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Abstract

The vomeronasal system (VNS) has been extensively studied within specific animal
families, such as Rodentia. However, the study of the VNS in other families, such as
Canidae, has long been neglected. Among canids, the vomeronasal organ (VNO) has
only been studied in detail in the dog, and no studies have examined the morpho-
functional or immunohistochemical characteristics of the VNS in wild canids, which
is surprising, given the well-known importance of chemical senses for the dog and fox
and the likelihood that the VNS plays roles in the socio-reproductive physiology and
behaviours of these species. In addition, characterising the fox VNS could contribute
to a better understanding of the domestication process that occurred in the dog, as
the fox would represent the first wild canid to be studied in depth. Therefore, the
aim of this study was to analyze the morphological and immunohistochemical char-
acteristics of the fox VNO. Tissue dissection and microdissection techniques were
employed, followed by general and specific histological staining techniques, including
with immunohistochemical and lectin-histochemical labelling strategies, using anti-
bodies against olfactory marker protein (OMP), growth-associated protein 43 (GAP-
43), calbindin (CB), calretinin (CR), a-tubulin, Gao, and Gai2 proteins, to highlight
the specific features of the VNO in the fox. This study found significant differences
in the VNS between the fox and the dog, particularly concerning the expression of
Gai2 and Gao proteins, which were associated with the expression of the type 1
vomeronasal receptors (V1R) and type 2 vomeronasal receptors (V2R), respectively,
in the vomeronasal epithelium. Both are immunopositive in foxes, as opposed to the
dog, which only expresses Gai2. This finding suggests that the fox possesses a well-
developed VNO and supports the hypothesis that a profound transformation in the
VNS is associated with domestication in the canid family. Furthermore, the unique
features identified in the fox VNO confirm the necessity of studying the VNS system

in different species to better comprehend specific phylogenetic aspects of the VNS.
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1 | INTRODUCTION

Although historically, chemical senses have not been viewed to be as
important as other sensorial systems, they play key roles in animal
behaviours, in part because chemical detection systems project to
the limbic system, where they affect emotions and conducts (lovino
etal., 2019).

The two primary systems involved in chemical recognition are
the main olfactory system (MOS) and the vomeronasal system (VNS).
The MOS is mediated by the main olfactory epithelium (MOE) and
is closely related to the limbic system, where it has been associated
with both recall and conscious sensation (Reep et al., 2007). In con-
trast, the VNS, which consists of the vomeronasal organ (VNO) and
the accessory olfactory bulb (AOB), has been shown to play uncon-
scious roles in reproductive behaviours (Over et al., 1990; Signoret,
1991; Rekwot et al., 2001), maternal recognition (Del Cerro, 1998),
and the detection of predators (Brechbiihl et al., 2013), and is spe-
cialised for the detection of pheromones (Holy, 2018).

Despite their anatomical proximity, however, these two sys-
tems are anatomically independent and show large morphological
and functional differences, indicating that these two systems likely
evolved independently (Estes, 1972; Wysocki, 1979; Herrada and
Dulac, 1997; Halpern and Martinez-Marcos, 2003; Salazar and
Sanchez-Quinteiro, 2009). However, morphological independence
has been questioned, based on the presence of vomeronasal recep-
tors in the olfactory mucosa and vice versa (Rodriguez et al., 2000;
Sam et al., 2001; Trinh and Storm, 2003; Swaney and Keverne, 2009).

Knowledge regarding the diversity of the VNS, at both anatom-
ical and genetic levels, such as the expression patterns of the VNS
receptors, has recently broadened. This diversity differs from the
general pattern of evolutionary conservation observed among olfac-
tory receptors in the MOS. The ‘differential tuning’ hypothesis states
that the VNO evolved to detect a limited group of ligands, such as
pheromones, due to the specificity of these ligands within species,
whereas MOE receptors evolved to detect a broad range of odours,
such as environmental cues, which are expected to remain relatively
stable within the environment (Grus and Zhang, 2008). Comparative
sequence analyses have demonstrated that MOE receptor gene se-
quences are well-conserved, whereas VNO receptors are associated
with a wide range of genes, suggesting a more dynamic evolution
and a potentially more important role within species (Grus and
Zhang, 2004).

