1255. doi: 

10.1126/science.aad2456. 

Hassanein EM, Hashem NM, El-Azrak KEDM, Gonzalez-Bulnes 

A, Hassan GA. Salem MH (2021) Efficiency of GnRH–loaded 

chitosan nanoparticles for inducing LH secretion and fertile 

ovulations in protocols for artificial insemination in rabbit does. 
Animals 11:440. doi: https://doi.org/10.3390/ani11020440. 

Hasui K, Takatsuka T, Sakamoto R, Matsushita S, Tsuyama S, 

Izumo S, Murata F (2003) Double autoimmunostaining with glycine 

treatment. J Histochem Cytochem 51:1169–1176. doi: 

10.1177/002215540305100907. 

He HQ, Liao D, Wang ZG, Wang ZL, Zhou HC, Wang MW, et 

al.  (2013) Functional characterization of three mouse 

formylpeptide receptors. Mol Pharmacol 83:389–398. doi: 

https://doi.org/10.1124/mol.112.081315. 

He J, Ma L, Kim S, Nakai J, Yu CR (2008) Encoding gender 

and individual information in the mouse vomeronasal organ. 

Science 320:535-538. doi: 10.1126/science.1154476. 

Hellier V, Brock O, Candlish M, Desroziers E, Aoki M, Mayer C 

et al. (2018) Female sexual behaviour in mice is controlled by 

kisspeptin neurons. Nat Comm 9:400. doi: 10.1038/s41467-017-

02797-2. 

Herbison AE (2016) Control of puberty onset and fertility by 

https://doi.org/10.1093/chemse/23.4.477
https://www.science.org/doi/full/10.1126/science.aad2456#con1
https://doi.org/10.1126/science.aad2456
https://doi.org/10.1126/science.aad2456
https://doi.org/10.3390/ani11020440
https://doi.org/10.1126/science.1154476
https://pubmed.ncbi.nlm.nih.gov/?term=Herbison+AE&cauthor_id=27199290


REFERENCES 

357 
 

gonadotropin-releasing hormone neurons. Nat Rev Endocrinol 

12(8):452-66. doi: 10.1038/nrendo.2016.70. 

Herrada G, Dulac C (1997) A novel family of putative 

pheromone receptors in mammals with a topographically 

organized and sexually dimorphic distribution. Cell 90:763–773. 

doi: 10.1016/s0092-8674(00)80536-x. 

Hogan MP, Whittington AC,  Broe MB, Ward MJ, Gibbs HL, 

Rokyta DR (2021) The chemosensory repertoire of the eastern 

diamondback rattlesnake (crotalus adamanteus) reveals 

complementary genetics of olfactory and vomeronasal‑type 

receptors. J Mol Evol 89(4-5):313-328. doi: 10.1007/s00239-021-

10007-3.  

Hohenbrink P, Dempewolf S, Zimmermann E, Mundy NI, 

Radespiel U (2014) Functional promiscuity in a mammalian 

chemosensory system: extensive expression of vomeronasal 

receptors in the main olfactory epithelium of mouse lemurs. Front 

Neuroanat 8: 00102. doi: 10.3389/fnana.2014.00102.  

Holy TE (2018) The accessory olfactory system: innately 

specialized or microcosm of mammalian circuitry? Annu Rev 

Neurosci 41:501–525. doi: 10.1146/annurev-neuro-080317-061916.  

Hu W (2009) The Role of p53 Gene Family in Reproduction. 

Cold Spring Harb Perspect Biol 00: a001073. doi: 

10.1101/cshperspect.a001073.  

Hu W, Zheng T, Wang J (2011) Regulation of fertility by the 

p53 family members. Genes Cancer 2(4):420–430. 

doi: 10.1177/1947601911408892. 

Huang DW, Sherman BT, Lempicki RA (2009a) Systematic and 

integrative analysis of large gene lists using DAVID 

Bioinformatics Resources. Nature Protoc 4(1):44-57. doi: 

10.1038/nprot.2008.211. 

Huang DW, Sherman BT, Lempicki RA (2009b) Bioinformatics 

enrichment tools: paths toward the comprehensive functional 

analysis of large gene lists. Nucleic Acids Res 37(1): 1-13. doi: 

https://doi.org/10.1177%2F1947601911408892


PAULA RODRÍGUEZ VILLAMAYOR 

358 
 

10.1093/nar/gkn923. 

Ibarra-Soria X, Levitin MO, Logan DW (2014a) The genomic 

basis of vomeronasal-mediated behaviour. Mamm Genome 25(1-

2):75-86. doi: 10.1007/s00335-013-9463-1. 

Ibarra-Soria X, Levitin MO, Saraiva LR, Logan DW (2014b) The 

olfactory transcriptomes of mice. PLoS Genet 10(9):e1004593. doi: 

https://doi.org/10.1371/journal.pgen.1004593. 

Ichikawa M (1998) Neuronal development, differentiation, and 

plasticity in the mammalian vomeronasal system. Zoological Sci 

13(5):627-639. doi: https://doi.org/10.2108/zsj.13.627. 

Ihara S, Yoshikawa K, Touhara K (2013) Chemosensory signals 

and their receptors in the olfactory neural system. Neuroscience 

254:45–60. doi: 10.1016/j.neuroscience.2013.08.063. 

IndexBox (2021) Report on world - rabbit or hare meat - 

market analysis, forecast, size, trends and insights. Online, 

accessed July 31, 2022 at https://www.indexbox.io/store/world-rabbit-

or-hare-meat-market-report-analysis-and-forecast-to-2020/. 

Iseppe AF, Pignatelli A, Belluzzi O (2016) Calretinin-

periglomerular interneurons in mice olfactory bulb: cells of few 

words. Front Cell Neurosci 10(231):1-13. doi: 

https://doi.org/10.3389/fncel.2016.00231. 

Ishii KK, Osakada T, Mori H, Miyasaka N, Yoshihara Y, 

Miyamichi K et al. (2017) A labeled-line neural circuit for 

pheromone-mediated sexual behaviours in mice. Neuron 95:123-

137.e8. doi: 10.1016/j.neuron.2017.05.038. 

Ishii T, Hirota J, Mombaerts P (2003) Combinatorial 

coexpression of neural and immune multigene families in mouse 

vomeronasal sensory neurons. Curr Biol 13(5):394-400. doi: 

10.1016/s0960-9822(03)00092-7. 

Ishii T, Mombaerts P (2008) Expression of nonclassical class I 

major histocompatibility genes defines a tripartite organization of 

the mouse vomeronasal system. J Neurosci 28:2332–2341. doi: 

10.1523/JNEUROSCI.4807-07.2008. 

https://doi.org/10.1371/journal.pgen.1004593
https://doi.org/10.2108/zsj.13.627
https://www.indexbox.io/store/world-rabbit-or-hare-meat-market-report-analysis-and-forecast-to-2020/
https://www.indexbox.io/store/world-rabbit-or-hare-meat-market-report-analysis-and-forecast-to-2020/
https://doi.org/10.3389/fncel.2016.00231


REFERENCES 

359 
 

Ishii T, Mombaerts P (2011) Coordinated coexpression of two 

vomeronasal receptor V2R genes per neuron in the mouse. Mol 

and Cell Neurosci 46:397–408. doi: 10.1016/j.mcn.2010.11.002.  

Isogai Y, Si S, Pont-Lezica L, Tan T, Kapoor V, Murthy VN, et 

al.  (2011) Molecular organization of vomeronasal 

chemoreception. Nature 478(7368):241–245. 

doi:10.1038/nature10437. 

ITIS (2022) Integrated Taxonomic Information System 

Report. Online, accessed July 31, 2022 at 

https://www.itis.gov/servlet/SingleRpt/SingleRpt?search_topic=TSN

&search_value=180129#null. 

Izard MK, Vandenbergh JG (1982) The effects of bull urine on 

puberty and calving date in crossbred beef heifers. J Animal Sci 

55:1160–1168. doi: 10.2527/jas1982.5551160x. 

Jacobowitz DM, Winsky L (1991) Immunocytochemical 

localization of calretinin in the forebrain of the rat. J Comp Neurol 

304:198–218. doi: 10.1002/cne.903040205. 

Jacobson L, Trotier D, Døving KB (1998) Anatomical 

description of a new organ in the nose of domesticated animals by 

Ludvig Jacobson (1813) Chem Senses 23:743–754.  doi: 

10.1093/chemse/23.6.743. 

Jang T, Singer AG, O’Connell RJ (2001) Induction of c-fos in 

hamster accessory olfactory bulbs by natural and cloned 

aphrodisin. NeuroReport 12:449–52. doi: 10.1097/00001756-

200103050-00006. 

Jessell TM, Hynes MA, Dodd J (1990) Carbohydrates and 

carbohydrate- binding proteins in the nervous system. Annu Rev 

Neurosci 13:227–255. doi: 10.1146/annurev.ne.13.030190.001303. 

Jia C, Halpern M (1996) Subclasses of vomeronasal receptor 

neurons: differential expression of G proteins (Gi alpha 2 and G(o 

alpha)) and segregated projections to the accessory olfactory bulb. 
Brain Res 719:117–128. doi: 10.1016/0006-8993(96)00110-2. 

Jia C, Halpern M (2003) Calbindin D28 k immunoreactive 

https://www.itis.gov/servlet/SingleRpt/SingleRpt?search_topic=TSN&search_value=180129#null
https://www.itis.gov/servlet/SingleRpt/SingleRpt?search_topic=TSN&search_value=180129#null


PAULA RODRÍGUEZ VILLAMAYOR 

360 
 

neurons in vomeronasal organ and their projections to the 

accessory olfactory bulb in the rat. Brain Res 977:261–269. doi: 

10.1016/s0006-8993(03)02693-3. 

Jia C, Halpern M (2004) Calbindin D28k, parvalbumin, and 

calretinin immunoreactivity in the main and accessory olfactory 

bulbs of the gray short-tailed opossum, Monodelphis domestica. J 

Morphol 259:271–280. doi: 10.1002/jmor.10166. 

Johnson M, Tsai L, Roy D, Valenzuela D, Mosley C, Magklara A, 

et al.  (2012) Neurons expressing trace amine-associated receptors 

project to discrete glomeruli and constitute an olfactory 

subsystem. PNAS 109:13410–13415. doi: 

https://doi.org/10.1073/pnas.1206724109. 

Johnson RP (1973) Scent marking in mammals. Anim Behav 

21:521-535. 

Juilfs DM, Fülle HJ, Zhao AZ, Houslay MD, Garbers DL, Beavo 

JA (1997) A subset of olfactory neurons that selectively express 

cGMP stimulated phosphodiesterase (PDE2) and guanylyl 

cyclase-D define a unique olfactory signal transduction pathway. 

PNAS 94(7):3388-95. doi: 10.1073/pnas.94.7.3388. 

K, Horesh N, Abu-Snieneh A, Dafni A, Paul R, Fleck D, et al.  

(2019) The vomeronasal system can learn novel stimulus response 

pairings. Cell Reports 27:676–684. doi: 

https://doi.org/10.1016/j.celrep.2019.03.042. 

Kageyama R, ItaruImayoshi I, Sakamoto M (2012) The role of 

neurogenesis in olfaction-dependent behaviors. Behav Brain Res 

227(2):459-463. doi: https://doi.org/10.1016/j.bbr.2011.04.038 

Kaluza JF, Gussing F, Bohm S, Breer H, Strotmann J (2004) 

Olfactory receptors in the mouse septal organ. J Neurosci Res 

76:442–452. doi: 10.1002/jnr.20083. 

Kaneko N, Debski EA, Wilson MC, Whitten WK (1980) Puberty 

Acceleration in Mice. II. Evidence that the Vomeronasal Organ is 

a Receptor for the Primer Pheromone in Male Mouse Urine. 
Biology of Reproduction 22:873-878. doi: 

https://doi.org/10.1073/pnas.1206724109
https://pubmed.ncbi.nlm.nih.gov/?term=Juilfs+DM&cauthor_id=9096404
https://pubmed.ncbi.nlm.nih.gov/?term=F%C3%BClle+HJ&cauthor_id=9096404
https://pubmed.ncbi.nlm.nih.gov/?term=Zhao+AZ&cauthor_id=9096404
https://pubmed.ncbi.nlm.nih.gov/?term=Houslay+MD&cauthor_id=9096404
https://pubmed.ncbi.nlm.nih.gov/?term=Garbers+DL&cauthor_id=9096404
https://pubmed.ncbi.nlm.nih.gov/?term=Beavo+JA&cauthor_id=9096404
https://doi.org/10.1016/j.celrep.2019.03.042
https://www.sciencedirect.com/science/article/abs/pii/S0166432811003482#!
https://www.sciencedirect.com/science/article/abs/pii/S0166432811003482#!
https://www.sciencedirect.com/science/article/abs/pii/S0166432811003482#!
https://doi.org/10.1016/j.bbr.2011.04.038


REFERENCES 

361 
 

10.1095/biolreprod22.4.873. 

Karlson P, Lüscher M (1959) Pheromones: a new term for a 

class of biologically active substances. Nature 183:55–56. doi: 

10.1038/183055a0. 

Kaur AW, Ackels T, Kuo TH, Cichy A, Dey S, Hays C et al.  

(2014) Murine pheromone proteins constitute a context-dependent 

combinatorial code governing multiple social behaviors. Cell 

157:676–688. doi: 10.1016/j.cell.2014.02.025. 

Keeling L, Tunón, H, Olmos-Antillón G, Berg C, Jones M, 

Stuardo L, et al.  (2019) Animal welfare and the united nations 

sustainable development goals. Front Vet Sci 6:336. doi: 

https://doi.org/10.3389/fvets.2019.00336. 

Kelliher KR (2007) The combined role of the main olfactory 

and vomeronasal systems in social communication in mammals. 
Horm Behav 52:561–570.  doi: 10.1016/j.yhbeh.2007.08.012. 

Kerketta S, Singh A, Sahu S, Upadhyay D, Abdullah M, Yogi R 

et al. (2017) Biostimulation: innovative tool to improve 

reproductive efficiency in farm animals. Int. Livestock Res 7(4):18-

30. doi: http://dx.doi.org/10.5455/ijlr.20170303025218. 

Keverne EB (1999) The vomeronasal organ. Science 286:716–

20. doi: 10.1126/science.286.5440.716. 

Keverne EB (2002) Pheromones, vomeronasal function, and 

genderspecific behavior. Cell 108:735–738. doi: 

https://doi.org/10.1016/S0092-8674(02)00687-6. 

Keverne EB (2005) Odor here, odor there: chemosensation 

and reproductive function. Nat Neurosci 8:1637–1638. doi: 

10.1038/nn1205-1637. 

Kim J, Ahn M, Choi Y, Hyeon Jb, Shin T (2017) 

Immunohistochemical study of arginases 1 and 2 in the olfactory 

bulbs of the Korean roe deer, Capreolus pygargus. Acta Histochem 

119(7):696-700. DOI: 10.1016/j.acthis.2017.08.005. 

Kimchi T, Xu J, Dulac C (2007) A functional circuit underlying 

https://doi.org/10.3389/fvets.2019.00336
https://doi.org/10.1016%2Fj.yhbeh.2007.08.012
http://dx.doi.org/10.5455/ijlr.20170303025218
https://doi.org/10.1016/S0092-8674(02)00687-6


PAULA RODRÍGUEZ VILLAMAYOR 

362 
 

male sexual behaviour in the female mouse brain. Nature 

448:1009–1014. doi:10.1038/nature06089. 

Kimoto H, Haga S, Sato K, Touhara K (2005) Sex-specific 

peptides from exocrine glands stimulate mouse vomeronasal 

sensory neurons. Nature 437:898-901. doi: 10.1038/nature04033. 

Kinzinger JH, Johnson EW, Bhatnagar KP, Bonar CJ, Burrows 

AM, Mooney MP, Siegel MI, Smith TD (2005) Comparative study 

of lectin reactivity in the vomeronasal organ of human and 

nonhuman primates. Anat Rec 284:550–560. doi: 

10.1002/ar.a.20194. 

Klein B, Bautze V, Maier AM, Deussing J, Breer H, Strotmann J 

(2015) Activation of the mouse odorant receptor 37 subsystem 

coincides with a reduction of novel environment-induced activity 

within the paraventricular nucleus of the hypothalamus. Eur J 

Neurosci 41(6):793-801. doi: 10.1111/ejn.12838.  

Klein E (1881) The organ of Jacobson in the rabbit. Quart J 

Micros Sci 21:549–570. doi: https://doi.org/10.1242/jcs.s2-21.84.549. 

Knight TW, Lynch PR (1980) Source of ram pheromones that 

stimulate ovulation in the ewe.  Anim. Repr Sci 3:133—136. doi: 

https://doi.org/10.1016/0378-4320(80)90040-8. 

Kobayakawa K, Kobayakawa R, Matsumoto H, Oka Y, Imai T, 

Ikawa M, et al.  (2007) Innate versus learned odour processing in 

the mouse olfactory bulb. Nature 450(7169):503-8. doi: 

10.1038/nature06281. 

Kondoh D, Kamikawa A, Sasaki M, Kitamura N (2017) 

Localization of α1-2 fucose glycan in the mouse olfactory pathway. 
Cells Tissues Organs 203:20–28. doi: 10.1159/000447009. 

Kondoh D, Kawai YK, Watanabe K, Muranishi Y (2022) 

Artiodactyl livestock species have a uniform vomeronasal system 

with a vomeronasal type 1 receptor (V1R) pathway. Tissue and 

cell 77:101863. doi: https://doi.org/10.1016/j.tice.2022.101863. 

Kondoh D, Sasaki M, Kitamura N (2018) Age-dependent 

decrease in glomeruli and receptor cells containing a1-2 fucose 

https://pubmed.ncbi.nlm.nih.gov/?term=Klein+B&cauthor_id=25619114
https://pubmed.ncbi.nlm.nih.gov/?term=Bautze+V&cauthor_id=25619114
https://pubmed.ncbi.nlm.nih.gov/?term=Maier+AM&cauthor_id=25619114
https://pubmed.ncbi.nlm.nih.gov/?term=Deussing+J&cauthor_id=25619114
https://pubmed.ncbi.nlm.nih.gov/?term=Breer+H&cauthor_id=25619114
https://pubmed.ncbi.nlm.nih.gov/?term=Strotmann+J&cauthor_id=25619114
https://doi.org/10.1242/jcs.s2-21.84.549
https://doi.org/10.1016/0378-4320(80)90040-8
https://doi.org/10.1016/j.tice.2022.101863


REFERENCES 

363 
 

glycan in the mouse main olfactory system but not in the 

vomeronasal system. Cell Tissue Res 373:361–366. doi: 

10.1007/s00441-018-2819-9. 

Kowatschew D, Korsching SI (2022) Lamprey possess both 

V1R and V2R olfactory receptors, but only V1Rs are expressed in 

olfactory sensory neurons. Chem Senses 47:bjac007. doi: 

10.1093/chemse/bjac007. 

Kream RM, Davis BJ, Kawano T, Margolis  FL, Macrides F 

(1984) Substance P and catecholaminergic expression in neurons 

of the hamster main olfactory bulb. J Comp Neurol 222:140–154. 

doi: 10.1002/cne.902220112. 

Krishna NS, Getchell ML, Getchell TV (1994) Expression of the 

putative pheromone and odorant transporter vomeromodulin 

mRNA and protein in nasal chemosensory mucosae. J Neurosci 

Res 39:243–259. doi: 10.1002/jnr.490390303. 

Kroner C, Breer H, Singer AG, O’Connell RJ (1996) 

Pheromone-induced second messenger signaling in the hamster 

vomeronasal organ. NeuroReport 7:2989–92. doi: 

10.1097/00001756-199611250-00038. 

Kubo H, Otsuka M, Kadokawa H (2016) Sexual polymorphisms 

of vomeronasal 1 receptor family gene expression in bulls, steers, 

and estrous and luteal-phase heifers. J Vet Med Sci 78(2):271-279. 

doi: 10.1292/jvms.15-0300. 

Kurzweil VC, Getman M, Comparative Seq Program NISC, 

Green ED, Lane RP (2009) Dynamic evolution of V1R putative 

pheromone receptors between Mus musculus and Mus spretus. 

BMC Genomics 10:74. doi: 10.1186/1471-2164-10-74. 

Kustos K, Eiben CS, Szendrő ZS, Theau-Clement M, Gódor S-

NÉ, Jovanczai Z (2000) Effect on reproductive traits of male 

presence among rabbit does before artificial insemination 

(preliminary results). World Rabbit Sci 8(suppl. 1, volumen A):161–

166.  ISSN: 2308-1910 (electronic). 

Kwon JT, Ryu C, Lee H, Sheffield A, Fan J, Cho DH et al. (2021) 

https://pubmed.ncbi.nlm.nih.gov/?term=Kowatschew+D&cauthor_id=35522082
https://pubmed.ncbi.nlm.nih.gov/?term=Korsching+SI&cauthor_id=35522082
https://www.researchgate.net/scientific-contributions/Z-Jovanczai-2175750650


PAULA RODRÍGUEZ VILLAMAYOR 

364 
 

An amygdala circuit that suppresses social engagement. Nature 

593(7857):114-118. 

Lanuza E, Martin-Sánchez A, Marco-Manclús P, Cádiz-Moretti 

B, Fortes-Marco L, Hernández-Martínez A, et al. (2014) Sex 

pheromones are not always attractive: changes induced by 

learning and illness in mice. Animal Behav 97:265-272. doi: 

http://dx.doi.org/10.1016/j.anbehav.2014.08.011. 

Lanuza E, Novejarque A, Martínez-Ricós J, Martínez-Hernández 

J, Agustín-Pavón C, Martínez-García F (2008) Sexual pheromones 

and the evolution of the reward system of the brain: the 

chemosensory function of the amygdala. Brain Res Bull 75(2-

4):460-6. doi: 10.1016/j.brainresbull.2007.10.042. 

Larriva-Sahd J (2008) The accessory olfactory bulb in the adult 

rat: a cytological study of its cell types, neuropil, neuronal 

modules, and interactions with the main olfactory system. J Comp 

Neurol 510:309–350. doi: 10.1002/cne.21790. 

Larriva-Sahd J (2012) Cytological organization of the alpha 

component of the anterior olfactory nucleus and olfactory limbus. 
Front Neuroanat 6:23. doi: 10.3389/fnana.2012.00023. 

Lazzari M, Bettini S, Franceschini V (2016) 

Immunocytochemical characterisation of ensheathing glia in the 

olfactory and vomeronasal systems of Ambystoma mexicanum 

(Caudata: Ambystomatidae). Brain Struct Funct 221:955–967. doi: 

10.1007/s00429-014-0949-8.  

Le Y, Murphy PM, Wang JM (2002) Formyl-peptide receptors 

revisited. Trends Immunol 23(11):541-8. doi: 10.1016/s1471-

4906(02)02316-5. 

Lebas F, Theau-Clement M, Remy B, Drion PJ, Beckers F (1996) 

Production of anti-PMSG antibodies and its relation to the 

roductivity of rabbit does. World Rabbit Sci 4:57–62. doi: 

https://doi.org/10.4995/wrs.1996.271. 

Lee KH, Park C, Kim J, Moon C, Ahn M, Shin T (2016) 

Histological and lectin histochemical studies of the vomeronasal 

http://dx.doi.org/10.1016/j.anbehav.2014.08.011
https://pubmed.ncbi.nlm.nih.gov/?term=Novejarque+A&cauthor_id=18331915
https://pubmed.ncbi.nlm.nih.gov/?term=Mart%C3%ADnez-Ric%C3%B3s+J&cauthor_id=18331915
https://pubmed.ncbi.nlm.nih.gov/?term=Mart%C3%ADnez-Hern%C3%A1ndez+J&cauthor_id=18331915
https://pubmed.ncbi.nlm.nih.gov/?term=Agust%C3%ADn-Pav%C3%B3n+C&cauthor_id=18331915
https://pubmed.ncbi.nlm.nih.gov/?term=Mart%C3%ADnez-Garc%C3%ADa+F&cauthor_id=18331915
https://doi.org/10.4995/wrs.1996.271


REFERENCES 

365 
 

organ of horses. Tissue Cell 48:361–369. doi: 

10.1016/j.tice.2016.05.002. 

Lefêvre B, Martinet L, Moret B (1976) Environmental et 

comportement d’oestrus chez la lapine. 1
er

 Congr Internat Cunicole, 

Com. Nº 61. Dijon (France). Retrieved from Ola SI, Olatunbosun OS 

(2013) Effect of buck presence on sexual receptivity and kindling 

performance of rabbit doe. Livest Res Rural Develop 25(8). Online, 

accessed July 31, 2022 at http://www.lrrd.org/lrrd25/8/ola25135.html.  

Leinders-Zufall T, Brennan P, Widmayer P, Chandramani SP, 

Maul-Pavicic A, Jäger M et al. (2004) MHC class I peptides as 

chemosensory signals in the vomeronasal organ. Science 

306(5698): 1033-7. doi: 10.1126/science.1102818. 

Leinders-Zufall T, Cockerham RE, Michalakis S, Biel M, Garbers 

DL, Reed RR, et al.  (2007) Contribution of the receptor guanylyl 

cyclase GC-D to chemosensory function in the olfactory 

epithelium. PNAS 104(36):14507-12. doi: 10.1073/pnas.0704965104. 

Leinders-Zufall T, Ishii T, Chamero P, Hendrix P, Oboti L, 

Schmid A et al. (2014) A family of nonclassical class I HMC genes 

contributes to ultrasensitive chemodetection by mouse 

vomeronasal sensory neurons. J Neurosci 34, 5121–5133. doi: 

10.1523/JNEUROSCI.0186-14.2014. 

Leinders-Zufall T, Ishii T, Mombaerts P, Zufall F, Boehm T 

(2009) Structural requirements for the activation of vomeronasal 

sensory neurons by MHC peptides. Nat Neurosci 12:1551–1558. 

doi: 10.1038/nn.2452. 

Leinders-Zufall T, Lane AP, Puche AC, Ma W, Novotny MV, 

Shipley MT et al. (2000) Ultrasensitive pheromone detection by 

mammalian vomeronasal neurons. Nature 405(6788):792-796. doi: 

10.1038/35015572. 

Lemons K,  Fu Z, Aoudé I,  Ogura T,  Sun J,  Chang J et al. 

(2017) Lack of TRPM5-Expressing Microvillous Cells in Mouse 

Main Olfactory Epithelium Leads to Impaired Odor-Evoked 

Responses and Olfactory-Guided Behaviour in a Challenging 

http://www.lrrd.org/lrrd25/8/ola25135.html


PAULA RODRÍGUEZ VILLAMAYOR 

366 
 

Chemical Environment. eNeuro 4(3):0135-17. doi: 

https://doi.org/10.1523/ENEURO.0135-17.2017. 

Lévai O, Feistel T, Breer H, Strotmann J (2006) Cells in the 

vomeronasal organ express odorant receptors but project to the 

accessory olfactory bulb. J Comp Neurol 498:476–490. doi: 

10.1002/cne.21067. 

Li S, Zeng W, Li R, Hoffman LC, He Z, Sun Q, et al.  (2018) 

Rabbit meat production and processing in China. Meat Sci 

145:320-328. doi: https://doi.org/10.1016/j.meatsci.2018.06.037. 

Liberles SD (2014) Mammalian pheromones. Annu Rev Physiol 

76:151–175. doi: 10.1146/annurev-physiol-021113-170334. 

Liberles SD, Buck LB (2006) A second class of chemosensory 

receptors in the olfactory epithelium. Nature 442(7103):645-

50. doi: 10.1038/nature05066. 

Liberles SD, Horowitz LF, Kuang D, Contos JJ, Wilson KL, 

Siltberg-Liberles J, et al.  (2009) Formyl peptide receptors are 

candidate chemosensory receptors in the vomeronasal organ. 
PNAS 106(24):9842–9847. doi: 10.1073/pnas.0904464106. 

Leinders-Zufall T, Cockerham RE, Michalakis S, Biel M, Garbers 

DL, Reed RR (2007) Contribution of the receptor guanylyl cyclase 

GC-D to chemosensory function in the olfactory epithelium. PNAS 

104(36):14507-12. doi: 10.1073/pnas.0704965104. 

Lin JM, Taroc EZM, Frias JA, Prasad A, Catizone AN, Sammons 

MA et al. (2018) The transcription factor Tfap2e/AP-2ε plays a 

pivotal role in maintaining the identity of basal vomeronasal 

sensory neurons. Dev Biol 44(1):67-82. doi: 

https://doi.org/10.1016/j.ydbio.2018.06.007. 

Lindemann L, Ebeling M, Kratochwil NA, Bunzow JR, Grandy 

DK, Hoener MC (2005) Trace amine-associated receptors form 

structurally and functionally distinct subfamilies of novel G 

protein-coupled receptors. Genomics 85:372-385. 

doi:10.1016/j.ygeno.2004.11.010. 

Liu SY, Zhang CJ, Peng HY, Sun H, Lin KQ, Huang XQ (2017) 

https://doi.org/10.1016/j.meatsci.2018.06.037
https://doi.org/10.1016/j.ydbio.2018.06.007


REFERENCES 

367 
 

Strong association of SLC1A1 and DPF3 gene variants with 

idiopathic male infertility in Han Chinese. Asian Journal of 

Andrology 19:486–492. doi: 10.4103/1008-682X.178850. 

Lledo PM, Alonso M, Grubb MS (2006) Adult neurogenesis and 

functional plasticity in neuronal circuits. Nat Rev Neurosci 

7(3):179-93. doi: 10.1038/nrn1867. 

Lledo PM, Valley M (2016) Adult olfactory bulb 

neurogenesis. Cold Spring Harb Perspect Biol 8(8):a018945. 

doi: 10.1101/cshperspect.a018945.  

Lo L, Anderson DJ (2011) A cre-dependent, anterograde 

transsynaptic viral tracer for mapping output pathways of 

genetically marked neurons. Neuron 72:938–950. doi: 

10.1016/j.neuron.2011.12.002. 

Loconto J, Papes F, Chang E, Stowers L, Jones EP, Takada T, et 

al.  (2003) Functional expression of murine V2R pheromone 

receptors involves selective association with the M10 and M1 

families of MHC class Ib molecules. Cell 112:607-618. doi: 

10.1016/s0092-8674(03)00153-3. 

Löf C, Viitanen T, Sukumaran P, Törnquist K (2011) TRPC2: of 

mice but not men. Adv Exp Med Biol 704:125-34. doi: 10.1007/978-

94-007-0265-3_6. 

Lohman AHM (1963) The anterior olfactory lobe of the guinea 

pig. Acta Anat 45:9–109. doi: 10.1159/isbn.978-3-8055-8696-2. 

Love MI, Huber W, Anders S (2014) Moderated estimation of 

fold change and dispersion for RNA-seq data with DESeq2. 

Genome Biol 15:550–550. doi: https://doi.org/10.1186/s13059-014-

0550-8. 

Luckhaus G (1969) Licht- und elektronenmikroskopische 

befunde an der lamina epithelialis des vomeronasal organs vom 

kaninchen. Anat Anz 124, 477–489. 

Lundström JN, Boesveldt S, Albrecht J (2011) Central 

processing of the chemical senses: an overview. ACS Chem 

Neurosci 2(1): 5–16. doi: 10.1021/cn1000843. 

https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://pubmed.ncbi.nlm.nih.gov/?term=Lundstr%C3%B6m%20JN%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Boesveldt%20S%5BAuthor%5D
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3077578/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3077578/
https://doi.org/10.1021%2Fcn1000843


PAULA RODRÍGUEZ VILLAMAYOR 

368 
 

Luo M, Fee MS, Katz LC (2003) Encoding pheromonal signals 

in the accessory olfactory bulb of behaving mice. Science, 

299(5610):1196-201. doi: 10.1126/science.1082133. 

Luzynski KC, Nicolakis D, Marconi MA, Zala SM, Kwak J, Penn 

DJ (2021) Pheromones that correlate with reproductive success in 

competitive conditions. Sci Rep 11:21970. doi: 

https://doi.org/10.1038/s41598-021-01507-9. 

Ma M, Grosmaitre X, Iwema CL, Baker H, Greer CA, Shepherd 

GM (2003) Olfactory signal transduction in the mouse septal 

organ. J Neurosci 23(1):317–324. doi: 10.1523/JNEUROSCI.23-01-

00317.2003. 

Ma T, Gαo H, Fang X, Yang H (2011) Expression and function 

of aquaporins in peripheral nervous system. Acta Pharmacologica 

Sinica. 32:711–715. doi: 10.1038/aps.2011.63. 

Mackay-Sim A, Duvall D, Graves BM (1985) The west indian 

manatee (Trichechus manatus) lacks a vomeronasal organ. Brain 

Behav Evol 27:186–194. doi: 10.1159/000118729. 

Mackay-Sim A,St John J,Schwob JE (2015) Neurogenesis in 

the adult olfactory epithelium (chapter 7). In: Handbook of olfaction 

& gustation, 3
rd

 Edition. Doty RL, editor. Hoboken (NJ): Wiley-

Blackwell. New Jersey, EEUU, pp. 133-156. doi: 

10.1002/9781118971758. 

Maertens L, Luzi F, Grilli G (1995) Effects of PMSG induced 

oestrus on the performances of rabbit does: a review. World Rabbit 

Sci 3(4):191-199. 

Mägert HJ, Cieslak A, Alkan O, Lüscher B, Kauffels W, 

Forssmann WG (1999) The golden hamster aphrodisin gene. 

Structure, expression in parotid glands of female animals, and 

comparison with a similar murine gene. The Journal of Biological 

Chemistry 274(1):444-450. doi: 10.1074/jbc.274.1.444. 

Mak GK, Enwere EK, Gregg C, Pakarainen T, Poutanen M, 

Huhtaniemi I, et al.  (2007) Male pheromone–stimulated 

neurogenesis in the adult female brain: possible role in mating 

https://pubmed.ncbi.nlm.nih.gov/?term=Luo+M&cauthor_id=12595684
https://pubmed.ncbi.nlm.nih.gov/?term=Fee+MS&cauthor_id=12595684
https://pubmed.ncbi.nlm.nih.gov/?term=Katz+LC&cauthor_id=12595684
https://doi.org/10.1038/s41598-021-01507-9
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Mackay-Sim%2C+Alan
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=John%2C+James+st
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Schwob%2C+James+E
https://europepmc.org/search?query=AUTH:%22A%20Cieslak%22
https://europepmc.org/search?query=AUTH:%22O%20Alkan%22
https://europepmc.org/authors/0000-0002-9622-8709
https://europepmc.org/search?query=AUTH:%22W%20Kauffels%22
https://europepmc.org/search?query=AUTH:%22W%20G%20Forssmann%22
https://doi.org/10.1074/jbc.274.1.444


REFERENCES 

369 
 

behavior. Nat Neurosci 10(8):1003-11. doi: 10.1038/nn1928.  

Maksimova MA, Cansler HL, Zuk KE, Torres JM, Roberts DJ, 

Meeks JP (2019) Interneuron functional diversity in the mouse 

accessory olfactory bulb. eNeuro 6(4): ENEURO.0058-19.2019. 

doi: 10.1523/ENEURO.0058-19.2019 

Malnic B, Hirono J, Sato T, Buck LB (1999) Combinatorial 

receptor codes for odors. Cell 96, 713–723. doi: 10.1016/s0092-

8674(00)80581-4. 

Malz CR, Schwartz P, Kuhn HJ (1999) Lectin binding sites in 

the vomeronasal organ and the olfactory epithelium of the tree 

shrew tupaia belangeri. J Hirnforsch 39:481–487. 

Mancini A, Howard SR, Marelli F, Cabrera CP, Barnes MR, 

Sternberg MJE et al. (2020) LGR4 deficiency results in delayed 

puberty through impaired Wnt/β-catenin signaling. JCI insight 

5(11):e133434. doi: 10.1172/jci.insight.133434. 

Mandairon N, Sultan S, Nouvian M, Sacquet J, Didier A (2011) 

Involvement of newborn neurons in olfactory associative learning? 

the operant or non-operant component of the task makes all the 

difference. J Neurosci 31(35):12455–12460. 

doi:10.1523/JNEUROSCI.2919-11.2011. 

Mandiyan VS, Coats JK, Shah NM (2005) Deficits in sexual and 

aggressive behaviors in Cnga2 mutant mice. Nat Neurosci 8:1660–

1662. doi: 10.1038/nn1589.  

MAPAMA (2021a) Acceso a los indicadores económicos sector 

cunícola 2020. Online, accessed July 31, 2022 at 

https://www.mapa.gob.es/en/ganaderia/temas/produccion-y-mercados-

ganaderos/sectores-ganaderos/cunicola/. 

MAPAMA (2021b) Acceso a los informes del sector cunícola – 

Caracterización cunícola 2020. Online, accessed July 31, 2022 at 

https://www.mapa.gob.es/en/ganaderia/temas/produccion-y-mercados-

ganaderos/sectores-ganaderos/cunicola/informesdeinteres.aspx. 

Margot C, Rogers M, Reisinger S (2022) From molecules to 

perception: 126 years at the forefront of olfactory science. Nature 

https://doi.org/10.1523%2FENEURO.0058-19.2019
https://doi.org/10.1172%2Fjci.insight.133434
https://www.mapa.gob.es/en/ganaderia/temas/produccion-y-mercados-ganaderos/sectores-ganaderos/cunicola/
https://www.mapa.gob.es/en/ganaderia/temas/produccion-y-mercados-ganaderos/sectores-ganaderos/cunicola/
https://www.mapa.gob.es/en/ganaderia/temas/produccion-y-mercados-ganaderos/sectores-ganaderos/cunicola/informesdeinteres.aspx
https://www.mapa.gob.es/en/ganaderia/temas/produccion-y-mercados-ganaderos/sectores-ganaderos/cunicola/informesdeinteres.aspx


PAULA RODRÍGUEZ VILLAMAYOR 

370 
 

portfolio (sponsor feature). 

Marín-García PJ, Llobat, L (2021) What are the keys to the 

adaptive success of European wild rabbit (Oryctolagus cuniculus) 

in the Iberian Peninsula? Animals 11:2453. doi: 

https://doi.org/10.3390/ani11082453.  

Martin GB, Milton JTB, Davidson RH, Banchero-Hunzicker GE, 

Lindsay DR, Blache D (2004) Natural methods for increasing 

reproductive efficiency in small ruminants. Anim Reprod Sci 82-

83:231–246. doi: 10.1016/j.anireprosci.2004.05.014. 

Martínez-Marcos A (2008) On the organization of olfactory 

and vomeronasal cortices. Prog Neurobiol 87(1):21-30. doi: 

10.1016/j.pneurobio.2008.09.010. 

Martinez-Marcos A, Jia C, Quan W, Halpern, M (2005) 

Neurogenesis, migration, and apoptosis in the vomeronasal 

epithelium of adult mice. J Neurobiol 63(3):173–187. doi: 

https://doi.org/10.1002/neu.20128.  

Martínez-Marcos A, Lanuza E, Halpern M (2002) Neural 

substrates for processing chemosensory information in snakes. 

Brain Res Bull 57:543–546. doi: 10.1016/s0361-9230(01)00686-4. 

Martini S, Silvotti L, Shirazi A, Ryba NJP, Tirindelli R (2001) 

Co-expression of putative pheromone receptors in the sensory 

neurons of the vomeronasal organ. J Neurosci 21(3):843–848. 

doi: 10.1523/JNEUROSCI.21-03-00843.2001. 

Martín-López E, Corona R, López-Mascaraque L (2012) 

Postnatal characterization of cells in the accessory olfactory bulb 

of wild type and reeler mice. Front Neuroanat 6:15. doi: 

10.3389/fnana.2012.00015.  

Martín-Sánchez A, McLean L, Beynon RJ, Hurst JL, Ayala G, 

Lanuza E et al. (2015) From sexual attraction to maternal 

aggression: when pheromones change their behavioural 

significance. Horm Behav 68:65–76. doi: 

10.1016/j.yhbeh.2014.08.007. 

Masini CV, Garcia RJ, Sasse SK, Nyhuis TJ, Day HEW, 

https://doi.org/10.3390/ani11082453
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6762303/
https://dx.doi.org/10.1523%2FJNEUROSCI.21-03-00843.2001


REFERENCES 

371 
 

Campeau S (2010) Accessory and main olfactory systems 

influences on predator odor-induced behavioral and endocrine 

stress responses in rats. Behav Brain Res 207, 70–77. doi: 

10.1016/j.bbr.2009.09.038.  

Mason RT, Parker MR (2010) Social behavior and pheromonal 

communication in reptiles. J Comp Physiol A 196:729–749. doi: 

10.1007/s00359-010-0551-3. 

Mastrogiacomo R, Ambrosio CD, Niccolini A, Serra A, Gazzano 

A, Scaloni A et al. (2014) An odorant-binding protein is 

abundantly expressed in the nose and in the seminal fluid of the 

rabbit. Plos One 9(11):e111932. doi: 

https://doi.org/10.1371/journal.pone.0111932. 