The Rodentia family has been used as the primary referent for
the VNO studies in mammals (Salazar et al., 2013). In most of the
species studied within this family, the neuroepithelium is organised
into two layers: the apical layer and the basal layer. Each of these
layers expresses distinct G proteins, which are inherent to the re-
ceptor transduction cascade: the Gai2 protein and the Gao protein.
The Gai2 protein is expressed in the apical neurosensorial layer and
is associated with the expression of type 1 vomeronasal receptors
(V1R), which project to the anterior region of the AOB. In contrast,
the Gao protein is expressed in the basal neurosensorial layer of the

epithelium and is associated with the transduction cascade of type
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2 vomeronasal receptors (V2R), which project to the posterior re-
gion of the AOB. However, in other mammals, such as the dog, cat,
and sheep, the differential expression of G proteins and vomerona-
sal receptors has not been observed, as these species exclusively
express the VAR receptor family (Dulac and Axel, 1995; Halpern
and Martinez-Marcos, 2003; Salazar et al., 2007; 2013; Salazar and
Sanchez-Quinteiro, 2011).

Chemical senses are well-known to be important in the dog
(Jezierski et al., 2016). However, little is known regarding the VNO
in canids, aside from morphological and immunohistochemical stud-
ies performed in the dog (Salazar et al., 1984; 2013; Dennis et al.,
2003). Moreover, the limited development of the VNO epithelium
observed in the dog and the poor differentiation of the AOB glomer-
ular and nervous layers in this species does not appear to reflect the
importance of chemical senses in this species (Nakajima et al., 1998;
Salazar et al., 2013).

In canids, such as the dog, the VNO is located on either side of
the vomer bone, at the base of the nasal cavity. The organ is sur-
rounded by incomplete cartilage and is laterally covered by the nasal
cavity respiratory mucosa. The organ has a cul-de-sac caudal end,
and at its rostral end, it connects with the incisive duct, which opens
into the oral cavity through the incisive papilla (Salazar et al., 2013).

When determining the G-protein distribution in dogs, and
consequently the expression pattern of VIR and V2R receptors,
immunohistochemical studies performed by Salazar et al. (2013)
demonstrated that the Gai2 protein is apically distributed within the
sensorial epithelium and is expressed in the nervous and glomerular
vomeronasal layers of the AOB.

Salazar et al. (2013) were unable to detect Gao immunopositivity
in either the VNO or the AOB, suggesting that the dog VNS is en-
tirely dependent on V1R receptors. In contrast, Dennis et al. (2003)
were able to observe immunopositive labelling in the sensorial ep-
ithelium for both Gai2 and Gao proteins. However, both authors
indicated that obtaining these results required antigenic retrieval,
which was accomplished by boiling tissue sections in a citrate buffer
solution, prior to the addition of primary antibodies. The use of this
antigenic retrieval technique could unintentionally amplify cross-re-
activity, promoting positive immunolabelling.

Regrettably, this issue has not been addressed in more recent
studies performed in dogs. Therefore, the scientific community con-
tinues to accept the absence of V2R expression in studied domestic
animals. The absence of V2R receptors has been theorised to be the
result of the domestication process, during which artificial selection
may have produced an involution of the VNS in canids, a hypothe-
sis that has been proposed by several authors (Barrios et al., 2014;
Jezierski et al., 2016). Therefore, studying the expression patterns of
these receptors and the general anatomy of the VNO in a wild canid
with phylogenetic proximity to the dog, such as the red fox, Vulpes
vulpes, would allow interspecies comparisons that could broaden the
understanding of this theory. Thus far, only a very elementary study
has been performed examining the fox VNO (Karimi et al., 2016) and
it did not include immunohistochemical characterisations, which will

be key for understanding the organisation of the VNS.
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The lack of information concerning the fox VNS is astounding,
given that this system is thought to play a decisive role in the repro-
ductive processes for this species. The red fox is generally a solitary
animal, mating only during the reproductive season, which predom-
inantly occurs during spring, for one cycle each year. Not all females
in a specific population reproduce every year, and the proportion
of females that do not reproduce is highly variable and correlates
with population density, likely due to the social suppression of repro-
duction in large groups (Gentle, 2005). This suppression has recently
been observed in other species, such as the naked mole-rat (Dennis
et al., 2020). The availability of food allows dominant females to sub-
ordinate sterile females, who help to raise the litter and assist with
group formation (Cavallini and Santini, 1996).