Matsunami H, Buck LB (1997) A multigene family encoding a 

diverse array of putative pheromone receptors in mammals. Cell 

90:775–784. doi: 10.1016/s0092-8674(00)80537-1. 

McClintock MK (1971) Menstrual synchronism and 

suppression. Nature 229:244-245. 

McCotter RE (1912) The connection of the vomeronasal organ 

with the accessory olfactory bulb in the opossum and mammals. 
Anat Rec 6:299-331. 

Mechin V, Pageat P, Teruel E, Asproni P (2021) Histological 

and immunohistochemical characterization 843 of vomeronasal 

organ aging in mice. Animals 11(5):1211. doi: 10.3390/ani11051211. 

Meisami E, Bhatnagar KP (1998) Structure and diversity in 

mammalian accessory olfactory bulb. Microsc Res Tech 43:476–99. 

doi: 10.1002/(SICI)1097-0029(19981215)43:6<476::AID-

JEMT2>3.0.CO;2-V. 

Melo AI, Chirino R, Jiménez A, Cuamatzi E, Beyer C, González-

Mariscal G (2008) Effect of forebrain implants of testosterone or 

estradiol on scent-marking and sexual behavior in male and 

female rabbits. Horm Behav 54: 676–683. 

doi:10.1016/j.yhbeh.2008.07.006. 

Melo AI, González-Mariscal G (2010) Communication by 

https://doi.org/10.1371/journal.pone.0111932


PAULA RODRÍGUEZ VILLAMAYOR 

372 
 

olfactory signals in rabbits: its role in reproduction (chapter 15). 
In: Vitam Horm 83:351-371. doi: https://doi.org/10.1016/S0083-

6729(10)83015-8. 

Menco BPM, Carr VM, Ezeh PI, Liman ER, Yankova MP (2001) 

Ultrastructural localization of G‐proteins and the channel protein 

TRP2 to microvilli of rat vomeronasal receptor cells. J Comp 

Neurol 438(4):468-489. doi: https://doi.org/10.1002/cne.1329. 

Merckle FT, Fuentealba LC, Sanders TM, Magno L, Kessaris N, 

Alvarez-Buylla A (2014) Adult neural stem cells in distinct 

microdomains generate previously unknown interneuron types. 
Nat Neurosci 17(2):207-214. doi: 10.1038/nn.3610.  

Meredith M (1986) Vomeronasal organ removal before sexual 

experience impairs male hamster mating behavior. Physiol Behav 

36:737–743. doi: https://doi.org/10.1016/0031-9384(86)90362-8. 

Meredith M (1991) Sensory processing in the main and 

accessory olfactory systems: comparisons and contrasts. J Steroid 

Biochem 39:601–614. doi: 10.1016/0960-0760(91)90258-7. 

Meredith M (1994) Chronic recording of vomeronasal pump 

activation in awake behaving hamsters. Physiol Behav 56:345–354. 

doi: https://doi.org/10.1016/0031-9384(94)90205-4. 

Meredith M (1998) Vomeronasal, olfactory, hormonal 

convergence in the brain: cooperation or coincidence? Ann N Y Acad 

Sci 855, 349–361. doi: https://doi.org/10.1111/j.1749-

6632.1998.tb10593.x. 

Meredith M, Marques DM, O’Connell RO, Stern FL (1980) 

Vomeronasal pump: significance for male hamster sexual 

behavior. Science 207:1224–1226. doi: 10.1126/science.7355286. 

Messina A, Pulli K, Santini S, Acierno J, Känsäkoski J, Cassatella 

D et al. (2020) Neuron-derived neurotrophic factor is mutated in 

congenital hypogonadotropic hypogonadism. Am J Hum Genet 

106(1):58-70. doi: 10.1016/j.ajhg.2019.12.003. 

Migeotte I, Communi D, Parmentier M (2006) Formyl peptide 

receptors: a promiscuous subfamily of G protein-coupled 

https://doi.org/10.1016/S0083-6729(10)83015-8
https://doi.org/10.1016/S0083-6729(10)83015-8
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Menco%2C+Bert+Ph+M
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Carr%2C+Virginia+McM
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Ezeh%2C+Patrick+I
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Liman%2C+Emily+R
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Yankova%2C+Maya+P
https://doi.org/10.1002/cne.1329
https://doi.org/10.1016/0031-9384(86)90362-8
https://doi.org/10.1016/0031-9384(94)90205-4
https://doi.org/10.1111/j.1749-6632.1998.tb10593.x
https://doi.org/10.1111/j.1749-6632.1998.tb10593.x
https://pubmed.ncbi.nlm.nih.gov/?term=Messina+A&cauthor_id=31883645
https://pubmed.ncbi.nlm.nih.gov/?term=Pulli+K&cauthor_id=31883645
https://pubmed.ncbi.nlm.nih.gov/?term=Santini+S&cauthor_id=31883645
https://pubmed.ncbi.nlm.nih.gov/?term=Acierno+J&cauthor_id=31883645
https://pubmed.ncbi.nlm.nih.gov/?term=K%C3%A4ns%C3%A4koski+J&cauthor_id=31883645
https://pubmed.ncbi.nlm.nih.gov/?term=Cassatella+D&cauthor_id=31883645


REFERENCES 

373 
 

receptors controlling immune responses. Cytokine Growth Factor 

Rev 17(6):501–519. doi: 10.1016/j.cytogfr.2006.09.009. 

Miller CH, Campbell P, Sheehan MJ (2020) Distinct 

evolutionary trajectories of V1R clades across mouse species. 
BMC Evol Biol 20(1):99. doi: 10.1186/s12862-020-01662-z. 

Minke B, Cook B (2002) TRP channel proteins and signal 

transduction. Physiol Rev 82:429-472. doi: 

10.1152/physrev.00001.2002. 

Miras-Portugal MT (2006) Receptores de feromonas de 

mamíferos: supervivencia y sexualidad. An R Acad Nac Farm 

72:489-517.  

Miyawaki A, Matsushita F, Ryo Y, Mikoshiba K (1994) Possible 

pheromone-carrier function of two lipocalin. EMBO J 13(24):5835-

5842. doi: 10.1002/j.1460-2075.1994.tb06927.x. 

Mohedano-Moriano A, Pro-Sistiaga P, Ubeda-Banon I, Crespo C, 

Insausti R, Martinez-Marcos A (2007) Segregated pathways to the 

vomeronasal amygdala: differential projections from the anterior 

and posterior divisions of the accessory olfactory bulb. Eur J 

Neurosci 25:2065–2080. doi: 10.1111/j.1460-9568.2007.05472.x. 

Mohedano-Moriano A, Pro-Sistiaga P, Ubeda-Banon I, de la 

Rosa-Prieto C, Saiz-Sanchez D, Martinez-Marcos A (2008) V1R and 

V2R segregated vomeronasal pathways to the hypothalamus. 

Neuroreport 19:1623–1626. doi: 10.1097/WNR.0b013e328314b8d4. 

Mohrhardt J, Nagel M, Fleck D, Ben-Shaul Y, Spehr M (2018) 

Signal detection and coding in the accessory olfactory system. 

Chem Senses 43:667–695. doi:10.1093/chemse/bjy061. 

Mombaerts P, Wang F, Dulac C, Chao S, Nemes A, Mendelsohn 

M, et al.  (1996) Visualizing an olfactory sensory map. Cell 

87(4):675-686. doi: 10.1016/s0092-8674(00)81387-2. 

Mombaerts P (2004) Genes and ligands for odorant, 

vomeronasal and taste receptors. Nat  Rev Neurosci  5(4):263–278. 

doi: 10.1038/nrn1365. 

https://doi.org/10.1002/j.1460-2075.1994.tb06927.x
https://www.nature.com/articles/nrn1365#auth-Peter-Mombaerts


PAULA RODRÍGUEZ VILLAMAYOR 

374 
 

Moreno M, Richard M, Landrein B, Sacquet J, Didier A, 

Mandairon N (2014) Alteration of olfactory perceptual learning 

and its cellular basis in aged mice. Neurobiol Aging 35:680–691. 

doi:10.1016/j.neurobiolaging.2013. 08.034. 

Mori K (1983) Mitral cells in the rabbit accessory olfactory 

bulb: their morphology and response to LOT stimulation. Soc 

Neurosci Abst 9:1020. 

Mori K (1987) Monoclonal antibodies (2C5 and 4C9) against 

lactoseries carbohydrates identify subsets of olfactory and 

vomeronasal receptor cells and their axons in the rabbit. Brain Res 

408, 215–221. doi: 10.1016/0006-8993(87)90375-1. 

Mori K, Imamura K, Fujita SC, Obata K (1987) Projections of 

two subclasses of vomeronasal nerve fibers to the accessory 

olfactory bulb in the rabbit. Neuroscience 20:259–278. doi: 

10.1016/0306-4522(87)90018-2. 

Moulton DG (1968) Communication by Chemical Signals. 

Science 162(3858):1176-1180. 

Mousa-Balabel TM (2011) Using light and melatonin in the 

management of New Zealand White rabbits. Open Vet J 1:1–6. 

ISSN: 2218-6050 (electronic). 

Mouton PR (2002) Principles and practices of unbiased 

stereology. An introduction for bioscientists. 1
st
 Edition. John 

Hopkins University Press, Baltimore. ISBN-10: 0801867975. 

Müller-Schwarze D (2006) Chemical ecology of vertebrates. 

Cambridge: Cambridge University Press. doi: 

10.1017/CBO9780511607233. 

Münch J, Billig G, Hübner CA, Leinders-Zufall T, Zufall F, 

Jentsch TJ (2018) Ca2+ activated Cl- currents in the murine 

vomeronasal organ enhance neuronal spiking but are dispensable 

for male–male aggression. J Biol Chem 293(26):10392–10403. doi: 

10.1074/jbc.RA118.003153. 

Munger SD, Leinders-Zufall T, Zufall F (2009) Subsystem 

organization of the mammalian sense of smell. Annu Rev Physiol 

http://dx.doi.org/10.1017/CBO9780511607233


REFERENCES 

375 
 

71:115–40. doi: 10.1146/annurev.physiol.70.113006.100608. 

Murphy WJ, Eizirik E, O’Brien SJ, Madsen  O, Scally M, Douady 

CJ et al. (2001) Resolution of the early placental mammal 

radiation using Bayesian phylogenetics. Science 294:2348–2351. 

doi: 10.1126/science.1067179. 

Naff KA, Craig S (2012) The domestic rabbit, Oryctolagus 

cuniculus: origins and history (chapter 6). In: The Laboratory 

Rabbit, Guinea Pig, Hamster, and Other Rodents. American college of 

laboratory animal medicine pp. 157-163. 

Nagayama S, Homma R, Imamura F (2014) Neuronal 

organization of olfactory bulb circuits. Front Neural Circuits 

8(98):1-19. doi: https://doi.org/10.3389/fncir.2014.00098. 

Naik AS, Lin JM, Taroc EZM, Katreddi RR, Frias JA, Lemus AA 

et al. (2020) Smad4-dependent morphogenic signals control the 

maturation and axonal targeting of basal vomeronasal sensory 

neurons to the accessory olfactory bulb. Development 

147:dev184036. doi: 10.1242/dev.184036. 

Nakahara TS, Camargo AP, Magalhães PHM, Souza MAA, 

Ribeiro PG., Martins-Netto PH et al. (2020) Peripheral oxytocin 

injection modulates vomeronasal sensory activity and reduces 

pup-directed aggression in male mice. Sci Rep 10:19943. doi: 

https://doi.org/10.1038/s41598-020-77061-7. 

Nakahara TS, Cardozo LM, Ibarra-Soria X, Bard AD, Carvalho 

VMA, Trintinalia GZ et al. (2016) Detection of pup odors by non-

canonical adult vomeronasal neurons expressing an odorant 

receptor gene is influenced by sex and parenting status. BMC 

Biology 14:12. doi: 10.1186/s12915-016-0234-9. 

Nakajima T, Sakaue M, Kato M, Saito S, Ogawa K, Taniguchi K 

(1998) Immunohistochemical and enzyme-histochemical study on 

the accessory olfactory bulb of the dog. Anat Rec 252:393–402. doi: 

10.1002/(SICI)1097-0185(199811)252:3<393::AID-AR7>3.0.CO;2-

T. 

Nei M, Niimura Y, Nozawa M (2008) The evolution of animal 

https://www.sciencedirect.com/science/book/9780123809209
https://www.sciencedirect.com/science/book/9780123809209
https://doi.org/10.3389/fncir.2014.00098


PAULA RODRÍGUEZ VILLAMAYOR 

376 
 

chemosensory receptor gene repertoires: roles of chance and 

necessity. Nat Rev Genet 9(12):951-63. doi: 10.1038/nrg2480. 

Nelson AC,  Cunningham CB , Ruff JS, Potts WK (2015) Protein 

pheromone expression levels predict and respond to the formation 

of social dominance networks. J Evol Biol 28(6):1213-24. doi: 

10.1111/jeb.12643.  

Nelson AC, Cauceglia JW, Merkley SD, Youngson NA, Oler 

AJ,  Nelson RJ et al. (2013) Reintroducing domesticated wild mice 

to sociality induces adaptive transgenerational effects on MUP 

expression. PNAS 110(49):19848-53. doi: 10.1073/pnas.1310427110. 

Nelson ME, Maclaver MA (2006) Sensory acquisition in active 

sensing systems.  

J Comp Physiol A Neuroethol Sens Neural Behav Physiol 192(6):573-

86. doi: 10.1007/s00359-006-0099-4.  

Neuhaus EM, Zhang W, Gelis L, Deng Y, Noldus J, Hatt H 

(2009). Activation of an olfactory receptor inhibits proliferation of 

prostate cancer cells. J Biol Chem 284(24):16218–16225. doi: 

10.1074/jbc.M109.012096. 

Nevison CM, Armstrong S, Beynon RJ, Humphries RE, Hurst JL 

(2003) The ownership signature in mouse scent marks is involatile. 

Proc Biol Sci 270(1527): 1957–1963. doi: 10.1098/rspb.2003.2452. 

Ngwenya A, Patzke N, Ihunwo AO, Manger PR (2011) 

Organisation and chemical neuroanatomy of the African elephant 

(Loxodonta africana) olfactory bulb. Brain Struct Funct 216:403–

416. doi: 10.1007/s00429-011-0316-y. 

Nodari F, Hsu FF, Fu X, Holekamp TF, Kao LF, Turk J, Holy TE 

(2008) Sulfated Steroids as Natural Ligands of Mouse Pheromone-

Sensing Neurons. J Neurosc. 28(25):6407–6418. doi: 

10.1523/JNEUROSCI.1425-08.2008. 

Novotny MV (2003) Pheromones, binding proteins and 

receptor responses in rodents. Biochem Soc Trans 31:117–122. doi: 

10.1042/bst0310117. 

Nowak R (1999) Walker's mammals of the world, 6
th

  Edition. 

https://pubmed.ncbi.nlm.nih.gov/?term=Nelson+AC&cauthor_id=25867293
https://pubmed.ncbi.nlm.nih.gov/?term=Cunningham+CB&cauthor_id=25867293
https://pubmed.ncbi.nlm.nih.gov/?term=Potts+WK&cauthor_id=25867293
https://pubmed.ncbi.nlm.nih.gov/?term=Nelson+AC&cauthor_id=24248373
https://pubmed.ncbi.nlm.nih.gov/?term=Cauceglia+JW&cauthor_id=24248373
https://pubmed.ncbi.nlm.nih.gov/?term=Merkley+SD&cauthor_id=24248373
https://pubmed.ncbi.nlm.nih.gov/?term=Youngson+NA&cauthor_id=24248373
https://pubmed.ncbi.nlm.nih.gov/?term=Oler+AJ&cauthor_id=24248373
https://pubmed.ncbi.nlm.nih.gov/?term=Nelson+RJ&cauthor_id=24248373
https://doi.org/10.1098%2Frspb.2003.2452


REFERENCES 

377 
 

The John's Hopkins University Press, Baltimore, US, Volumes 1 and 

2). Retrieved from Tislerics A (2000) "Oryctolagus cuniculus" animal 

diversity web. Online, accessed July 31, 2022 at 

https://animaldiversity.org/accounts/Oryctolagus_cuniculus/. 

Nunez-Parra A,Pugh V, Araneda RC (2011) Regulation of adult 

neurogenesis by behavior and age in the accessory olfactory bulb. 

Mol Cell Neurosci 47(4):274-85. doi: 10.1016/j.mcn.2011.05.003. 

O’Connell RJ, Meredith M (1984) Effects of volatile and 

nonvolatile chemical signals on male sex behaviors mediated by 

the main and accessory olfactory systems. Behav Neurosci 

98(6):1083-1093. 

Oboti L, Ibarra-Soria X, Pérez-Gómez A, Schmid A, Pyrski M, 

Paschek N et al. (2015) Pregnancy and estrogen enhance neural 

progenitor-cell proliferation in the vomeronasal sensory 

epithelium. BMC Biol 13:104. doi: 10.1186/s12915-015-0211-8. 

Oboti L, Peretto P (2014) How neurogenesis finds its place in a 

hardwired sensory system. Front Neurosci 8(102):1-14. doi: 

10.3389/fnins.2014.00102. 

Oboti L, Savalli G, Giachino C, De Marchis S, Panzica GC, 

Fasolo A, et al.  (2009) Integration and sensory experience-

dependent survival of newly- generated neurons in the accessory 

olfactory bulb of female mice. Eur J Neurosci 29:679–692. 

doi:10.1111/j.1460-9568.2009.06614.x 

Oboti L, Schellino R, Giachino C, Chamero P, Pyrski M, 

Leinders- Zufall T, et al.  (2011) Newborn interneurons in the 

accessory olfactory bulb promote mate recognition in female mice. 

Front Neurosci 5:113. doi: 10.3389/fnins.2011.00113. 

Ohara H, Nikaido M, Date-Ito A, Mogi K, Okamura H, Okada N, 

et al.  (2009) Conserved repertoire of orthologous vomeronasal 

type 1 receptor genes in ruminant species. BMC Evol Biol 9:233. 

doi: 10.1186/1471-2148-9-233. 

Ola SI, Oyegbade MO (2012) Buck effect on rabbit oestrous: 

vulva colour, vaginal lumen cells and ovarian follicle populations. 



PAULA RODRÍGUEZ VILLAMAYOR 

378 
 

World Rabbit Sci 20:71-79. doi: 10.4995/wrs.2012.1081. 

Oleari R, Massa V, Cariboni A, Lettieri A (2021) The 

differential roles for neurodevelopmental and neuroendocrine 

genes in shaping GnRH neuron physiology and deficiency. Int J 

Mol Sci 22:9425. doi: https://doi.org/10.3390/ ijms22179425. 

Olude MA, Ogunbunmi TK, Olopade JO, Ihunwo AO (2014) 

The olfactory bulb structure of African giant rat (Cricetomis 

gambianus, Waterhouse 1840) I: cytoarchitecture. Anat Sci Int 

89(4):224-31. doi: 10.1007/s12565-014-0227-0. 

Omura M, Mombaerts P (2014) Trpc2-expressing sensory 

neurons in the main olfactory epithelium of the mouse. Cell Rep 

8(2):583-95. doi: 10.1016/j.celrep.2014.06.010. 

Orecchioni M, Kobiyama K
 
, Winkels H, Ghosheh Y, McArdle 

S, Mikulski Z, et al.  (2022) Olfactory receptor 2 in vascular 

macrophages drives atherosclerosis by NLRP3-dependent IL-1 

production. Science 375(6577):214–221. doi: 

10.1126/science.abg3067. 

Ortiz-Hidalgo C (2011) Abelardo Gallego (1879–1930) and his 

contributions to histotechnology: the Gallego stains. Acta 

Histochem 113:189–193. doi: 

https://doi.org/10.1016/j.acthis.2009.09.010. 

Ortiz-LeaI I, Torres MV, Villamayor PR, Fidalgo LE, López-

Beceiro A, Sanchez-Quinteiro P (2022) Can domestication shape 

Canidae brain morphology? The accessory olfactory bulb of the 

red fox as a case in point. Ann Anat 240:151881. doi: 

10.1016/j.aanat.2021.151881. 

Ortiz-LeaI I, Torres MV, Villamayor PR, López-Beceiro A, 

Sanchez-Quinteiro P (2020) The vomeronasal organ of wild canids: 

the fox (Vulpes vulpes) as a model. J Anat 00:1–17. doi: 

https://doi.org/10.1111/joa.13254. 

Pantages E, Dulac C (2000) A novel family of candidate 

pheromones in mammals. Neuron 28:835–845. doi: 10.1016/s0896-

6273(00)00157-4. 

http://dx.doi.org/10.4995/wrs.2012.1081
https://pubmed.ncbi.nlm.nih.gov/?term=Omura+M&cauthor_id=25001287
https://pubmed.ncbi.nlm.nih.gov/?term=Kobiyama+K&cauthor_id=35025664
https://pubmed.ncbi.nlm.nih.gov/?term=Winkels+H&cauthor_id=35025664
https://pubmed.ncbi.nlm.nih.gov/?term=Ghosheh+Y&cauthor_id=35025664
https://pubmed.ncbi.nlm.nih.gov/?term=McArdle+S&cauthor_id=35025664
https://doi.org/10.1016/j.acthis.2009.09.010
https://doi.org/10.1111/joa.13254


REFERENCES 

379 
 

Papes F, Logan DW, Stowers L (2010) The vomeronasal organ 

mediates interspecies defensive behaviours through detection of 

protein pheromone homologs. Cell 141(4):692–703. 

doi: 10.1016/j.cell.2010.03.037. 

Pardo-Bellver C, Cadiz-Moretti B, Novejarque A, Martínez-

García F, Lanuza E (2012) Differential efferent projections of the 

anterior, posteroventral, and posterodorsal subdivisions of the 

medial amygdala in mice. Front Neuroanat 6:33. doi: 

10.3389/fnana.2012.00033.  

Pardo-Bellver C, Martínez-Bellver S, Martínez-García F, Lanuza 

E, Teruel-Martí V (2017) Synchronized activity in the main and 

accessory olfactory bulbs and vomeronasal amygdala elicited by 

chemical signals in freely behaving mice. Sci Rep 7:9924. doi: 

10.1038/s41598-017-10089-4. 

Park C, Ahn M, Lee JY, Lee S, Yun Y, Lim YK et al. (2014) A 

morphological study of the vomeronasal organ and the accessory 

olfactory bulb in the Korean roe deer, Capreolus pygargus. Acta 

Histochem 116:258–264. doi: 10.1016/j.acthis.2013.08.003.  

Parmentier M, Libert F, Schurmans S, Schiffmann S, Lefort 

A, Eggerickx D, et al.  (1992) Expression of members of the 

putative olfactory receptor gene family in mammalian germ cells. 
Nature 355:453-455. doi: 10.1038/355453a0. 

Pelosi P, Knoll W (2022) Odorant-binding proteins of 

mammals. Biol Rev Camb Philos Soc 97(1):20-44. doi: 

10.1111/brv.12787. 

Peretto P, Giachino C, Panzica GC, Fasolo A (2001) Sexually 

dimorphic neurogenesis is topographically matched with the 

anterior accessory olfactory bulb of the adult rat. Cell Tissue Res 

306:385–389. 

Peretto P, Schellino R, De Marchis S, Fasolo A (2014) The 

interplay between reproductive social stimuli and adult olfactory 

bulb neurogenesis. Neural Plast 2014:497657. doi: 

10.1155/2014/497657.  

https://www.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&retmode=ref&cmd=prlinks&id=20478258
https://www.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&retmode=ref&cmd=prlinks&id=20478258
https://dx.doi.org/10.1016%2Fj.cell.2010.03.037
https://pubmed.ncbi.nlm.nih.gov/?term=Schurmans+S&cauthor_id=1370859
https://pubmed.ncbi.nlm.nih.gov/?term=Schiffmann+S&cauthor_id=1370859
https://pubmed.ncbi.nlm.nih.gov/?term=Lefort+A&cauthor_id=1370859
https://pubmed.ncbi.nlm.nih.gov/?term=Eggerickx+D&cauthor_id=1370859


PAULA RODRÍGUEZ VILLAMAYOR 

380 
 

Pérez-Miller S, Zou Q, Novotny MV, Hurley TD (2010) High 

resolution X-ray structures of mouse major urinary protein nasal 

isoform in complex with pheromones. Protein Sci 19(8):1469-1479. 

doi: 10.1002/pro.426. 

Pignatelli A, Belluzzi O (2010) Neurogenesis in the adult 

olfactory bulb (chapter 11). In: The Neurobiology of Olfaction. 

Menini A, editor.  Front Neurosci. Boca Raton (FL), CRC 

Press/Taylor & Francis. ISBN-13: 978-1-4200-7197-9. 

Ploβ VM, Gebhart VM, Gisder D, Wölz W, Jirikowski GF (2014) 

Localization of sex hormone binding globulin in the rat 

vomeronasal organ. J Chem Neuroanat 61-62:120-123. doi: 

https://doi.org/10.1016/j.jchemneu.2014.08.004. 

Pluznick JL, Pluznick JL, Zou DJ, Zhang X, Yan Q, Rodriguez-

Gil DJ, Eisner C, et al.  (2009) Functional expression of the 

olfactory signaling system in the kidney. Proc Natl Acad Sci USA 

106(6):2059–2064. doi: 10.1073/pnas.0812859106. 

Poggiagliolmia S, Crowell-Davis SL, Alworth LC, Harvey SB 

(2011) Environmental enrichment of New Zealand White rabbits 

living in laboratory cages. J Vet Behav 6:343–350. doi: 

https://doi.org/10.1016/j.jveb.2010.12.001. 

Poncelet G, Shimeld SM (2020) The evolutionary origins of the 

vertebrate olfactory system. Open Biol 10:200330. doi: 

https://doi.org/10.1098/rsob.200330. 

Poran NS (1998) Vomeronasal organ and its associated 

structures in the opossum Monodelphis domestica. Microsc Res 

Tech 43:500–510. doi: 10.1002/(SICI)1097-

0029(19981215)43:6<500::AID-JEMT3>3.0.CO;2-H. 

Portalés A, Chamero P, Jurado S (2022) Natural and 

pathological aging distinctively impact the vomeronasal system 

and social behavior. bioRxiv preprint. doi: 

https://doi.org/10.1101/2022.08.31.505522. 

Porteros A, Arévalo R, Crespo C, García-Ojeda E, Briñòn JG, 

Alonso JR (1995) Calbindin D-28k immunoreactivity in the rat 

https://dx.doi.org/10.1002%2Fpro.426
https://doi.org/10.1016/j.jchemneu.2014.08.004
https://pubmed.ncbi.nlm.nih.gov/?term=Pluznick+JL&cauthor_id=19174512
https://pubmed.ncbi.nlm.nih.gov/?term=Zou+DJ&cauthor_id=19174512
https://pubmed.ncbi.nlm.nih.gov/?term=Zhang+X&cauthor_id=19174512
https://pubmed.ncbi.nlm.nih.gov/?term=Yan+Q&cauthor_id=19174512
https://pubmed.ncbi.nlm.nih.gov/?term=Rodriguez-Gil+DJ&cauthor_id=19174512
https://pubmed.ncbi.nlm.nih.gov/?term=Rodriguez-Gil+DJ&cauthor_id=19174512
https://pubmed.ncbi.nlm.nih.gov/?term=Eisner+C&cauthor_id=19174512
https://doi.org/10.1016/j.jveb.2010.12.001
https://doi.org/10.1098/rsob.200330
https://doi.org/10.1101/2022.08.31.505522


REFERENCES 

381 
 

accessory olfactory bulb. Brain Res 689:93–100. doi: 10.1016/0006-

8993(95)00547-4. 

Potter SC, Luciani A, Eddy SR, Park Y, Lopez R, Finn RD 

(2018) HMMER web server: 2018 update. Nucleic Acids Research 

46(W1):W200-W204. doi: 10.1093/nar/gky448. 

Prince JEA, Brignall AC, Cutforth T, Shen K, Cloutier JF (2013) 

Kirrel3 is required for coalescence of vomeronasal sensory neuron 

axons into glomeruli and for male-male aggression. Development 

140:2398-2408.  doi: 10.1242/dev.087262.  

Prince JEA, Cho JH, Dumontier E, Andrews W, Cutforth T, 

Tessier-Lavigne M et al. (2009) Robo-2 Controls the Segretation of 

a Portion of Basal Vomeronasal Sensory Neuron Axons to the 

Posterior Region of the Accesory Olfactory Bulb. J Neurosci 

29(45):14211-22. doi: 10.1523/JNEUROSCI.3948-09.2009. 

Pro-Sistiaga P, Mohedano-Moriano A, Ubeda-Bañón I, Arroyo-

Jimenez MM, Marcos P, Artacho-Pérula E (2007) Convergence of 

olfactory and vomeronasal projections in the rat basal 

telencephalon. J Comp Neurol 504:346–362. doi: 10.1002/cne.21455. 

Purves D, Augustine GJ, Fitzpatrick D (2001) The chemical 

senses (chapter 15). In: Neuroscience, 2
nd

 Edition. Purves D, 

Augustine GJ, Fitzpatrick D, Katz LC, LaMantia AS, O McNamara 

JO, Williams M, eds. Sinauer Associates, Sunderland (Massachusetts). 

Pyrski M, Eckstein E, Schmid A, Bufe B, Weiss J, Chubanov V et 

al. (2017) Trpm5 expression in the olfactory epithelium. Mol Cell 

Neurosci 80:75-88. doi: 10.1016/j.mcn.2017.02.002.  

Qin Y, Sukimaran SK, Jyotaki M, Redding K, Jiang P, 

Margolskee RF (2018) Gli3 is a negative regulator of Tas1r3 

expressiong taste cells. PLoS Genet 14(2):e1007058. doi: 

10.1371/journal.pgen.1007058.  

Quaglino E, Giustetto M, Panzanelli P et al. (1999) 

Immunocytochemical localization of glutamate and gamma-

aminobutyric acid in the accessory olfactory bulb of the rat. J 

Comp Neurol 408:61–72. doi: 10.1002/(sici)1096-

https://doi.org/10.1016/0006-8993(95)00547-4
https://doi.org/10.1016/0006-8993(95)00547-4
https://nar.oxfordjournals.org/content/46/W1/W200
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tessier-Lavigne%20M%5BAuthor%5D&cauthor=true&cauthor_uid=19906969
https://doi.org/10.1523%2FJNEUROSCI.3948-09.2009
http://www.sinauer.com/
https://pubmed.ncbi.nlm.nih.gov/?term=Pyrski+M&cauthor_id=28188885
https://pubmed.ncbi.nlm.nih.gov/?term=Eckstein+E&cauthor_id=28188885
https://pubmed.ncbi.nlm.nih.gov/?term=Bufe+B&cauthor_id=28188885
https://pubmed.ncbi.nlm.nih.gov/?term=Weiss+J&cauthor_id=28188885
https://pubmed.ncbi.nlm.nih.gov/?term=Chubanov+V&cauthor_id=28188885


PAULA RODRÍGUEZ VILLAMAYOR 

382 
 

9861(19990524)408:1<61::aid-cne5>3.0.co;2-f. 

Quintela L, Peña A, Barrio M, Vega MD, Díaz R, Maseda F et al. 

(2001) Reproductive performance of multiparous rabbit lactating 

does: effect of lighting programs and PMSG use. Reprod Nutr Dev 

41(3):247-57. doi: 10.1051/rnd:2001104. 

Quintela LA, Peña AI, Vega MD, Gullón J, Prieto MC, Barrio M 

et al. (2004) Ovulation induction in rabbit does submitted to 

artificial insemination by adding buserelin to the seminal dose. 
Reprod Nutr Dev 44:79–88. doi: 10.1051/rnd:2004015 

Quintela LA, Peña AI, Vega MD, Gullón J, Prieto MC, Barrio M 

et al. (2009) Reproductive Performance of Rabbit Does Artificially 

Inseminated via Intravaginal Administration of [des-Gly 10, D-

Ala6]-LHRH Ethylamide as Ovulation Inductor. Reprod Dom 

Anim 44:829–833. doi: 10.1111/j.1439-0531.2008.01095.x. 

R Core Team (2017) R: A Language and Environment for 

Statistical Computing.  

https://www.R-project.org/. 

Ramakers GJ, Verhaagen J, Oestreicher AB, Margolis FL, van 

Bergen en Henegouwen PM, Gispen WH (1992) Immunolocalization 

of B-50 (GAP-43) in the mouse olfactory bulb: predominant 

presence in preterminal axons. J Neurocytol 21:853–869. doi: 

10.1007/BF01191683. 

Ramón y Cajal S (1904) Corteza Olfativa. In: Textura del 

Sistema Nervioso Central del Hombre y los Vertebrados. Imprenta y 

Librería Nicolas Moya, Spain, volumen 2 pp. 913–941. 

Ramos-Vara JA, Miller MA (2006) Comparison of two 

polymers based immunohistochemical detection systems: 

ENVISION + and ImmPRESS. J Microsc 224:135–139. doi: 

10.1111/j.1365-2818.2006.01679.x. 

Ratto MH, Leduc YA, Valderrama XP, van-Straaten KE, 

Delbaere LT (2012) Pierson, R.A.; Adams, G.P. The nerve of 

ovulation-inducing factor in semen. PNAS 109(37):15042–7. 

doi:10.1073/pnas.1206273109 



REFERENCES 

383 
 

Rebollar PG, Milanés A, Pereda N, Millán P, Cano P, Esquifino 

AI et al. (2006) Oestrus synchronisation of rabbit does at early 

post-partum by doe–litter separation or ECG injection: 

Reproductive parameters and endocrine profiles. An Repr Sci 

93:218–230. doi: https://doi.org/10.1016/j.anireprosci.2005.06.032. 

Reep RL Finlay BL Darlington RB (2007) The limbic system in 

mammalian brain evolution. Brain Behav Evol 70:57–70. doi: 

10.1159/000101491. 

Rekwot PI, Ogwub D, Oyedipea EO, Sekonia VO (2001) The 

role of pheromones and biostimulation in animal reproduction. 

Anim Reprod Sci 65:157–170. 

Restall BJ, Restall H, Walkden-Brown SW (1995) The induction 

of ovulation in anovulatory goats by oestrous females. Anim 

Reprod Sci 40:299–303. doi: https://doi.org/10.1016/0378-

4320(95)01433-0. 

Risentein M (2022) Led by our noses. Nature – smell outlook 

606:S18-S20. 

Rivière S, Challet L, Fluegge D, Spehr M, Rodriguez I (2009) 

Formyl peptide receptor-like proteins are a novel family of 

vomeronasal chemosensors. Nature 459(7246):574–577. doi: 

https://doi.org/10.1038/nature08029. 

Roberts SA,  Simpson DM,  Armstrong SD,  Davidson 

AJ,  Robertson DH, McLean L (2010) Darcin: a male pheromone 

that stimulates female memory and sexual attraction to an 

individual male's odour. BMC Biol 8:75. doi: 10.1186/1741-7007-8-

75. 

Roberts SC (2007) Scent marking (chapter 22). In: Rodent 

Societies: An Ecological and Evolutionary Perspective. Wolff JO, 

Sherman PW, eds. The University of Chicago Press. Chicago and 

London. ISBN-10: 0-226-90537-3. 

Rochefort C, Gheusi G, Vincent JD, Lledo PM (2002) Enriched 

odor exposure increases the number of newborn neurons in the 

adult olfactory bulb and improves odor memory. J. Neurosci 

https://doi.org/10.1016/j.anireprosci.2005.06.032
https://doi.org/10.1016/0378-4320(95)01433-0
https://doi.org/10.1016/0378-4320(95)01433-0
https://doi.org/10.1038/nature08029
https://pubmed.ncbi.nlm.nih.gov/?term=Simpson+DM&cauthor_id=20525243
https://pubmed.ncbi.nlm.nih.gov/?term=Armstrong+SD&cauthor_id=20525243
https://pubmed.ncbi.nlm.nih.gov/?term=Davidson+AJ&cauthor_id=20525243
https://pubmed.ncbi.nlm.nih.gov/?term=Robertson+DH&cauthor_id=20525243
https://pubmed.ncbi.nlm.nih.gov/?term=McLean+L&cauthor_id=20525243


PAULA RODRÍGUEZ VILLAMAYOR 

384 
 

22(7):2679–2689. doi: 10.1523/JNEUROSCI.22-07-02679.2002. 

Rodewald A, Gisder D, Gebhart VM, Oehring H, Jirikowski GF 

(2016) Distribution of olfactory marker protein in the rat 

vomeronasal organ. J Chem Neuroanat 77:19–23. 

doi: 10.1016/j.jchemneu.2016.04.002. 

Rodriguez I (2005) Remarkable diversity of mammalian 

pheromone receptor repertoires. PNAS 102(19):6639-40. doi: 

10.1073/pnas.0502318102. 

Rodriguez I (2008) Genomics of Vomeronasal Receptors. In: 

The senses. A comprehensive reference, 1
st
 Edition. Basbaum A, 

Kaneko A, Shepherd G, Westheimer G, eds. Elsevier - Academic 

Press, Volume 4 (Firestein S, Beauchamp GK, eds) pp. 815-823. 

ISBN: 978-0-12-370880-9. 

Rodriguez I, Feinstein P, Mombaerts P (1999) Variable patterns 

of axonal projections of sensory neurons in the mouse 

vomeronasal system. Cell 97:199–208. doi: 10.1016/s0092-

8674(00)80730-8 

Rodriguez I, Greer CA, Mok MY, Mombaerts P (2000) A 

putative pheromone receptor gene expressed in human olfactory 

mucosa. Nat Genet 26:18–19. doi: 10.1038/79124. 

Rodriguez I, Mombaerts P (2002) Novel human vomeronasal 

receptor-like genes reveal species-specific families. Curr Biol 

12(12):R409-11. doi: 10.1016/s0960-9822(02)00909-0. 

Rodriguez S, Sickles HM, DeLeonardis C, Alcaraz A, Gridley T, 

Lin DM (2008) Notch2 is required for maintaining sustentacular 

cell function in the adult mouse main olfactory epithelium. Dev 

Biol 314(1):40-58. doi: 10.1016/j.ydbio.2007.10.056. 

Rodríguez-De Lara R, Noguez-Estrada J, Rangel-Santos R, 

García-muñíz JG, Martínez-Hernández PA, Fallas-López M, et al.  

(2010) Controlled doe exposure as biostimulation of buck rabbits. 

An Repr Sci 122:270-275. doi: 10.1016/j.anireprosci.2010.09.002. 

Rolls ET (2005) Taste, olfactory, and food texture processing in 

the brain, and the control of food intake. Physiology & Behavior 

https://doi.org/10.1016/j.jchemneu.2016.04.002
https://doi.org/10.1016/s0092-8674(00)80730-8
https://doi.org/10.1016/s0092-8674(00)80730-8
https://doi.org/10.1016%2Fj.ydbio.2007.10.056
https://www.sciencedirect.com/journal/physiology-and-behavior


REFERENCES 

385 
 

85(1):45-56. doi: https://doi.org/10.1016/j.physbeh.2005.04.012. 

Roppolo D, Ribaud V, Jungo VP, Luscher C, Rodriguez I (2006) 

Projection of the Gruneberg ganglion to the mouse olfactory bulb. 
Eur J Neurosci 23(11):2887–2894. doi: 10.1111/j.1460-

9568.2006.04818.x 

Rosa HJD, Bryant MJ (2002) The ‘ram effect’ as a way of 

modifying the reproductive activity in the ewe. Small Ruminant 

Research, 45:1–16. doi: https://doi.org/10.1016/S0921-

4488(02)00107-4. 

Rose KD, DeLeon VB, Missiaen P, Rana RS, Sahni A, Sahni A, 

et al.  (2008) Early Eocene lagomorph (Mammalia) from Western 

India and the early diversification of Lagomorpha. Proc R Soc B 

275:1203–1208. doi: https://doi.org/10.1098/rspb.2007.1661. 

Roslinski DL, Bhatnagar KP, Burrows AM, Smith TD (2000) 

Comparative morphology and histochemistry of glands associated 

with the vomeronasal organ in humans, mouse lemurs, and voles. 
Anat Rec 260:92–101. doi: 10.1002/1097-

0185(20000901)260:1<92::AID-AR100>3.0.CO;2-#. 

Ruedas LA, Mora JM, Lanier HC (2018) Evolution of 

lagomorphs (chapter 2). In: Lagomorphs: Pikas, Rabbits and Hares 

of the World. Smith AT, Johnston CH, Alves PC, Hackländer K, eds. 

Johns Hopkings University Press, Baltimore, US pp. 4-8. ISBN 

9781421423418 (electronic). 

Ryba NJP, Tirindelli R (1997) A new multigene family of 

putative pheromone receptors. Neuron 19(2):371–379.  doi: 

10.1016/s0896-6273(00)80946-0. 

Saito H, Kubota M, Roberts RW, Chi Q (2004) RTP Family 

Members Induce Functional Expression of Mammalian Odorant 

Receptors. Cell 119:679-91. doi: 10.1016/j.cell.2004.11.021. 