De Miguel et al. (2005) correlated the smell of other carnivores
(derived from faeces or urine) with behavioural changes in the fox
(increased defecation). Because the stimuli used in this study were
presented over a long period of time, in the open air, the observed be-
havioural changes in the foxes were likely caused by the stimulation
of the VNS, evoked by pheromones in the faeces or urine, instead of
specifically induced by the smells associated with these stimuli, which
are primarily composed of volatile components, with an ephemeral
presence in the external environment (Gonzélez et al., 1991). McLean
et al. (2019) characterised the chemical compounds excreted by fox
tails, identifying several compounds (for example, sulcatone) that are
used as semiochemicals in several mammal species, further illustrating
the importance of the VNS for fox behaviours.

The aim of this study was to analyse the morphological and immu-
nohistochemical characteristics of the fox VNO because of the impor-
tance of this system in canines and the need to study the VNO in wild
canids to better understand the domestication process. Various tissue
dissection and microdissection techniques were used, followed by
general and specific histological staining, including immunohistochem-
ical and lectin-histochemical labelling techniques. For this study, three
different lectins were used: Ulex europaeus agglutinin (UEA), a specific
vomeronasal marker in several species, including the dog (Salazar et al.,
2013); Bandeiraea simplicifolia isolectin B, (BSI-B,), which selectively
marks the vomeronasal pathway in both rats (Salazar and Sanchez-
Quinteiro, 1998) and opossums (Shapiro et al., 1995); and Lycopersicon
esculentum agglutinin (LEA), a specific marker for both the MOS and
the VNS in several species of interest, such as the rabbit (Villamayor
et al., 2018; 2020) and the dog (Salazar et al., 2013).

In addition, a variety of antibodies were used for the immunohis-
tochemical study of the fox VNO. Among these, the anti-olfactory
marker protein (OMP) antibody was employed specifically to label
mature neurons in the MOS and VNS pathways. The anti-growth-as-
sociated protein 43 (GAP-43) antibody was used to identify neural
growth. Antibodies against specific calcium-binding proteins (calbin-
din [CB] and calretinin [CR]), which were previously characterised in
other species, such as the rabbit (Villamayor et al., 2018), were also
used. Lastly, antibodies against G proteins (Gai2 and Gao) were used
to examine G protein expression patterns.

We aimed to improve our understanding of the VNS in canids,

specifically in the fox. Because the fox is a wild canid, anatomical and
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morphofunctional resemblances and divergences compared with a
domestic canid, such as the dog, can help us understand the intri-
cacies of the domestication process, and several of the features in
the fox that were observed in this study suggest the validity of this
hypothesis.

2 | METHODS

A total of nine foxes were used in this study, eight of which (Z1-
Z7 and ZC1) were acquired through hunting activities, organised
by the Galician Hunting Federation and authorised by the Galician
Environment, Territory, and Tenement Council, with the necessary
permissions. The ninth fox (Zx) was posteriorly incorporated into
this lot, after being acquired by the Anatomy Department staff from
a car accident, and preserved immediately following dissection in
Bouin’s fixative (Bf).

Foxes Z1-3 and Z7 were also conserved in Bf. Foxes Z5 and ZC1
were preserved in formalin. Fox ZC1 head was frozen and trans-
verse-sectioned to construct a macroscopic photographic series.
Foxes Z1-3, Z5, and Z7 were dissected and the VNOs extracted,
embedded in paraffin, and cut by a microtome. The olfactory bulbs
were extracted and conserved in either 10% formalin or Bf. Table 1
gives details of the foxes and how the samples were processed.