Salazar I, Barrios AW, Sánchez-Quinteiro P (2016) Revisiting 

the vomeronasal system from an integrated perspective. Anat Rec 

(Hoboken) 299(11):1488-1491. doi: 10.1002/ar.23470. 

Salazar I, Cifuentes JM, Sánchez-Quinteiro P (2013) 

https://www.sciencedirect.com/journal/physiology-and-behavior/vol/85/issue/1
https://doi.org/10.1016/j.physbeh.2005.04.012
https://doi.org/10.1111/j.1460-9568.2006.04818.x
https://doi.org/10.1111/j.1460-9568.2006.04818.x
https://doi.org/10.1016/S0921-4488(02)00107-4
https://doi.org/10.1016/S0921-4488(02)00107-4
https://doi.org/10.1098/rspb.2007.1661
https://doi.org/10.1002/1097-0185(20000901)260:1%3C92::aid-ar100%3E3.0.co;2-
https://doi.org/10.1002/1097-0185(20000901)260:1%3C92::aid-ar100%3E3.0.co;2-


PAULA RODRÍGUEZ VILLAMAYOR 

386 
 

Morphological and inmunohistochemical features of the 

vomeronasal system in dogs. Anat Record, 296:146–155. doi: 

10.1002/ar.22617. 

Salazar I, Sanchez-Quinteiro P (1998a) Supporting tissue and 

vasculature of the mammalian vomeronasal organ: the rat as a 

model. Microsc Res Tech 41, 492–505. doi: 10.1002/(SICI)1097-

0029(19980615)41:6<492::AID-JEMT5>3.0.CO;2-P. 

Salazar I, Sanchez-Quinteiro P (1998b) Lectin binding patterns 

in the vomeronasal organ and accessory olfactory bulb of the rat. 

Anat Embryol 198:331–339.  doi: 10.1007/s004290050188. 

Salazar I, Sanchez-Quinteiro P (2009a) The risk of extrapolation 

in neuroanatomy: the case of the mammalian accessory olfactory 

bulb. Front Neuroanat 3:22. doi: 

https://doi.org/10.3389/neuro.05.022.2009. 

Salazar I, Sánchez-Quinteiro P (2011) A detailed morphological 

study of the vomeronasal organ and the accessory olfactory bulb 

of cats. Microsc Res Tech, 74, 1109–1120. doi: 10.1002/jemt.21002. 

Salazar I, Sánchez-Quinteiro P, Alemañ N, Cifuentes JM, 

Troconiz PF (2007) Diversity of the vomeronasal system in 

mammals: the singularities of the sheep model. Microsc Res Tech 

70(8):752-62. doi: 10.1002/jemt.20461. 

Salazar I, Sanchez-Quinteiro P, Alemañ N, Prieto D (2008) 

Anatomical, immunohistochemical and physiological 

characteristics of the vomeronasal vessels in cows and their 

possible role in vomeronasal reception. J Anat 212:686–696. doi: 

10.1111/j.1469-7580.2008.00889.x. 

Salazar I, Sánchez-Quinteiro P, Barrios AW, Amado ML, Vega 

JA (2019) Anatomy of the olfactory mucosa. Handb Clin Neurol 

164:47-65. doi: 10.1016/B978-0-444-63855-7.00004-6. 

Salazar I, Sánchez-Quinteiro P, Cifuentes JM (1997) The soft-

tissue components of the vomeronasal organ in pigs, cows and 

horses. Anat Histol Embryol 26:179-186. 

Salazar I, Sanchez-Quinteiro P, Cifuentes JM, Caballero TG 

https://doi.org/10.3389/neuro.05.022.2009


REFERENCES 

387 
 

(1996) The vomeronasal organ of the cat. J Anat 188:445–454. 

Salazar I, Sanchez-Quinteiro P, Cifuentes JM, Fernández-

Troconiz P (2006) General organization of the perinatal and adult 

accessory olfactory bulb in mice. Anat Rec 288:1009–1025. doi: 

10.1002/ar.a.20366. 

Salazar I, Sanchez-Quinteiro P, Cifuentes JM, Lombardero M 

(1998) The accessory olfactory bulb of the mink, Mustela vison: a 

morphological and lectin histochemical study. Anat Histol Embryol 

27:297–300. doi: 10.1111/j.1439-0264.1998.tb00197.x. 

Salazar I, Sanchez-Quinteiro P, Lombardero M, Cifuentes JM 

(2000) A descriptive and comparative lectin histochemical study of 

the vomeronasal system in pigs and sheep. J Anat 196:15–22. doi: 

10.1046/j.1469-7580.2000.19610015.x. 

Salazar I, Sanchez-Quinteiro P, Lombardero M, Cifuentes JM 

(2001) Histochemical identification of carbohydrate moieties in 

the accessory olfactory bulb of the mouse using a panel of lectins. 
Chem Senses 26:645–652. doi: 10.1093/chemse/26.6.645. 

Sam M, Vora S, Malnic B, Ma W, Novotny MV, Buck LB (2001) 

Odorants may arouse instinctive behaviours. Nature 412:142. doi: 

10.1038/35084137. 

Sanchez-Rodriguez A, Abad P, Arias-Alvarez M, Rebollar PG, 

Bautista JM, Lorenzo PL et al. (2019) Recombinant rabbit beta 

nerve growth factor production and its biological effects on sperm 

and ovulation in rabbits. Plos One 14(9):e0223091. doi: 

https://doi.org/10.1371/journal.pone.0223091. 

Sanchez-Rodriguez A, Arias-Álvarez M, Millán P, Lorenzo PL, 

García-García RM (2020) Physiological effects on rabbit sperm and 

reproductive response to recombinant rabbit beta nerve growth 

factor administered by intravaginal route in rabbit does. 

Theriogenology 157:327-334. doi: 

https://doi.org/10.1016/j.theriogenology.2020.08.003. 

Santoro SW, Jakob S (2018) Gene expression profiling of the 

olfactory tissues of sex-separated and sex-combined female and 

https://doi.org/10.1111/j.1439-0264.1998.tb00197.x
https://doi.org/10.1371/journal.pone.0223091
https://www.sciencedirect.com/science/article/pii/S0093691X2030443X?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0093691X2030443X?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0093691X2030443X?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0093691X2030443X?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0093691X2030443X?via%3Dihub#!
https://www.sciencedirect.com/science/journal/0093691X
https://doi.org/10.1016/j.theriogenology.2020.08.003


PAULA RODRÍGUEZ VILLAMAYOR 

388 
 

male mice. Sci Data 5:180260. doi: 10.1038/sdata.2018.260.  

Saraiva L, Kondoh K, Ye X, Yoon K, Hernandez M, Buck L 

(2016) Combinatorial effects of odorants on mouse behavior. 

PNAS 113(23):E3300–E3306. doi: 10.1073/pnas.1605973113. 

Saraiva LR, Ahuja G, Ivandic I, Syed AS (2015) Molecular and 

neuronal homology between the olfactory systems of zebrafish and 

mouse. Sci Rep 5:11487. doi: 10.1038/srep11487. 

Scalia F, Winans SS (1975) The differential projections of the 

olfactory bulb and accessory olfactory bulb in mammals. J Comp 

Neurol 161:31–55. doi: 10.1002/cne.901610105. 

Schaal B, Coureaud G, Langlois D, Giniès C, Sémon E, Perrier G 

(2003) Chemical and behavioural characterization of the rabbit 

mammary pheromone. Nature 424:68-72. doi: 10.1038/nature01739. 

Schjenken JE, Robertson SA (2020) The female response to 

seminal fluid. Physiol Rev 100(3):1077-1117. doi: 

10.1152/physrev.00013.2018. 

Schneider NY (2011) The development of the olfactory organs 

in newly hatched monotremes and neonate marsupials. J Anat 

219:229–242. doi: 10.1111/j.1469-7580.2011.01393.x 

Schneider NY, Datiche F, Coureaud G (2018) Brain anatomy of 

the 4-day-old European Rabbit. J Anat 232:747–767. doi: 

10.1111/joa.12789.  

Schneider NY, Fletcher TP, Shaw G, Renfree MB (2008) The 

vomeronasal organ of the tammar wallaby. J Anat 213:93–105. 

doi: 10.1111/j.1469-7580.2008.00933.x. 

Schneider NY, Fletcher TP, Shaw G, Renfree MB (2012) Goα 

expression in the vomeronasal organ and olfactory bulb of the 

tammar wallaby. Chem Senses 37:567–577. doi: 

10.1093/chemse/bjs040.  

Schneider NY, Piccin C, Datiche F, Coureaud G (2016) 

Spontaneous brain processing of the mammary pheromone in 

rabbit neonates prior to milk intake. Behav Brain Res 313:191–200. 

https://pubmed.ncbi.nlm.nih.gov/?term=Schjenken+JE&cauthor_id=31999507
https://doi.org/10.1111%2Fj.1469-7580.2011.01393.x
https://doi.org/10.1111/j.1469-7580.2008.00933.x


REFERENCES 

389 
 

doi: 10.1016/j.bbr.2016.07.014. 

Scott AM, Zhang Z, Jia L, Li K, Zhang Q, Dexheimer T (2019) 

Spermine in semen of male sea lamprey acts as a sex pheromone. 
Plos Biol 17(7):e3000332. doi: 10.1371/journal.pbio.3000332.  

Segovia S, Garcia-Falgueras A, Carrillo B, Collado P, Pinos H, 

Perez-Laso C (2006) Sexual dimorphism in the vomeronasal 

system of the rabbit. Brain Res 1102:52–62. doi: 

10.1016/j.brainres.2006.05.017. 

Segovia S, Orensanz LM, Valencia A, Guillamon A (1984) 

Effects of sex steroids on the development of the accessory 

olfactory bulb in the rat: a volumetric study. Dev Brain Res 

16:312–314. 

Shapiro LS, Ee PL, Halpern M (1995) Lectin histochemical 

identification of carbohydrate moieties in opossum chemosensory 

systems during development, with special emphasis on 

VVAidentified subdivisions in the accessory olfactory bulb. J 

Morphol 224:331–349. doi: 10.1002/jmor.1052240307. 

Sharma K, Syed AS, Ferrando S, Mazan S, Korsching SI (2019) 

The chemosensory receptor repertoire of atrue shark is 

dominated by a single olfactoryreceptor family. Genome Biol Evol 

11(2):398–405. doi: 10.1093/gbe/evz002. 

Sharrow SD, Vaughn JL, Zídek L, Novotny MV, Stone MJ 

(2002) Pheromone binding by polymorphic mouse major urinary 

proteins. Protein Sci 11(9):2247-56. doi: 10.1110/ps.0204202. 

Shetty AK, Hattiangady B, Rao MS, Shuai B (2010) Deafferentati

on enhances neurogenesis in the young and middle aged hippocampus 

but not in the aged hippocampus. Hippocampus, 21(6):631-46. doi: 

10.1002/hipo.20776.  

Shi P, Bielawski JP, Yang H, Zhang Y (2005) Adaptive 

diversification of vomeronasal receptor 1 genes in rodents. J Mol 

Evol 60(5):566-76. doi: 10.1007/s00239-004-0172-y. 

Shi P, Zhang J (2007) Comparative genomic analysis identifies 

an evolutionary shift of vomeronasal receptor gene repertoires in 

https://pubmed.ncbi.nlm.nih.gov/?term=Scott+AM&cauthor_id=31287811
https://pubmed.ncbi.nlm.nih.gov/?term=Zhang+Z&cauthor_id=31287811
https://pubmed.ncbi.nlm.nih.gov/?term=Jia+L&cauthor_id=31287811
https://pubmed.ncbi.nlm.nih.gov/?term=Dexheimer+T&cauthor_id=31287811
https://link.springer.com/article/10.1007/s00239-004-0172-y#auth-Joseph_P_-Bielawski
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shi%20P%5BAuthor%5D&cauthor=true&cauthor_uid=17210926


PAULA RODRÍGUEZ VILLAMAYOR 

390 
 

the vertebrate transition from water to land. Genome Res 

17(2):166–174. doi: 10.1101/gr.6040007. 

Shinohara H, Asano T, Kato K (1992) Differential localization 

of G-proteins Gi and Go in the accessory olfactory bulb of the rat. 

J Neurosci 12:1275–1279. doi: 10.1523/JNEUROSCI.12-04-

01275.1992. 

Shnayder L, Schwanzel-Fukuda M, Halpern M (1993) 

Differential OMP expression in opossum accessory olfactory bulb. 
NeuroReport 5:193–196. doi: 10.1097/00001756-199312000-00001. 

Shugart YY, Wang Y, Samuels JF, Grados MA, Greenberg BD, 

Knowles JA et al. (2009) A family-based association study of the 

glutamate transporter gene SLC1A1 in obsessive–compulsive 

disorder in 378 families. Am J Med Genet Part B 150B(6):886-892. 

doi: 10.1002/ajmg.b.30914. 

Silva L, Antunes A (2017) Vomeronasal receptors in 

vertebrates and the evolution of pheromone detection. Annu Rev 

Anim Biosci 5:353-370. doi: 10.1146/annurev-animal-022516-

022801.  

Silva L, Mendes T, Antunes A (2020) Acquisition of social 

behaviour in mammalian lineages is related with duplication 

events of FPR genes. Genomics 112 (2020) 2778–2783, 

https://doi.org/10.1016/j.ygeno.2020.03.015.  

Silva MC, Chibucos M, Munro JB, Daugherty S, Coelho MM, 

Silva JC (2020) Signature of adaptive evolution in olfactory 

receptor genes in Cory’s Shearwater supports molecular basis for 

smell in procellariiform seabirds. Sci Rep 10(1):543. doi: 

10.1038/s41598-019-56950-6. 

Silva ME, Smulders JP, Guerra M, Valderrama XP, Letelier C, 

Adams GP et al. (2011) Cetrorelix suppresses the preovulatory LH 

surge and ovulation induced by ovulation-inducing factor (OIF) 

present in llama seminal plasma. Repr Biol Endocr 9:74. doi: 

10.1186/1477-7827-9-74. 

Singer AG, Macrides F, Clancy AN, Agosta WC (1986) 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1781348/
https://dx.doi.org/10.1101%2Fgr.6040007
https://doi.org/10.1523/jneurosci.12-04-01275.1992
https://doi.org/10.1523/jneurosci.12-04-01275.1992
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Wang%2C+Y
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Samuels%2C+JF
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Grados%2C+MA
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Greenberg%2C+BD
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Knowles%2C+JA
https://doi.org/10.1016/j.ygeno.2020.03.015


REFERENCES 

391 
 

Purification and analysis of a proteinaceous aphrodisiac 

pheromone from hamster vaginal discharge. J Biol Chem 

261:13323–6. doi: https://doi.org/10.1016/S0021-9258(18)69307-X. 

Skeen LC, Hall WC (1977) Efferent projections of the main 

and the accessory olfactory bulb in the tree shrew (Tupaia glis). J 

Comp Neurol 172:1–35.  doi: 10.1002/cne.901720102. 

Slotnick B (2001) Animal cognition and the rat olfactory 

system. Trends Cogn Sci 5:216–222. doi: 10.1016/s1364-

6613(00)01625-9. 

Small DM (2008) Flavor and the formation of category-

specific processing in olfaction. Chemosensory Perception 1:136–

146. doi: 10.1007/s12078-008-9015-3. 

Smith TD, Bhatnagar KP (2019) Anatomy of the olfactory 

system (chapter 2). In: Handbook of Clinical Neurology (smell and 

taste), 3
rd

 Edition. Doty RL, editor. Elsevier, Volumen 164 pp. 17-28. 

doi: https://doi.org/10.1016/B978-0-444-63855-7.00002-2. 

Smith TD, Dennis JC, Bhatnagar KP, Garrett EC, Bonar CJ, 

Morrison EE (2011) Olfactory marker protein expression in the 

vomeronasal neuroepithelium of tamarins (Saguinus spp.). Brain 

Res 1375, 7–18. doi: 10.1016/j.brainres.2010.12.069.  

Smithson LJ, Kawaja MD (2009) A comparative examination of 

biomarkers for olfactory ensheathing cells in cats and guinea pigs. 

Brain Res 1284:41–53. doi: 10.1016/j.brainres.2009.06.011. 

Sokolinskaya EL, Kolesov DV, Lukyanov KA, Bogdanov (2020) 

Molecular principles of insect chemoreception. Acta Naturae 

12(3):46. doi: 10.32607/actanaturae.11038. 

Soudry Y, Lemogne C, Malinvaud D, Consoli SM, Bonfils P 

(2011) Olfactory system and emotion: common substrates. Eur 

Ann Otorhinolaryngol Head Neck Dis 128(1):18–23. doi: 

10.1016/j.anorl.2010.09.007.  

Srikantan S, Parekh V, De PK (2005) CDNA cloning and 

regulation of twosex-hormone-repressed hamster tear lipocalins 

having homology withodorant/pheromone-binding proteins. 

https://doi.org/10.1016/S0021-9258(18)69307-X
https://link.springer.com/article/10.1007/s12078-008-9015-3#auth-Dana_M_-Small
https://link.springer.com/journal/12078
https://doi.org/10.1016/B978-0-444-63855-7.00002-2


PAULA RODRÍGUEZ VILLAMAYOR 

392 
 

Biochim Biophys Acta 1729(3):154–165. doi: 

10.1016/j.bbaexp.2005.04.008.  

Sterio DC (1984) The unbiased estimation of number and sizes 

of arbitrary particles using the disector. J Microsc 134:127–136. 

doi: 10.1111/j.1365-2818.1984.tb02501.x. 

Stevenson RJ (2012) Olfactory perception (chapter 5). In: 

Olfactory congnition: From perception and memory to environmental 

odours and neuroscience. Zucco GM, Herz RS, Schaal B, eds. John 

benjamins publishing company, Amsterdam (The Netherlands) / 

Philadelphia (USA) pp. 73-95. 

Stopka P, Kuntová B, Klempt P, Havrdová L, Černá M, Stopková 

R (2016) On the saliva proteome of the Eastern European house 

mouse (Mus musculus musculus) focusing on sexual signalling and 

immunity. Sci Rep 6:32481. doi: 10.1038/srep32481. 

Stopkova R, Klempt P, Kuntova B, Stopka P (2017) On the tear 

proteome of the house mouse (Mus musculus musculus) in 

relation to chemical signaling. PeerJ 5:e3541. doi: 

10.7717/peerj.3541. 

Stopková R, Stopka P, Janotová K,  Jedelský PL (2007) Species-

specific expression of major urinary proteins in the house mice 

(Mus musculus musculus and Mus musculus domesticus). J Chem 

Ecol 33(4):861-9. doi: 10.1007/s10886-007-9262-9.  

Stowers L, Liberles SD (2016) State-dependent responses to sex 

pheromones in mouse. Curr Opin Neurobiol 38:74–79. doi: 

10.1016/j.conb.2016.04.001. 

Stowers L, Logan D (2010) Olfactory mechanisms of 

stereotyped behavior: on the scent of specialized circuits. Curr 

Opin Neurobiol 20:274–280. doi: 10.1016/j.conb.2010.02.013. 

Stowers L, Marton TF (2005) What is a pheromone? 

Mammalian Pheromones Reconsidered. Neuron 46:699–702. doi: 

10.1016/j.neuron.2005.04.032. 

Stowers L, Spehr M (2015) The vomeronasal organ (chapter 

51). In: Handbook of olfaction & gustation, 3
rd

 Edition. Doty RL, 

https://pubmed.ncbi.nlm.nih.gov/?term=Stopkova+R&cauthor_id=28698824
https://pubmed.ncbi.nlm.nih.gov/?term=Klempt+P&cauthor_id=28698824
https://pubmed.ncbi.nlm.nih.gov/?term=Stopkov%C3%A1+R&cauthor_id=17333372
https://pubmed.ncbi.nlm.nih.gov/?term=Stopka+P&cauthor_id=17333372
https://pubmed.ncbi.nlm.nih.gov/?term=Janotov%C3%A1+K&cauthor_id=17333372
https://pubmed.ncbi.nlm.nih.gov/?term=Jedelsk%C3%BD+PL&cauthor_id=17333372


REFERENCES 

393 
 

editor. Hoboken (NJ): Wiley-Blackwell. New Jersey, EEUU, pp. 

1113-1132. doi: 10.1002/9781118971758. 

Stradaioli G, Verini-Sulpizi A, Monaci M, Canali C, Boiti C 

(1997) Effect of different doses of PMSG on ovarian response and 

in vitro embryo development in rabbits. World Rabbit Sci 5:143–

148. doi: https://doi.org/10.4995/wrs.1997.334. 