The VNO samples were embedded in paraffin, in a gradual
manner, and posteriorly sectioned by a microtome at a thickness of
6-7 um. The VNO was serially transverse-sectioned along its entire
length, from caudal to rostral, or after previously dividing the organ
into two sections, posterior and anterior.

Sample sections were stained using Haematoxylin-Eosin,
Periodic acid-Schiff (PAS), Alcian Blue, and Gallego’s Trichome stains
(Ortiz-Hidalgo, 2011).

2.1 | Lectin histochemistry protocol
LEA and BSI-B, were obtained as biotinylated conjugates. First, a

3% hydrogen peroxide solution was added to deparaffinised and

rehydrated slides, to inactivate the endogenous peroxidase activity.

TABLE 1 Summary of the foxes, samples, and fixation
techniques used

Fox Description Samples Fixative
Z1 Q Adult VNO, brain Bouin'’s
Z2 3 Elderly VNO, brain Bouin’s
Z3 3 Adult VNO, brain Bouin’s
Z5 3 Young VNO, brain Formalin
z7 Q Young Nasal cavity, brain Bouin’s
ZC1 Adult Macroscopic Formalin
transverse sections
ZX Young Nasal cavity Bouin’s
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Sections were then incubated with 2% bovine serum albumin (BSA)
in 0.1 M phosphate-buffered (pH 7.2) solution (PB). LEA and BSI-B,
lectins were added, separately, and incubated overnight in 0.5%
BSA solution. The next day, after two 2-min washes in PB, the sam-
ples were incubated for 1.5 h at room temperature with an avidin-
biotin-peroxidase complex (ABC) reagent (ABC complex; Vector
Laboratories). A 0.003% hydrogen peroxide solution, in 0.2 m Tris-
HCI buffer, and a 0.05% 3,3-diaminobenzidine (DAB) chromogen
solution were used to visualise the reaction. The DAB reagent de-
veloped into a brown precipitate, which enabled visualisation of the
reaction.

For the UEA lectin, we followed the same protocol described for
LEA and BSI-B,, lectins for the two first steps. Then, the slides were
incubated for 1 hr in a 0.5% BSA-UEA solution. The samples were
then washed for 3 x 5 min in a PB solution. An anti-UEA peroxi-
dase-conjugated antibody was added and the slides were incubated
overnight. The samples were washed with a PB solution and the re-
action was visualised by adding a DAB solution, as described for the
LEA and BSI-B, lectins.

Controls were performed both without the addition of lectins
and with the preabsorption of lectins, using an excess amount of the

corresponding sugar.

TABLE 2 Summary of the antibodies

ANATOMI
SOC

YR Anatom RIS

2.2 | Immunohistochemical protocol

All samples were first incubated in a 3% hydrogen peroxide solution
to inactivate endogenous peroxidase activity, prior to the immuno-
histochemical reaction. Then, samples were incubated with either
2.5% horse serum, for the ImMmPRESS reagent kit anti-mouse 1gG/
anti-rabbit 1gG (Vector Laboratories), or 2% BSA for 30 min, to block
non-specific binding sites. The primary antibody was then added and
the incubation was performed at 4°C overnight. The next day the
samples blocked with the ImmPRESS kit were incubated with either
the ImMmPRESS VR Polymer HRP anti-Rabbit IgG or the anti-mouse
1gG reagent (see Table 2), with the exception of the samples incu-
bated with the anti-OMP antibody, which was raised in goat. anti-
OMP-labelled samples were incubated with a biotinylated anti-goat
IgG. All samples were then incubated for 1.5 hr in an ABC reagent
(Vectastain, Vector Laboratories). All antibodies were maintained
under humid conditions. In all cases, three successive 5-min PB rinses
were performed in-between steps. All samples were rinsed in 0.2 m
Tris-HCI, pH 7.61, for 10 min, prior to visualising the reaction with a
DAB chromogen, following the same protocol described for the lec-
tin histochemical labelling. Samples for which the primary antibody

was omitted were used as negative controls (Figures S1 and S2).