Suarez R, Fernandez-Aburto P, Manger PR, Mpodozis J (2011a) 

Deterioration of the Gαo vomeronasal pathway in sexually 

dimorphic mammals. PLoS One 6:e26436. doi. 

https://doi.org/10.1371/journal.pone.0026436 

Suarez R, Mpodozis J (2009) Heterogeneities of size and sexual 

dimorphism between the subdomains of the lateral-innervated 

accessory olfactory bulb (AOB) of Octodon degus (Rodentia: 

Hystricognathi). Behav Brain Res 198:306–312. doi: 

10.1016/j.bbr.2008.11.009. 

Suarez R, Santibáñez R, Parra D, Coppi AA, Abrahão LMB, 

Sasahara THC et al. (2011b) Share and differential traits in the 

accessory olfactory bulb of caviomorph rodents with particular 

reference to the semiaquatic capybara. J Anat 218:558–565. 

doi: 10.1111/j.1469-7580.2011.01357.x. 

Suarez R, Villalón A, Künzle H, Mpodozis J (2009) 

Transposition and Intermingling of Galphai2 and Galphao 

afferences into single vomeronasal glomeruli in the Madagascan 

lesser Tenrec Echinops telfairi. PLoS ONE 4:e8005. doi: 

10.1371/journal.pone.0008005. 

Sukumaran P, Löf C, Kemppainen K, Kankaanpää P, Pulli 

I, Näsman J et al. (2012) Canonical transient receptor potential 

channel 2 (TRPC2) as a major regulator of calcium homeostasis in 

rat thyroid FRTL-5 cells: importance of protein kinase C δ 

(PKCδ) and stromal interaction molecule 2 (STIM2). J Biol Chem 

287(53):44345-60. doi: 10.1074/jbc.M112.374348. 

Swaney WT, Keverne EB (2009) The evolution of pheromonal 

communication. Behav Brain Res 200:239–247. doi: 

https://doi.org/10.4995/wrs.1997.334
https://doi.org/10.1371/journal.pone.0026436
https://doi.org/10.1111/j.1469-7580.2011.01357.x
https://pubmed.ncbi.nlm.nih.gov/?term=Sukumaran+P&cauthor_id=23144458
https://pubmed.ncbi.nlm.nih.gov/?term=L%C3%B6f+C&cauthor_id=23144458
https://pubmed.ncbi.nlm.nih.gov/?term=Kemppainen+K&cauthor_id=23144458
https://pubmed.ncbi.nlm.nih.gov/?term=Kankaanp%C3%A4%C3%A4+P&cauthor_id=23144458
https://pubmed.ncbi.nlm.nih.gov/?term=Pulli+I&cauthor_id=23144458
https://pubmed.ncbi.nlm.nih.gov/?term=N%C3%A4sman+J&cauthor_id=23144458


PAULA RODRÍGUEZ VILLAMAYOR 

394 
 

10.1016/j.bbr.2008.09.039. 

Switzer RC 3rd, Johnson JI, Kirsch JA (1980) Phylogeny 

through brain traits. Relation of lateral olfactory tract fibers to 

the accessory olfactory formation as a palimpsest of mammalian 

descent. Brain Behav Evol 17:339–363. doi: 10.1159/000121808. 

Szendrő Z, Mikó A, Odermatt M, Gerencsér Zs, Radnai I, 

Dezséry B et al. (2013) Comparison of performance and welfare of 

single caged and group-housed rabbit does. Animal 7:463–468. doi: 

10.1017/S1751731112001760. 

Szendrő Z, Szendrő K, Dalle-Zotte AD (2012) Management of 

reproduction on small, medium and large rabbit farms: a review. 
Asian-Australas J Anim Sci 25(5):738–

748.  doi: 10.5713/ajas.2012.12015. 

Szymanski LA, Keller M (2014) Activation of the olfactory 

system in response to male odors in female prepubertal mice. 

Behav Brain Res 271:30-38. doi: 

http://dx.doi.org/10.1016/j.bbr.2014.05.051. 

Takami S (2002) Recent progress in the neurobiology of the 

vomeronasal organ. Microsc Res Tech 58:228–250. doi: 

10.1002/jemt.10094. 

Takami S, Graziadei PP (1991) Light microscopic Golgi study 

of mitral/tufted cells in the accessory olfactory bulb of the adult 

rat. J Comp Neurol 311:65–83. doi: 10.1002/cne.903110106. 

Takami S, Yukimatsu M, Matsumara G, Horie S, Nishiyama F 

(2016) Morphological analysis for neuron-like cells in the 

vomeronasal organ of human fetuses at the middle of gestation. 
Anat Rec 299:88–97. doi: 10.1002/ar.23290.  

Takigami S, Mori Y, Ichikawa M (2000) Projection pattern of 

vomeronasal neurons to the accessory olfactory bulb in goats. 
Chem Senses 25:387–393. doi: 10.1093/chemse/25.4.387. 

Takigami S, Mori Y, Tanioka Y, Ichikawa M (2004) 

Morphological evidence for two types of mammalian vomeronasal 

system. Chem Senses 29:301–310. doi: 10.1093/chemse/bjh032. 

https://doi.org/10.5713%2Fajas.2012.12015
http://dx.doi.org/10.1016/j.bbr.2014.05.051
https://doi.org/10.1093/chemse/bjh032


REFERENCES 

395 
 

Tan S, Stowers L (2020) Bespoke behaviour: mechanisms that 

modulate pheromone-triggered behaviour. Curr Opin Neurobiol 

64:143–150. doi: https://doi.org/10.1016/j.conb.2020.05.003. 

Taniguchi K (2014) Phylogenic studies on the olfactory system 

in vertebrates. J Vet Med Sci 76:781–788. doi: 10.1292/jvms.13-0650 

Taniguchi K, Mochizuki K (1983) Comparative morphological 

studies on the vomeronasal organ in rats, mice, and rabbits. Jpn J 

Vet Sci 45, 67–76.  doi: 10.1292/jvms1939.45.67. 

Taroc EZM, Katreddi RR, Forni PE (2020b) Identifying Isl1 

Genetic Lineage in the Developing Olfactory System and in 

GnRH-1 Neurons. Front Physiol 11:601923. doi: 

10.3389/fphys.2020.601923. 

Taroc EZM, Naik AS, Lin JM, Peterson NB, Keefe Jr DL, Genis 

E et al. (2020a) Gli3 Regulates Vomeronasal Neurogenesis, 

Olfactory Ensheating Cell Formation, and GnRH-1 Neuronal 

Migration. J Neurosci 40(2):311-26. doi: 

10.1523/JNEUROSCI.1977-19.2019.  

Tata B, Huijbregts L, Jacquier S, Csabe Z, Genin E, Meyer V et 

al. (2014) Haploinsufficiency of dmxl2, encoding a synaptic 

protein, causes infertility associated with a loss of GnRH neurons 

in mouse. PLoS Biol 12(9):e1001952. doi: 

10.1371/journal.pbio.1001952. 

Tatsura H, Nagαo H, Tamada A, Sasaki S, Kohri K, Mori K 

(2001) Developing germ cells in mouse testis express pheromone 

receptors. FEBS Letters 488:139-144. doi: 10.1016/s0014-

5793(00)02411-x. 

Tepe B, Hill MC,  Pekarek BT, Hunt PJ, Martin TJ, Martin JF 

(2018) Single-cell RNA-seq of mouse olfactory bulb reveals 

cellular heterogeneity and activity-dependent molecular census of 

adult-born neurons. Cell Rep 25(10):2689-2703.e3. doi: 

10.1016/j.celrep.2018.11.034. 

The UniProt Consortium (2019) Uniprot: a worldwide hub of 

protein knowledge. Nucleic Acids Res 47:D506-515. doi: 

https://doi.org/10.1016/j.conb.2020.05.003
https://doi.org/10.1292%2Fjvms.13-0650
https://pubmed.ncbi.nlm.nih.gov/?term=Tepe+B&cauthor_id=30517858
https://pubmed.ncbi.nlm.nih.gov/?term=Hill+MC&cauthor_id=30517858
https://pubmed.ncbi.nlm.nih.gov/?term=Pekarek+BT&cauthor_id=30517858
https://pubmed.ncbi.nlm.nih.gov/?term=Hunt+PJ&cauthor_id=30517858
https://pubmed.ncbi.nlm.nih.gov/?term=Martin+TJ&cauthor_id=30517858
https://pubmed.ncbi.nlm.nih.gov/?term=Martin+JF&cauthor_id=30517858
https://doi.org/10.1093/nar/gky1049


PAULA RODRÍGUEZ VILLAMAYOR 

396 
 

10.1093/nar/gky1049. 

Theau-Clément M (2007) Preparation of the rabbit doe to 

insemination: a review. World Rabbit Sci 15:61–80. doi: 

https://doi.org/10.4995/wrs.2007.604. 

Theau-Clément M, Castellini C, Maertens L, Boiti C (1998) 

Biostimulations applied to rabbit reproduction: theory and 

practice. World Rabbit Sci 6(1):179-184. doi: 

https://doi.org/10.4995/wrs.1998.339. 

Theau-Clément M, Lebas F, Boiti C, Brecchia G, Mercier P 

(2008) Influence of different eCG doses on sexual receptivity and 

productivity of rabbit does. World Rabbit Sci 16:65-72. doi: 

https://doi.org/10.4995/wrs.2008.628. 

Tian H, Ma M (2004) Molecular organization of the olfactory 

septal organ. J Neurosci 24:8383–8390. 

doi: 10.1523/JNEUROSCI.2222-04.2004. 

Tian T, Liu Y, Yan H, You Q, Yi X, Du Z et al. (2017) AgriGO 

v2.0: a GO analysis toolkit for the agricultural community. 
Nucleic Acids Res 45:W122–W129. doi: 10.1093/nar/gkx382. 

Tirindelli R (2021) Coding of pheromones by vomeronasal 

receptors. Cell and Tissue Research 383:367–386. doi: 

https://doi.org/10.1007/s00441-020-03376-6. 

Tirindelli R, Dibattista M, Pifferi S, Menini A (2009) From 

pheromones to behaviour. Physiol Rev 89(3):921-956. doi: 

10.1152/physrev.00037.2008. 

Tirindelli R, Menini A (2009) Calcium-activated chloride 

currents in olfactory sensory neurons from mice lacking 

bestrophin-2. J Physiol 587:4265–4279.  doi: 

10.1113/jphysiol.2009.176131.  

Tolivia J, Tolivia D, Navarro A (1998) New technique for 

differential staining of myelinated fibers and nerve cells on 

paraffin sections. Anat Rec 222:437–440. 

Tomiyasu J, Kondoh D, Sakamoto H, Matsumoto N, Sasaki M, 

https://doi.org/10.4995/wrs.2007.604
https://doi.org/10.4995/wrs.1998.339
https://doi.org/10.4995/wrs.2008.628
https://doi.org/10.1523%2FJNEUROSCI.2222-04.2004
https://pubmed.ncbi.nlm.nih.gov/?term=Tian%20T%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Liu%20Y%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Yan%20H%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=You%20Q%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Yi%20X%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Du%20Z%5BAuthor%5D
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5793732/
https://doi.org/10.1093%2Fnar%2Fgkx382
https://doi.org/10.1007/s00441-020-03376-6


REFERENCES 

397 
 

Kitamura N et al. (2017) Morphological and histological features of 

the vomeronasal organ in the brown bear. J Anat 231:749–757. doi: 

10.1111/joa.12673.  

Törönen P,  Medlar A,  Holm L (2018) PANNZER2: a rapid 

functional annotation web server. Nucleic Acids Res 46:W84–W88. 

doi: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6031051/. 

Treloar H, Feinstein P, Mombaerts P, Greer C (2002) Specificity 

of glomerular targeting by olfactory sensory axons. J Neurosci 

22(7):2469-2477. doi: 10.1523/JNEUROSCI.22-07-02469.2002. 

Trinh K, Storm DR (2003) Vomeronasal organ detects 

odorants in absence of signaling through main olfactory 

epithelium. Nat Neurosci 6:519–525. doi: 10.1038/nn1039. 

Trotier D, Eloit C, Wassef M, Talmain G, Bensimon JL, Døving 

KB, Ferrand J (2000) The vomeronasal cavity in adult humans. 

Chem Senses 25:369–380. doi: 10.1093/chemse/25.4.369. 

Trouillet AC, Keller M, Weiss J, Leinders-Zufall T, Birnbaumer 

L, Zufall F et al. (2019) Central role of G protein Gαi2 and Gαi2 + 

vomeronasal neurons in balancing territorial and infant-directed 

aggression of male mice. PNAS 116:5135–5143. doi: 

10.1073/pnas.1821492116. 

Trouillet AC, Moussu C, Poissenot K, Keller M, Birnbaumer L, 

Leinders-Zufall T et al. (2021) Sensory detection by the 

vomeronasal organ modulates experience-dependent social 

behaviors in female mice. Front Cell Neurosci 15:638800. doi: 

10.3389/fncel.2021.638800. 

Tsukahara T, Brann DH, Pashkovski SL, Guitchounts G, Bozza T, 

Datta SR (2021). A transcriptional rheostat couples past activity to 

future sensory responses. Cell 184(26):6326-6343.e32. doi: 

10.1016/j.cell.2021.11.022. 

Tuthill JC, Azim E (2018) Propriocepcion. Curr Biol 

28(5):R194-R203. doi: 10.1016/j.cub.2018.01.064. 

Ubeda-Bañon I, Pro-Sistiag P, Mohedano-Moriano A, Saiz-

Sanchez D, de la Rosa-Prieto C, Gutierrez-Castellanos N, et al.  

https://pubmed.ncbi.nlm.nih.gov/?term=T%C3%B6r%C3%B6nen%20P%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Medlar%20A%5BAuthor%5D
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6031051/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6031051/
https://doi.org/10.1523%2FJNEUROSCI.22-07-02469.2002
https://doi.org/10.1038/nn1039
https://pubmed.ncbi.nlm.nih.gov/?term=Bensimon+JL&cauthor_id=10944499
https://pubmed.ncbi.nlm.nih.gov/?term=D%C3%B8ving+KB&cauthor_id=10944499
https://pubmed.ncbi.nlm.nih.gov/?term=Ferrand+J&cauthor_id=10944499
https://pubmed.ncbi.nlm.nih.gov/?term=Tsukahara+T&cauthor_id=34879231
https://pubmed.ncbi.nlm.nih.gov/?term=Pashkovski+SL&cauthor_id=34879231
https://pubmed.ncbi.nlm.nih.gov/?term=Guitchounts+G&cauthor_id=34879231
https://pubmed.ncbi.nlm.nih.gov/?term=Bozza+T&cauthor_id=34879231
https://pubmed.ncbi.nlm.nih.gov/?term=Datta+SR&cauthor_id=34879231


PAULA RODRÍGUEZ VILLAMAYOR 

398 
 

(2011) Cladistic analysis of olfactory and vomeronasal systems. 

Front Neuroanat 5:3. doi: 10.3389/fnana.2011.00003. 

Vaccarezza OL, Sepich LN, Tramezzani JH (1981) The 

vomeronasal organ of the rat. J Anat 132:167–185. 

Valverde F, López-Mascaraque L, De Carlos JA (1989) 

Structure of the nucleus olfactorius anterior of the hedgehog 

(Erinaceus europaeus). J Comp Neurol 279:581–600.  doi: 

10.1002/cne.902790407. 

Van der Linden C, Jakob S, Gupta P, Dulac C, Santoro SW 

(2018) Sex separation induces differences in the olfactory sensory 

receptor repertoires of male and female mice. Nat Commun 9:5081. 

doi: 10.1038/s41467-018-07120-1. 

Vandenbergh JG (1967) Effect of the presence of a male on the 

sexual maturation of female mice. Endocrinology 81(2):345-9. doi: 

10.1210/endo-81-2-345. 

Vandewege MW, Mangum SF, Gabaldo T, Castoe TA, Ray DA, 

Hoffmann FG (2016) Contrasting patterns of evolutionary 

diversification in the olfactory repertoires of reptile and bird 

genomes. Genome Biol Evol 8(3):470–480. doi:10.1093/gbe/evw013. 

Varga M (2014) Rabbit basic science (chapter 1). In: Textbook 

of rabbit medicine, 2nd Edition. Butterworth-Heinemann pp. 3-108. 

ISBN: 9780702054198 (electronic). doi: 10.1016/B978-0-7020-4979-

8.00001-7. 

Vaughan TA, Ryan JM, Czaplewski NJ (2010) Rodentia and 

lagomorpha (chapter 13). In: Mammology, 5
th

 Edition.  Sether C, 

Steinbach M, Acox JS, eds. Jones and Bartlett Publishers, Sudbury, 

Massachusetts pp. 197-241. ISBN: 978-0-7637-6299-5. 

Vega MD, Barrio M, Quintela LA, Becerra JJ, Cainzos, Prieto A, 

et al.  (2012) Evolución del manejo reproductivo en cunicultura. 

Inf. Técnica Económica Agrar (ITEA) 108:172–190. ISSN: 1699-

6887. 

Verga M, Luzi F, Carenzi C (2007) Effects of husbandry and 

management systems on physiology and behavior of farmed and 

https://doi.org/10.3389%2Ffnana.2011.00003
javascript:;
javascript:;
javascript:;
https://pubmed.ncbi.nlm.nih.gov/?term=Hoffmann+FG&cauthor_id=26865070
https://doi.org/10.1016%2FB978-0-7020-4979-8.00001-7
https://doi.org/10.1016%2FB978-0-7020-4979-8.00001-7


REFERENCES 

399 
 

laboratory rabbits. Horm Behav 52:122–129. doi: 

https://doi.org/10.1016/j.yhbeh.2007.03.024. 

Verhaagen J, Oestreicher AB, Gispen WH, Margolis FL (1989) 

The expression of the growth associated protein B50/GAP43 in the 

olfactory system of neonatal and adult rats. J Neurosci 9:683–691. 

doi: 10.1523/JNEUROSCI.09-02-00683.1989. 

Villafranca-Faus M, Vila-Martín ME, Esteve D, Merino E, 

Teruel-Sanchis A, Cervera-Ferri A et al. (2021). Integrating 

pheromonal and spatial information in the amygdalo-

hippocampal network. Nat Comm 12(1):5286. doi: 10.1038/s41467-

021-25442-5. 

Villamayor PR, Arana AJ, Coppel C, Ortiz-Leal I, Torres MV, 

Sanchez-Quinteiro P et al.  (2021b) A comprehensive structural, 

lectin and immunohistochemical characterization of the zebrafsh 

olfactory system. Sci Rep 11(1):8865. doi: 10.1038/s41598-021-

88317-1. 

Villamayor PR, Cifuentes JM, Fdz-de-Troconiz P, Sánchez-

Quinteiro P (2018) Morphological and immunohistochemical study 

of the rabbit vomeronasal organ. J Anat 233:814–827. doi: 

10.1111/joa.12884. 

Villamayor PR, Cifuentes JM, Quintela L, Barcia R, Sánchez-

Quinteiro P (2020) Structural, morphometric and 

immunohistochemical study of the rabbit accessory olfactory 

bulb. Brain Struct Funct 225: 203–226. doi: 10.1007/s00429-019-

01997-4. 

Villamayor PR, Cifuentes JM, Quintela L, Barcia R, Sánchez-

Quinteiro P (2019) The role of chemocommunication at prenatal 

stages: the rabbit as a model. SENC (Spanish Society of 

Neuroscience) conference, Santiago de Compostela (Spain). 

Villamayor PR, Paulino Martínez P, Robledo D (2022b) 

Deciphering new pheromone receptors and cell-types through 

single nuclei RNAseq in the rabbit male and female vomeronasal 

organ. Society for Neuroscience (SfN) Conference, California, 

https://doi.org/10.1016/j.yhbeh.2007.03.024
https://pubmed.ncbi.nlm.nih.gov/?term=Margolis+FL&cauthor_id=2918383


PAULA RODRÍGUEZ VILLAMAYOR 

400 
 

EEUU. 

Villamayor PR, Robledo D, Fernández C, Gullón J, Quintela L, 

Sánchez-Quinteiro P et al. (2021a) Analysis of the vomeronasal 

organ transcriptome reveals variable gene expression depending 

on age and function in rabbits. Genomics 113:2240–2252. doi: 

https://doi.org/10.1016/j.ygeno.2021.05.007. 

Villamayor PR, Sánchez-Quinteiro P, Gullón J, Martínez P, 

Robledo D (2022a) Dramatic changes in the rabbit vomeronasal 

organ transcriptome before birth and its critical role in first milk 

intake. FENS, Forum of the European Neuroscience Society, Paris 

(France).  

von Bernhardi R, Eugenín-von Bernhardi L, Eugenín J (2017) 

What is neural plasticity? (chapter 1). In: The plastic brain. von 

Bernhardi R, Eugenín J, Muller KJ, eds. Adv Exp Med Biol 1015:1-

15. Springer, Cham, Switzerland. doi: 10.1007/978-3-319-62817-2_1. 

Wagner S, Gresser AL, Torello AT, Dulac C (2006) A 

multireceptor genetic approach uncovers an ordered integration 

of VNO sensory inputs in the accessory olfactory bulb. Neuron 

50:697–709. doi: 10.1016/j.neuron.2006.04.033. 

Wakabayashi Y, Ichikawa M (2006) Distribution of Notch1-

expressing cells and proliferating cells in mouse vomeronasal 

organ. Neurosci Letters 411:217-21. doi: 

10.1016/j.neulet.2006.09.088. 

Wakabayashi Y, Mori Y, Ichikawa M, Yazaki K, Yamagishi KH 

(2002) A putative pheromone receptor gene is expressed in two 

distinct olfactory organs in goats. Chem Senses 27:207-213. doi: 

10.1093/chemse/27.3.207. 

Walkden-Brown SW, Martin GB, Restall BJ (1999) Role of 

male-female interaction in regulating reproduction in sheep and 

goats. J Reprod Fertil (suppl.) 54:243–257. 

Wang IH, Murray E, Andrews G, Jiang HG, Park SJ, Donnard E 

et al.  (2022) Spatial transcriptomic reconstruction of the mouse 

olfactory glomerular map suggests principles of odor processing. 

https://doi.org/10.1016/j.ygeno.2021.05.007
https://pubmed.ncbi.nlm.nih.gov/?term=von+Bernhardi+R&cauthor_id=29080018
https://pubmed.ncbi.nlm.nih.gov/?term=Bernhardi+LE&cauthor_id=29080018
https://pubmed.ncbi.nlm.nih.gov/?term=Eugen%C3%ADn+J&cauthor_id=29080018
https://pubmed.ncbi.nlm.nih.gov/?term=von+Bernhardi+R&cauthor_id=29080018
https://pubmed.ncbi.nlm.nih.gov/?term=von+Bernhardi+R&cauthor_id=29080018
https://www.nature.com/articles/s41593-022-01030-8#auth-I_Hao-Wang
https://www.nature.com/articles/s41593-022-01030-8#auth-Evan-Murray


REFERENCES 

401 
 

Nat Neurosci 25(4):484-492. doi: 10.1038/s41593-022-01030-8.  

Wei D, Talwar V, Lin D (2021) Neural circuits of social 

behaviours: Innate yet flexible. Neuron, 109(10):1600-1620. doi: 

10.1016/j.neuron.2021.02.012. 

Weiß E, Kretschmer D (2018) Formyl-peptide receptors in 

infection, inflammation, and cancer. Trends Immunol 39(10):P815-

829. doi: https://doi.org/10.1016/j.it.2018.08.005 

Wharton Young M (1936) The nuclear pattern and fiber 

connections of the non-cortical centers of the telencephalon of the 

rabbit (Lepus cuniculus). J Comp Neurol 65:295–401. doi: 

https://doi.org/10.1002/cne.900650112. 

Whitten WK (1958) Modifications of the oestrus cycle of the 

mouse by external stimuli associated with the male: changes in the 

oestrus cycle determined by vaginal smears. J Endocrin 11:307. 

doi: 10.1677/joe.0.0170307. 

Wible JR, Bhatnagar KP (1996) Chiropteran vomeronasal 

complex and the interfamilial relationships of bats. J Mamm Evol 

3:285–314. doi: 10.3389/fnana.2018.00032. 

Wöhrmann-Repenning A (1981) Die Topographie der 

Mündungen der Jacobsonschen Organe des Kaninchens 

(Oryctolagus cuniculus) unter funktionellem Aspekt. Z 

Säugetierkunde 46:273–279. ISSN: 0044-3468. 

Wöhrmann-Repenning A (1984) Phylogenetic aspects of the 

topography of the organs of Jacobsons and the nasopalatine ducts 

in insectivores, primates, Tupaia und Didelphis. Anat Anz 157:137–

149. 

Wolff JO (2004) Scent marking by voles in response to 

predation risk: a field-laboratory validation. Behav Ecol 15:286–

289. 

Wong WM, Cao J, Zhang X, Doyle WI, Mercado LL, Gautron L 

(2020) Physiology-forward identification of bile acid–sensitive 

vomeronasal receptors. Sci Adv 6:eaaz6868. doi: 

10.1126/sciadv.aaz6868. 

https://www.sciencedirect.com/science/article/pii/S0896627321001124#!
https://www.sciencedirect.com/science/article/pii/S0896627321001124#!
https://www.sciencedirect.com/science/article/pii/S0896627321001124#!
https://doi.org/10.1002/cne.900650112
https://doi.org/10.1677/joe.0.0170307
https://doi.org/10.3389%2Ffnana.2018.00032


PAULA RODRÍGUEZ VILLAMAYOR 

402 
 

Wong WM,  Nagel M,  Hernandez-Clavijo A,  Pifferi S, Menini 

A,  Spehr M, Meeks JP (2018) Sensory adaptation to chemical cues 

by vomeronasal sensory neurons. eNeuro 5(4):ENEURO.0223-

18.2018. doi: 10.1523/ENEURO.0223-18.2018. 

Wright IA, Rhind S-M, Smith AJ, Whyte TK (2010) Female-

female influences on the duration of the post-partum anoestrous 

period in beef cows. Anim Sci 59(1):49-53. 

Wu A, Yu B, Komiyama T (2020) Plasticity in olfactory bulb 

circuits. Curr Opin Neurobiol 64:17–23. 

doi:10.1016/j.conb.2020.01.007. 

Wyatt T (2017) Pheromones. Curr Biol 27(15):R739-R743. doi: 

10.1016/j.cub.2017.06.039. 

Wyatt TD (2003) Pheromones and animal behaviour: 

communication by smell and taste. Cambridge University Press, 

Cambridge. 

Wyatt TD (2009) Perception and action of pheromones: from 

receptor molecules to brains and behaviour (chapter 9). In: 

Pheromones and animal behaviour: comunication by smell and taste. 

Cambridge University Press, Cambridge pp. 164-205. 

Wyatt TD (2010) Pheromones and signature mixtures: 

defining species-wide signals and variable cues for identity in both 

invertebrates and vertebrates. J Comp Physiol A Neuroethol Sens 

Neural Behav Physiol 196(10):685-700. doi: 10.1007/s00359-010-

0564-y. 

Wyatt TD (2014a) Pheromones and animal behavior: chemical 

signals and signatures, 2
nd

 Edition. Cambridge: Cambridge 

University Press. 

Wyatt TD (2014b) Introduction to chemical signaling in 

vertebrates and invertebrates (Chapter 1). In: Neurobiology of 

Chemical Communication. Mucignat-Caretta C, editor. Front 

Neurosci. Boca Raton (FL): CRC Press/Taylor & Francis. ISBN-

13: 978-1-4665-5341-5. 

Wynn EH, Sánchez-Andrade G, Carss KJ, Logan DW (2012) 

https://www.cambridge.org/core/search?filters%5BauthorTerms%5D=I.%20A.%20Wright&eventCode=SE-AU
https://www.cambridge.org/core/search?filters%5BauthorTerms%5D=S.%20M.%20Rhind&eventCode=SE-AU
https://www.cambridge.org/core/search?filters%5BauthorTerms%5D=A.%20J.%20Smith&eventCode=SE-AU
https://www.cambridge.org/core/search?filters%5BauthorTerms%5D=T.%20K.%20Whyte&eventCode=SE-AU
https://www.ncbi.nlm.nih.gov/books/n/frncc/ch1/
https://www.ncbi.nlm.nih.gov/books/n/frncc/ch1/
http://www.crcpress.com/
https://pubmed.ncbi.nlm.nih.gov/?term=Wynn+EH&cauthor_id=22908939
https://pubmed.ncbi.nlm.nih.gov/?term=S%C3%A1nchez-Andrade+G&cauthor_id=22908939
https://pubmed.ncbi.nlm.nih.gov/?term=Carss+KJ&cauthor_id=22908939
https://pubmed.ncbi.nlm.nih.gov/?term=Logan+DW&cauthor_id=22908939


REFERENCES 

403 
 

Genomic variation in the vomeronasal receptor gene repertoires 

of inbred mice. BMC Genomics 21:13:415. doi: 10.1186/1471-2164-

13-415. 

Wysocki CJ (1979) Neurobehavioral evidence for the 

involvement of the vomeronasal system in mammalian 

reproduction. Neurosci Biobehav Rev 3:301–341. 

Wysocki CJ, Lepri JJ (1991) Consequences of removing the 

vomeronasal organ. J Steroid Biochem Mol Biol 39:661–669. doi: 

10.1016/0960-0760(91)90265-7. 

Xia B, Yan Y, Baron M, Wagner F, Barkley D, Chiodin M et al. 

(2020) Widespread transcriptional scanning in the testis 

modulates gene evolution rates. Cell 180(2):248–262.e21. 

doi:10.1016/j.cell.2019.12.015. doi: 

https://doi.org/10.1016/j.cell.2019.12.015. 

Xia J, Broad KD, Emson PC, Keverne EB (2010) Epigenetic 

modification of vomeronasal (V2r) precursor neurons by histone 

deacetylation. Neurosci 169(3):1462-1472. doi: doi: 

10.1016/j.neuroscience.2010.05.071. 

Xia J, Sellers LA, Oxley D, Smith T, Emson P, Keverne EB 

(2006) Urinary pheromones promote ERK/Akt phosphorylation, 

regeneration and survival of vomeronasal (V2R) neurons. Eur J 

Neurosci 24: 3333-42. doi: 10.1111/j.1460-9568.2006.05244.x. 

Xu J, Zhang J, Yang D, Song J, Pallas B, Zhang C, et al.  (2021) 

Gene editing in rabbits: unique opportunities for translational 

biomedical research. Front Genet 12:642444. doi: 

https://doi.org/10.3389/fgene.2021.642444. 

Xu PS, Lee D, Holy TE (2016) Experience-dependent plasticity 

drives individual differences in pheromone-sensing neurons. 

Neuron 91:878–892. doi: 10.1016/j.neuron.2016.07.034. 

Xu X, Coats JK, Yang CF, Wang A, Ahmed OM, Alvarado M, et 

al.  (2012) Modular genetic control of sexually dimorphic 

behaviors. Cell 148:596–607. doi: 10.1016/j.cell.2011.12.018. 

Yang CF, Shah NM (2014) Representing sex in the brain, one 

https://doi.org/10.1016/j.cell.2019.12.015
https://doi.org/10.1111/j.1460-9568.2006.05244.x


PAULA RODRÍGUEZ VILLAMAYOR 

404 
 

module at a time. Neuron. 82:261–278.  doi: 

10.1016/j.neuron.2014.03.029. 

Yang H, Shi P (2010) Molecular and evolutionary analyses of 

formyl peptide receptors suggest the absence of VNO-specific 

FPRs in primates. J Genet Genomics 37(12):771–778. doi: 

https://doi.org/10.1016/S1673-8527(09)60094-1. 

Yang H, Shi P, Ya-Ping Z, Zhang J (2005) Composition and 

evolution of the V2R vomeronasal receptor gene repertoire in 

mice and rats. Genomics 86(3):306-15. doi: 

10.1016/j.ygeno.2005.05.012. 

Yang R, Raper KC, Lusk JL (2017) The impact of hormone use 

perception on consumer meat preference. Southern Agricultural 

Economics Association (SAEA), Annual Meeting. doi: 

10.22004/ag.econ.252772.  

Yano S, Sakamoto KQ, Habara Y (2015) Female mice avoid 

male odor from the same strain via the vomeronasal system in an 

estrogen-dependent manner. Chem Senses 40:641–648. doi: 

10.1093/chemse/bjv052. 

Yates AD, Achuthan P, Akanni W, Allen J, Allen J, Alvarez-

Jarreta J et al. (2020) Ensembl 2020. Nucleic Acids Res 48(D1):D682-

D688. doi: 10.1093/nar/gkz966. 

Yohe LR, Davies KTJ, Rossiter SJ, Dávalos LM (2019) 

Expressed vomeronasal type-1 receptors (v1rs) in bats uncover 

conserved sequences underlying social chemical signaling. Genome 

Biol Evol 11(10):2741–2749. doi:10.1093/gbe/evz179. 

Yokosuka M (2012) Histological properties of the glomerular 

layer in the mouse accessory olfactory bulb. Exp Anim 61:13–24. 

doi: 10.1538/expanim.61.13. 

Yoon H, Enquist LW, Dulac C (2005) Olfactory inputs to 

hypothalamic neurons controlling reproduction and fertility. Cell 

123:669–682. doi: 10.1016/j.cell.2005.08.039. 

Young JM, Massa HF, Hsu L, Trask BJ (2010) Extreme 

variability among mammalian V1R gene families. Genome Res 

https://doi.org/10.1016/S1673-8527(09)60094-1
https://ageconsearch.umn.edu/collection/194?ln=en
https://ageconsearch.umn.edu/collection/194?ln=en
https://ageconsearch.umn.edu/collection/1377?ln=en
https://ageconsearch.umn.edu/collection/1377?ln=en
https://ageconsearch.umn.edu/collection/1377?ln=en
http://dx.doi.org/10.22004/ag.econ.252772


REFERENCES 

405 
 

20:10-18. doi: 10.1101/gr.098913.109.  

Young JM, Trask BJ (2007) V2R gene families degenerated in 

primates, dog and cow, but expanded in opossum. Trends Genet 

23(5):212–5. doi: 10.1016/j.tig.2007.03.004.  

Young JM, Kambere M, Trask BJ, Lane RP (2005) Divergent 

V1R repertoires in five species: Amplification in rodents, 

decimation in primates, and a surprisingly small repertoire in 

dogs. Genome Res 15(2):231–240. doi: 10.1101/gr.3339905. 

Yu G (2020) Using ggtree to visualize data on tree-like 

structures. Curr Protoc Bioinformatics 69(1):e96. doi: 

https://doi.org/10.1002/cpbi.96. 

Zalesky DD, Day ML, Garcia-Winder M, Imakawa K, Kittok RJ, 

D'Occhio MJ et al. (1984) Influence of exposure to bulls on 

resumption of estrous cycles following parturition in beef cows. J 

Anim Sci 59(5):1135-1139. doi: 10.2527/jas1984.5951135x. 

Zhang J, Webb DM (2003) Evolutionary deterioration of the 

vomeronasal pheromone transduction pathway in catarrhine 

primates. PNAS 100(14):8337-41. doi: 10.1073/pnas.1331721100.  

Zhang X, Marcucci F, Firestein S (2010) High-throughput 

microarray detection of vomeronasal receptor gene expression in 

rodents. Front Neurosci 4(164):1-20. doi: 

https://doi.org/10.3389/fnins.2010.00164. 

Zhang X, Meeks JP (2020) Paradoxically sparse chemosensory 

tuning in broadly integrating external granule cells in the mouse 

accessory olfactory bulb. J Neurosci 40(27):5247-5263. doi: 

10.1523/JNEUROSCI.2238-19.2020.  

Zimmerman AD, Munger SD (2021) Olfactory subsystems 

associated with the necklace glomeruli in rodents. Cell Tissue Res 

383(1):549–557. doi:10.1007/s00441-020-03388-2. 

Zufall F, Leinders-Zufall T (2007) Mammalian pheromone 

sensing. Curr Opin Neurobiol 17:483–489. doi: 

10.1016/j.conb.2007.07.012. 

https://pubmed.ncbi.nlm.nih.gov/?term=Young%20JM%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Kambere%20M%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Trask%20BJ%5BAuthor%5D
https://doi.org/10.1101%2Fgr.3339905
https://doi.org/10.1002/cpbi.96
https://doi.org/10.3389/fnins.2010.00164


PAULA RODRÍGUEZ VILLAMAYOR 

406 
 

Zufall F, Munger SD (2001) From odor and pheromone 

transduction to the organization of the sense of smell. Trends 

Neurosci 24:191–193. doi: 10.1016/s0166-2236(00)01765-3. 

Zuk KE, Cansler HL, Wang J, Meeks JP (2022) Arc-expressing 

accessory olfactory bulb interneurons support chemosensory 

social behavioral plasticity. bioRxiv preprint. doi: 

https://doi.org/10.1101/2022.05.02.490296

https://doi.org/10.1101/2022.05.02.490296


 

 
 

 

 

 

 

 

 

 

 

ANNEXES 



 

 
 



 

409 
 

 

 

 

ANNEX I 

Resumo 

 

A comunicación química mediada por feromonas está implicada en 

comportamentos sociosexuais innatos, como o apareamento e a loita, 

que son esenciais para a reprodución e a supervivencia dos animais. 

As sinais feromonais percíbense fundamentalmente a través do 

sistema olfactivo accesorio, tamén chamado sistema vomeronasal 

(VNS
6
), específicamente por receptores vomeronasais contidos en 

neuronas sensoriais do órgano vomeronasal (VNO) que envían os 

sinais correspondentes ao bulbo olfactivo accesorio (AOB). O VNS 

está suxeito a grandes cambios ao longo da evolución, especialmente a 

nivel estrutural e xenómico, o que lle permite facer fronte a unha gran 

variedade de comportamentos específicos de cada especie (por 

exemplo, diferentes sistemas reprodutivos, dominancias, etc.). A 

maioría dos estudos do VNS foron realizados en ratos, o que levou a 

extrapolar datos a especies filoxenéticamente próximas como poden 

ser os coellos. Sen embargo, debido á alta especificidade do VNS, as 

extrapolacións poden levar a conclusións erróneas e deben evitarse 

sempre; en consecuencia, cada especie debe ser estudada de forma 

independente y dende un punto de vista comparativo. Ademais, os 

coellos considéranse un modelo único para estudar a 

quimiocomunicación debido ao descubrimento da feromona mamaria 

da coella. Sen embargo, o VNS dos coellos está moi pouco estudado, 

                                                           
6 Co fin de facilitar a lectura e abreviar os termos aos que fan referencia, todas as siglas 

empregadas neste resumo en galego se corresponden coas utilizadas ao longo do manuscrito 

en inglés. 
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especialmente a nivel morfolóxico, xenético e molecular.  

Por outra parte, o estudo da comunicación por feromonas podería ter 

unha aplicación traslacional na produción animal, é dicir, as 

feromonas poderían utilizarse como substancias naturais para mellorar 

os parámetros reprodutivos e o benestar dos animais, o que á súa vez 

podería conducir a unha redución no uso de hormonas e antibióticos. 

Igualmente, as feromonas tamén teñen potencial para ser empregadas 

noutras industrias como a dos animais de compañía (por exemplo, 

reducindo os nivéis de estrés), o control de especies en perigo de 

extinción ou pragas. Por estas razóns, sería convinte realizar estudos 

de investigación en especies onde os resultados poideran trasladarse 

directamente ao sector industrial.  

Os coellos son especialmente interesantes ao tratarse dunha especie de 

granxa, fácil de manexar (pequenos, ciclo reprodutivo curto). Neste 

sentido, España é considerada unha referencia industrial en 

cunicultura en todo o territorio europeo, ocupando Galicia a segunda 

posición no ranking nacional cunha produción de máis de 14,000 

toneladas ó ano. En particular, a empresa COGAL (Rodeiro, 

Pontevedra) -colaboradora neste proxecto- é responsable de máis do 

50% da produción galega de carne de coello. Cabe destacar que a 

cunicultura representa unha produción de gran interés polas 

características saudables da carne e a sostibilidade da produción. Por 

outra banda, os coellos tamén foron introducidos como animais de 

compañía, e son considerados unha especie en perigo de extinción en 

Europa e unha praga en Australia. Polo tanto, as investigacións sobre 

a comunicación con feromonas en coellos poderán ter utilidade para 

futuros traballos translacionais que teñan como obxectivo a aplicación 

de feromonas no mercado dos coellos.  