. . . . 1st Ab species/ 1st Ab catalogue 2nd Ab species/dilution, catalogue
and lectins used, including species of ) .
K o Antibody dilution number number
elaboration, dilution, catalogue number,
and manufacturer Anti - Gao Rabbit 1:200 Santa Cruz ImmPRESS VR HRP anti-rabbit IgG
Biotechnology Reagent MP-6401-15
sc-387
Anti - Gao Rabbit 1:400 MBL 551 ImmPRESS VR HRP anti-rabbit IgG
Reagent MP-6401-15
Anti - Gai2 Rabbit 1:200 Santa Cruz ImmPRESS VR HRP anti-rabbit IgG
Biotechnology Reagent MP-6401-15
sc-7276
Anti - OMP Goat 1:400 Wako 544-10001  Horse anti-goat IgG 1:250 Vector
BA-9500
Anti - GAP-43 Mouse Sigma G9264 ImmPRESS VR HRP anti-mouse
1:400-1:4,000 1gG Reagent MP-6402-15
Anti - CB Rabbit 1:6,000 Swant CB38 ImmPRESS VR HRP anti-rabbit I1gG
Reagent MP-6401-15
Anti - CR Rabbit 1:6,000 Swant 7697 ImmPRESS VR HRP anti-rabbit IgG
Reagent MP-6401-15
Anti-a-tubulin Rabbit 1:500 Abcam 7291 ImmPRESS VR HRP anti-mouse
1gG Reagent MP-6402-15
UEA 60 pg/ml Vector L-1060 Rabbit 1:50 DAKO P289
LEA 20 pg/ml Vector B-1175 Vectastain ABC reagent PK-4000
BSI-B, 100 pg/ml Sigma L-2140 Vectastain ABC reagent PK-4000

ABC, avidin-biotin-complex; BSI-B,, Bandeiraea simplicifolia isolectin B,; CB, calbindin; CR,
calretinin; GAP-43, growth-associated protein 43; Gai2, subunit ai2 of G protein; Gao, subunit ao
of G protein; HRP, horseradish peroxidase; IgG, Immunoglobulin G; LEA, Lycopersicum esculentum
agglutinin; OMP, olfactory marker protein; UEA, Ulex europaeus agglutinin.
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2.3 | Image acquisition and digital processing

Digital images were captured using a Carl Zeiss Axiocam MRc5
digital camera connected to a Zeiss Axiophot microscope. Adobe
PHoTosHor CS4 (Adobe Systems) was used to adjust for brightness,
contrast, and balance levels. However, no features of the image were
enhanced in any way, moved or introduced. Additionally, an image-
stitching software (PTGuiPro) was used for those figures composed

of several photographs.

3 | RESULTS

The study of the VNS will be addressed at both macroscopic and
microscopic levels. For each of these levels, descriptions of the VNO

and the vomeronasal nerves are presented in detail.

3.1 | Macroscopic study of the VNS
3.1.1 | Vomeronasal organ

To access the VNO, it was necessary to expose the nasal septum
(Figure 1). First, the lateral wall of the cavity formed by the maxillary
bone was removed and the large ventral nasal concha extracted. In
the rostroventral area of the septum, covered by a thin respiratory
mucosa layer, a slightly prominent tubular formation was observed
(Figure 2a,b), which extended in a rostrocaudal direction through
the nasal cavity. After a meticulous dissection, hindered by the hid-
den position of the organ, the tubular structure was successfully ex-
tracted in its entirety (Figure 2c).

This observation was complemented by the study of the trans-

versal section series (Figure 1b), which allowed the assessment of

the topographical relationships between the organ and the vomer
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bone, the nasal septum, and the hard palate. The medial cartilage
of the cartilaginous capsule of the organ contacts the vomer bone,
extending its most dorsal projection onto the cartilaginous por-
tion of the nasal septum (Figure 1a). Laterally, the organ relates
to the ventral meatus recess formed within the nasal cavity. The
organ is covered by the respiratory mucosa. Through these trans-
versal sections, the organ can be observed to rest on the hard pal-
ate, which is profusely irrigated and forms a mucous pad for the
organ (Figure 1c).