O principal obxectivo desta tese doutoral é afondar no estudo 

neuroanatómico e xenómico do VSN do coello -Oryctolagus 

Cuniculus-, en concreto do VNO e do AOB, así como descifrar se o 

VNO está provisto de mecanismos de plasticidade que lle permitan 

adaptarse a diferentes ambientes. Prestarase especial atención aos 

receptores vomeronasais e a outros xenes implicados na reprodución, 

inmunidade e actividade funcional do VNO. Igualmente, avaliaranse 

as implicacións prácticas da comunicación mediada por feromonas 
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mediante a medición de parámetros reprodutivos en coellas femia de 

granxa cando sexan expostas a ouriños ou plasma seminal, ambos 

empregados como fontes de feromonas. De xeito más específico, os 

obxectivos deste traballo son cinco: 1) descifrar as características 

estruturais e morfolóxicas do VNO do coello, para verificar o seu 

papel na quimiocomunicación (capítulo I); 2) avaliar as características 

estruturais e mofofuncionais así como determinar o potencial 

dimorfismo sexual do AOB do coello, para verificar o seu papel na 

quimiocomunicación (capítulo II); 3) caracterizar o transcriptoma do 

VNO do coello e avaliar as diferenzas de expression xénica entre 

estadíos (prepuber e púber) e entre sexos (macho e femia). Neste caso 

prestarase especial atención aos receptors vomeronasais así como a 

outros xenes relacionados coa reprodución e a actividade funcional do 

VNO (capitulo III); 4) analizar a potencial capacidade plástica do 

VNO do coello, a través da modulación transcripcional, mediante a 

súa exposición a diferentes condicións ambientais (separados por 

sexo, o que significa que machos e femias nunca estiveron en contacto 

entre sí; e combinados por sexo, onde machos e femias se atopan 

xuntos). Este dato será especialmente relevante para entender cómo un 

individuo se adapta para responder a un ambiente que está en continuo 

cambio (capítulo IV); e 5) investigar as implicacións prácticas dos 

ouriños e do plasma seminal como fonte de feromonas na tecnoloxía 

da reprodución das coellas femia. Neste caso avaliaranse os nivéis de 

receptividade, fertilidade e prolificidade da femia cando é exposta a 

ouriños ou plasma seminal de machos ou femias xusto antes da 

inseminación artificial (capítulo V). Todos os datos obtidos neste 

traballo asentan as bases para futuros estudos traslacionais que 

busquen implementar feromonas nas granxas cunícolas, e así mellorar 

a produción e o benestar animal de xeito natural.  

A metodoloxía utilizada inclúe abordaxes anatómicos, xenómicos e de 

comportamento. Dentro da abordaxe anatómica, realizáronse A) 

diseccións e microdisesccións para a identificación e extracción do 

VNO e do AOB. Aspectos como a irrigación e a inervación do VNO 

así como a súa comunicación co medio externo foron abordados; B) 

procesamento histolóxico de mostras de VNO e de AOB, incluindo 

cortes en parafina (5-10 μm de grosor), e tincións histolóxicas de 
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rutina –Hematoxilina-eosina, Nissl- e outras máis específicas –

Tricrómico de Galego, técnica de Tolivia, técnica de Bielschowsky, 

etc.–; C) técnicas histoquímicas (lectinas) e inmunohistoquímicas 

(anticorpos), para obter información morfofuncional. Lectinas como 

LEA, BSI-B4 e UEA, así como anticorpos fronte a proteinas como 

Gαo e Gαi2, OMP, GFAP, GAP-43, MAP-2, glutaminasa and 

proteinas ligantes de calcio (calbindin, calretinin) permitiron non só 

discriminar os diferentes compoñentes de ambas formacións (VNO e 

AOB), pero tamén avaliar a expresión das dúas familias máis 

importantes de receptores vomeronasais –V1R e V2R–, coñecidas 

pola súa asociación directa coas proteínas Gαi2 e Gαo, 

respectivamente; D) análise morfométrica e estereolóxica do AOB do 

coello en machos e femias para comprobar o seu potencial dimorfismo 

sexual. En canto á abordaxe xenómica, realizouse un estudo de 

expresión xénica mediante a técnica de RNAseq en coellos macho, 

femia, xuvenís, adultos, e en condición de sexo separado e sexo 

combinado (3 réplicas biolóxicas por condición). Tras o sacrificio dos 

animais, o VNO foi inmediatamente diseccionado, incluido en Trizol, 

e conxelado a menos 80ºC, para evitar a degradación do RNA. Tras 

realizar a extracción do RNA, as mostras foron enviadas a Novogene 

UK Company SL (Cambridge) para a construcción das librerías e a 

realización da secuenciación. A análise bioinformática incluiu 

filtrados de calidade (FastQC) e a eliminación de adaptadores e 

códigos de barras (Trimmomatic v3.0). Os ‘reads’ filtrados foron 

aliñados fronte ó xenoma do coello (OryCun2.0) e asignados a xenes, 

tendo en conta a última anotación do xenoma do coello, mediante o 

software STAR v.2.7.0e two-pass mode. Igualmente, o software 

Kallisto, que ‘pseudoaliña’ os ‘reads’ fronte a unha referencia 

producindo unha lista de transcritos que son compatibles con cada 

‘read’ mentres que evita o aliñamento de bases individuais, tamén foi 

empregado para comparar os resultados entre STAR e Kallisto. A 

metodoloxía empregada para a análise de comportamento ou análise 

de campo incluiu a avaliación de parámetros reprodutivos específicos 

(receptividade (color da vulva), fertilidade (tasa de partos), 

prolificidade (número total de nacidos por camada) e número de 

nacidos vivos e mortos por camada) das coellas femia ante a 
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exposición a determinados fluidos biolóxicos –ouriños, plasma 

seminal–.  Específicamente, aplicouse 1 ml de spray nasal en cada 

exposición e fixéronse 3 exposicións -1h, 15 min e 1 min antes da 

inseminación artificial-. 

CAPÍTULO I. ESTUDO MORFOLÓXICO E INMUNOHISTOQUÍMICO DO 

ÓRGANO VOMERONASAL DO COELLO 

O primeiro obxectivo deste traballo foi afondar na caracterización 

estructural e morfofuncional do VNO do coello. Este capítulo 

centrouse nunha análise anatómica, histolóxica, histoquímica e 

inmunohistoquímica exhaustiva do VNO, e afondou na súa vía de 

comunicación co medio externo. Empregáronse técnicas 

histoquímicas (lectina Ulex europaeus agglutinin (UEA-I)) e 

inmunohistoquímicas para o estudo de expresión das proteínas Gαi2 e 

Gαo así como o marcador de neuronas olfativas maduras OMP. Este 

traballo demostrou que o conducto vomeronasal ten unha dobre 

comunicación –directa e indirecta– co medio externo, mediante unha 

dobre apertura –cavidade nasal e cavidade oral, respectivamente–. 

Mediante o emprego de cortes transversais, observouse a distribución 

xeral de varios tecidos brandos do órgano (conduto, glándulas, tecido 

conectivo, vasos sanguíneos e nervios) así como a natureza da cápsula 

do VNO. Unha das principais características atopadas no VNO do 

coello foi a dobre envoltura de óso externamente e cartílago 

internamente, así como o alto grao de desenvolvemento dos vasos 

sanguíneos. Esta observación indicou o papel crucial que xogan estos 

elementos no mecanismo de bombeo que permite a introdución das 

sinais químicas dentro do conduto vomeronasal. A funcionalidade do 

VNO foi validada mediante a presencia dun neuroepitelio altamente 

desenvolto e dun tecido glandular profuso que mostrou positividade a 

mucopolisacáridos neutros. Igualmente, o papel dos glicoconxugados 

foi avaliado mediante a identificación do sistema ‘a1-2 fucosa glycan’ 

no neuroepitelio do VNO empregando a lectina UEA-I. O patrón de 

marcaxe, que foi concentrado arredor das comisuras do epitelio 

sensorial e apareceu de xeito máis difuso en zonas centrais, é diferente 

ao atopado na maioría do resto dos mamíferos. En canto á expresión 

das proteínas G, coñécense dúas vías de expresión –unha onde as 
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neuronas receptoras expresan a proteína Gαi2, que se correlaciona coa 

expresión dos receptores vomeronasais tipo 1 (V1R), e outra onde as 

neuronas receptoras expresan a proteína Gαo, que se correlaciona coa 

expresión dos receptores vomeronasais tipo 2 (V2R). A segunda vía 

está ausente na maioría dos mamíferos. En coellos, identificamos as 

dúas vías (expresión de Gαi2 e de Gαo), o que posiciona aos coellos 

xunto cos roedores e os insectívoros nun pequeno grupo de mamíferos 

que expresan o modelo de expresión das dúas proteínas. Este traballo 

demostrou o alto grao de desenvolvemento do VNO do coello, o cal 

conta con moitas características morfolóxicas específicas de especie, e 

destaca a importancia da comunicación química nesta especie. 

CAPÍTULO II. ESTUDO ESTRUTURAL, MORFOMÉTRICO E 

INMUNOHISTOQUÍMICO DO BULBO OLFACTIVO ACCESORIO DO 

COELLO 

O segundo obxectivo desta tese doutoral supuxo afondar na 

caracterización estrutural e morfofuncional do AOB do coello, así 

como realizar unha análise morfométrica en machos e femias para 

probar a existencia de dimorfismo sexual. Estudamos a topografía do 

bulbo, así como a súa laminación e os diferentes subtipos celulares, 

mediante a o emprego de marcadores histoquímicos (UEA-I, 

Bandeiraea simplicifolia (BSI-B4), e Lycopersicon esculentum 

(LEA)) e inmunohistoquímicos. Dentro destos últimos, o emprego dos 

anticorpos anti- proteínas G -Gαi2/Gαo-, que non foran previamente 

usados en coellos, demostrou a súa expresión nas zonas anterior e 

posterior do AOB respectivamente. Este achado sitúa a orde 

Lagomorpha dentro dun grupo pequeno de mamíferos que conta con 

esta dobre expresión de recepción vomeronasal, o cal é compatible cos 

datos obtidos no capítulo I para o VNO. Anticorpos fronte a proteína 

de marcaxe olfativo (OMP), proteína 43 asociada ao crecemento 

(GAP-43), glutaminasa (GLS), proteína 2 asociada a microtubulos 

(MAP-2), proteína glial fibrilar acídica (GFAP), calbindina (CB), e 

calretinina (CR), caracterizaron os diferentes estratos e principais 

compoñentes do AOB, e demostraron varias características singulares 

do AOB do coello. Igualmente, atopáronse catro agrupacións 

neuronais, formadas por neuronas de forma piramidal, na materia 
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branca bulbar, inmediatamente por debaixo do AOB, das cales duas 

non foran previamente caracterizadas en ninguna especie e nós 

démoslle o nome de grupos γ e δ. A súa función é descoñecida pero 

tense especulado que estas agrupacións neuronais contribuen á 

transmisión de sinais vomeronasais actuando como neuronas de 

segunda orde. A maiores, o estudo morfométrico do AOB demostrou 

variabilidade en densidade numérica das células principais entre 

machos e femias, con un maior número en femias, o que constitúe un 

patrón oposto ao atopado previamente en rata. En resumo, o coello 

contén un AOB altamente desenvolvido, con moitas características 

específicas, o que pon de manifesto o significativo papel que xoga na 

comunicación química entre os diferentes individuos desta especie. 

CAPÍTULO III. A ANÁLISE DO TRANSCRIPTOMA DO ÓRGANO 

VOMERONASAL DOS COELLOS REVELA VARIACIÓN DA EXPRESIÓN 

XÉNICA DEPENDENDO DA IDADE E DA FUNCIÓN QUE DESEMPEÑE 

Aínda que o VNO mostra unha diversidade extrema entre diferentes 

mamíferos a nivel estrutural e xenómico, o seu transcriptoma sólo foi 

caracterizado nunhas poucas especies -rato, peixe zebra e morcegos-. 

Outro obxectivo fundamental do noso traballo foi a caracterización 

funcional do VNO do coello a nivel transcriptómico (expresión 

xénica), proporcionando o primeiro estudo de RNAseq do VNO do 

coello. Tiveronse en conta diferentes sexos (machos e femias) e 

estadíos (xuvenís e adultos). Isto permitiunos describir o 

transcriptoma do VNO, actualizando o número e o grao de expresión 

das dúas principais familias de receptores vomeronasais, incluindo 

128 V1Rs and 67 V2Rs. Igualmente, definimos o patrón de expresión 

da familia de receptores vomeronasais ‘formyl-peptide’ (FPRs) e da 

familia dos ‘transient receptor potential channel’ (TRPC), ambos 

coñecidos polo papel que xogan no VNO. A maiores, atopamos 

enriquecemento de varias rutas relacionadas con hormonas sexuais, o 

que destaca a relevancia deste órgano na reprodución. Finalmente, 

mentres que xuvenís e adultos mostraron diferenzas significativas na 

expresión do transcriptoma do VNO, machos e femias permaneceron 

sen cambios. En resumo, estos resultados contribuiron ao 

entendemento das bases xenómicas do VNO en coellos, aspecto 
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fundamental para posteriormente afondar na implicación do VNO 

sobre o comportamento dos individuos. 

CAPÍTULO IV. A SEPARACIÓN POR SEXOS REVELA A PLASTICIDADE 

FUNCIONAL DO ÓRGANO VOMERONASAL DOS COELLOS 

O SVN foi considerado ao longo dos anos como un sistema innato e 

estereotipado, encargado de responder a sinais específicas e 

desencadear un comportamento que dalgún xeito estaba ‘pautado’. 

Sen embargo, hoxe en día coñécese que este sistema é capaz de 

adaptarse a un ambiente determinado e responder en consecuencia. Iso 

ocorre grazas á capacidade plástica –continuas variacións estructurais 

e funcionais– dos seus distintos elementos. Específicamente, a 

capacidade plástica do VNO é un concepto relativamente recente e foi 

investigado únicamente en roedores. Sen embargo, afondar na 

plasticidade quimiosensorial fóra das condicións de laboratorio é 

imprenscindible para obter unha imaxe máis realista de como o VNS 

se adapta a un ambiente en continuo cambio. Neste capítulo avaliouse 

a potencial capacidade plástica do VNO dos coellos machos e femias 

baixo unhas condicións ambientais concretas (sexos separados, onde 

machos e femias nunca tiveron contacto con membros do sexo oposto; 

e sexos combinados, onde machos e femias estiveron en contacto 

estreito), incluindo adultos e xuvenís. Con isto, pretendemos 

determinar se o VNO do coello é plástico e en caso de que así sexa, 

validar se dita plasticidade está xa establecida na etapa xuveníl. 

Primeiro, caracterizamos o número de xenes diferencialmente 

expresados entre o VNO dos coellos macho e femia baixo a condición 

de sexos separados, e comparámola coa condición de sexos 

combinados, tanto en adultos como en xuvenís. Neste caso atopamos 

que as diferenzas entre machos e femias foron maiores para o grupo 

de sexos separados. En segundo lugar, analizamos o número de xenes 

diferencialmente expresados entre animais de sexos separados e 

animais de sexos combinados, tanto en machos como en femias, e en 

adultos e xuvenís. Atopamos que en adultos, tanto machos como 

femias mostraron un alto número de xenes diferencialmente 

expresados entre as condicións de sexos separados e sexos 

combinados, mentres que en xuvenís solo as femias mostraron 
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diferenzas. Adicionalmente, o repertorio de receptores vomeronasais 

do VNO atopouse extremadamente regulado á baixa en femias adultas 

de sexos separados, mentres que en femias xuvenís atopouse 

regulación á alta para a mesma condición, suxerindo unha posible 

implicación dos receptores vomeronasais no establecemento da 

puberdade. Finalmente, describimos a capacidade plástica 

determinada polo ambiente de xenes relacionados coa reprodución, a 

inmunidade e a actividade funcional do VNO, incluindo as proteinas 

G. En resumo, estos resultados demostraron que a separación por 

sexos induce cambios na expresión do VNO que son específicos de 

sexo e de estadío, e estos cambios ocorren en machos e en femias, e en 

adultos e xuvenís. Con todo, estableceuse por primeira vez a 

capacidade plástica do VNO do coello, o que probou a súa capacidade 

de adaptación funcional para responder específicamente a un ambiente 

en continuo cambio. Concluíuse que as diferencias específicas de 

especie así como a variabilidade individual deberán ser tidas en conta 

sempre en futuros estudos que impliquen o VNO e a comunicación 

química en xeral. 

CAPÍTULO V. AVALIACIÓN DE MÉTODOS DE BIOESTIMULACIÓN 

BASEADOS NA COMUNICACIÓN QUÍMICA EN REPRODUCIÓN DE 

COELLAS 

Despois de caracterizar o VNS do coello a nivel estrutural e xenómico 

e validar a súa importancia na comunicación química, o seguinte 

obxectivo tivo un carácter máis traslacional e buscou establecer un 

contacto directo coa potencial aplicación de feromonas en granxas 

cunícolas, de cara á mellora da produción e do benestar animal. A 

bioestimulación é una práctica de manexo que axuda a mellorar os 

parámetros reprodutivos mediante a modulación dos sistemas 

sensoriais. As sinais químicas, maioritariamente coñecidas como 

feromonas son moléculas naturais cun enorme potencial para a súa 

aplicación en produción animal. O noso estudo centrouse na análise de 

determinados parámetros reprodutivos en coellas cando foron 

expostas a diferentes condicións que implicaron a exposición a 

potenciais feromonas. A continuación describese o protocolo que se 

levou a cabo. Grupos de 60 femias cada un foron expostos a (1) 



PAULA RODRÍGUEZ VILLAMAYOR 

418 
 

ouriños de femia, (2) oriños de macho, (3) plasma seminal e (4) 

separación femia–femia (F–F), xusto antes da inseminación artificial, 

e comparado co método de rutina da granxa que é interacción F-F 

(control). Os parámetros reprodutivos analizados foron os seguintes: 

receptividade (color da vulva), fertilidade (tasa de partos), 

prolificidade e número de crías nacidas vivas e mortas por camada. Os 

resultados obtidos demostraron que a bioestimulación cos métodos 

empregados neste experimento non influiron significativamente en 

ningún dos parámetros reprodutivos analizados. Sen embargo, femias 

expostas a ouriños, especialmente a ouriños de macho, mostraron 

valores (non significativos) máis altos de fertilidade  (95.4%) 

comparado co resto das condicións experimentais (media de 92.4%). 

A interacción F-F antes da inseminación artificial, que é unha práctica 

común en granxas de coellos, mostrou resultados similares á 

separación F-F, o que suxire que a interacción F-F podería ser 

reemplazada pola separación F-F. Deste xeito evitaríase un manexo 

animal innecesario, contribuindo así ao benestar animal e tamén 

mellorando o rendemento coste-tempo dos operarios. Por outra banda, 

o grao de fertilidade foi menor en animais coa vulva de cor pálida, 

mentres que non se viron diferencias entre as outras tres cores (rosa, 

vermello e violeta), o que suxire que estas tres últimas cores poderían 

agruparse xuntas. En resumo, aínda que non se obtivo unha mellora 

dos parámetros reprodutivos ante a exposición a sinais feromonais 

contidas en ouriños ou plasma seminal, o potencial das feromonas 

para mellorar a reprodución dos coellos parece un campo de estudo 

prometedor e polo tanto futuras investigación poderían empregar o 

protocolo aquí establecido para testar outras secrecións biolóxicas con 

potencial feromonal –i. e. aquelas pertencentes a glándulas exocrinas–. 

O obxectivo último será determinar que compostos biolóxicos e que 

moléculas constituen feromonas sexuais, para poder implementalas de 

xeito comercial, contribuindo así cara unha imaxe natural e sostible da 

produción animal. 

 

CONCLUSIÓNS 

Este traballo proporciona un amplo coñecemento sobre a 
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comunicación química en coellos, específicamente a nivéis 

anatómicos, xenómicos, reprodutivos e de comportamento, e establece 

unha base sólida a partir da cal se poderan abordar estudos 

traslacionais que pretendan implementar o uso de feromonas nas 

granxas de coellos. A percepción vomeronasal é altamente complexa e 

deberá ser sempre abordada dende un punto de vista multidisciplinar. 

O noso traballo mostra moitas características específicas do VNS dos 

coellos e incluso variabilidade entre individuos, o que indica a 

necesidade de fuxir de todo tipo de extrapolacións entre especies. Polo 

tanto, as diferenzas especie-específicas así como a variabilidade 

individual deberán ser sempre consideradas en estudos do VNO e de 

comunicación química en xeral.   
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Mainly driven by the vomeronasal system (VNS), pheromone 

communication is involved in many species-specific 

fundamental innate socio-sexual behaviors such as mating and 

fighting, which are essential for animal reproduction and 

survival. Rabbits are a unique model for studying 

chemocommunication due to the discovery of the rabbit 

mammary pheromone, but paradoxically there has been a lack 

of knowledge regarding its VNS pathway. In this work, we aim 

at filling this gap by approaching the system from an integrative 

point of view, providing extensive anatomical and genomic data 

of the rabbit VNS, as well as pheromone-mediated reproductive 

and behavioural studies. Our results build strong foundation for 

further translational studies which aim at implementing the use 

of pheromones to improve animal production and welfare. 
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