Additionally, the vomeronasal duct can be distinguished. Its two
primary components, the parenchyma and the lumen of the organ,
can be discriminated. In the medial portion of the parenchyma, nu-
merous vessels can be macroscopically distinguished (Figure 1c). The
rostrocaudal variation of the VNO can be appreciated in the trans-
verse section series. The organ extends from the level of the canine
tooth root to the second premolar level (Figure 1b).

The communication between the VNO and the external environ-
ment allows the molecules responsible for chemical communications
to access the neurosensory epithelium. This connection is estab-
lished in the fox indirectly, through the incisive duct (or nasopalatine
duct). The incisive duct establishes a communication between the
nasal and oral cavities, and with the vomeronasal duct, which oc-
cupies the midpoint between these cavities. Macroscopically, using
cannulation with a metal rod, we demonstrated that the incisive
duct communicates with the oral cavity through the incisive papilla
(Figure 2e). The incisive duct was observed to extend in the fox, from
a very rostral portion, caudal to the incisors, to the beginning of the
tubular formation (Figure 2d,e). It remains to be determined whether
the vomeronasal duct opens into the incisive duct, as this could not
be established macroscopically; this will be assessed on the micro-
scopic level.

Finally, the VNO was extracted from the bone tissue, to which
it is tightly bound by dense connective tissue. A transverse cut

was made to the sample to ensure the identity of the VNO. At first

FIGURE 1 (a) Transverse sections

of the fox nasal cavity. Enlarged view

of a central transverse section of the
nasal cavity, in which the VNO can be
identified, from the macroscopic series
(b), which extends from the incisive papilla
to the coanas. (c) Enlarged view of the
central section, showing the following
elements: VNO (yellow arrowheads), nasal
septum (Ns), vomer bone (Vm), hard palate
(Hp). Scale bars: (a) 2.5 cm, (b) 5 cm, (c)

2 mm
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glance, the vomeronasal duct, the cartilaginous capsule, and the pa-

renchyma of the organ can be recognised (Figure 2c).

3.1.2 | Vomeronasal nerves

The connection between the VNO and the AOB is established
through the vomeronasal nerves (Figure 2). Macroscopically, these
nerves were relatively easy to identify because they course along
the nasal cavity submucosa (Figure 2f). After leaving the organ
through the dorsal cleft formed by the cartilage, the vomeronasal
nerves course in a caudodorsal direction to the cribriform ethmoidal
plate. Approximately five to six vomeronasal nerve branches were
identified, with a fine appearance, which were slightly translucent,
suggesting their unmyelinated nature. This sensory innervation is

complemented by autonomic caudal nasal nerve fibres, which can
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be observed to have larger calibres and a white appearance, coursing
independently from the sensory nerves along the nasal cavity floor
(Figure 2f).

3.2 | Microscopic study of the VNO

3.2.1 | Communication with the external
environment

The VNO establishes indirect communication with both the nasal
and oral cavities through the incisive duct (or nasopalatine duct;
Figures 3 and 4).

The incisive duct opens to the nasal cavity through an aperture
located on the floor of the ventral recess, lateral to the VNO (Figures

2d,e and 3a). Furthermore, the duct establishes communication with

FIGURE 2 Dissection of the VNO and its innervation, showing the cannulation of the incisive duct and its opening in the incisive papilla,
in the fox. (a) Lateral view of the nasal septum, where the VNO is framed. (b) Enlarged view of the nasal septum. The arrowheads delimit the
VNO. (c) VNO extracted and cross-sectioned, showing the lumen of the duct and the cartilaginous capsule (arrowhead). (d) Lateral view of
the nasal septum. Cannulation of the incisive duct is framed. (e) Enlarged view of the cannulation. (f) Medial view of the nasal cavity mucosa
after separation from the nasal septum. Innervation is indicated by arrowheads. VNN, vomeronasal nerves; CNN, caudal nasal nerve. (g)
Ventral view of the skull of a fox. The palatine fissure is framed. (h) Ventral view of the hard palate. The rostral area is framed, and the higher
magnification view shows that the incisive papilla can be found here, demarcated by arrowheads (i). Scale bars: (a,b,d,e,g,h) 1 cm, (c) 2 mm, (i)

0.5 cm.
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the oral cavity, through the incisive papilla (Figure 3d). The incisive
duct meets the VNO at a central point of its course (Figures 3b and 4).

The vomeronasal cartilage surrounds both the VNO and the in-
cisive duct. This cartilage modifies both its position and its length
along its course from a caudal to a rostral position. In the caudal
section, it is more elongated in its medial axis (Figure 3a), whereas
in the more rostral levels, the cartilage situates on a dorsal position,
relative to the nasopalatine duct (Figure 3c) and, at the most rostral
portion, warps sideways at the opening through the incisive papilla
(Figure 3d).

3.2.2 | Vomeronasal organ

As a first approximation, the organ is divided into a vomeronasal
capsule and a vomeronasal duct, which is associated with the pa-
renchyma, where blood vessels, nerves, and vomeronasal glands are
located (Figure 5a,d,e).

The capsule surrounds the parenchyma, protecting it and pre-
venting the lumen from collapsing. The capsule is composed of
hyaline cartilage and has a J' shape, due to being incomplete in its
dorsolateral portion (Figure 5a).

The vomeronasal duct consists of parenchyma and a lumen. The
lumen generally has a kidney-like shape and is lined internally with a
pseudostratified epithelium. The lateral portion of this epithelium is
respiratory in nature, the medial portion is neurosensory in nature,
and both epithelia appear to be equally developed in size (Figure 5a).

The vomeronasal neurosensory epithelium is a columnar, pseu-

dostratified, and non-ciliated epithelium, composed primarily of
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three different cell types: the neuroreceptor cells, the sustentacular
cells, and the basal cells. The first two cell types are arranged in a
stratified manner, giving rise to an apical and a basal portion. The
neuroreceptor cell dendrites have a terminal button, on which they
present microvilli (Figure 5b,c).

Non-sensory epithelium, which can be found in both the nasal
mucosa and the respiratory epithelium of the VNO, is a pseu-
dostratified columnar epithelium that presents cilia on its surface.
The epithelium contains numerous mucus-producing goblet cells
and numerous glands that open into the duct, primarily on the
dorsal and ventral commissures (Figure 5f-h). Four primary cell
types can be identified in this epithelium, as shown in Figure 6a.2:
sustentacular cells (white arrowheads), solitary cells (orange ar-
rowheads), basal cells (black arrowheads), and goblet cells (green
arrowheads).

Additionally, the immunohistochemical study of the fox VNO,
using the anti-Gao antibody, enabled the identification of a subpop-
ulation of cells, in both the respiratory mucosa and VNO respiratory
epithelia (Figure 7). A Gallego trichrome-stained section of the VNO
accompanies this immunohistochemical study (Figure 6).

Blood vessels are located in both the lateral and medial portions
of the parenchyma; they are very numerous and form a large vas-
cular network, providing the organ with an erectile tissue function.

The neuroreceptor cell axons converge to form unmyelinated
nerve bundles, primarily located in the dorsomedial portion of the pa-
renchyma (Figure 5a.1). In the lateral portion of the organ, less abun-
dant, myelinated nerve bundles were also observed (Figure 5d,e).

The organ contains numerous glands that supply mucus to the

lumen of the duct, known as serous glands, with tubular, acinar or

FIGURE 3 Sections of the decalcified
fox nasal cavity for study of the
communication between the VNO and
the external environment. (a) Transverse
section at the level of the anterior area

of the nasal cavity, the incisive duct (ID)
can be observed (1) running parallel to the
vomeronasal duct (2) and opening into
the ventral meatus of the nasal cavity (3,
left-hand). Ns, nasal septum; Vm, vomer
bone. (b) View at higher magnification of
the exact point where communication
between the vomeronasal duct (2) and the
ID (1) is established. VNC, vomeronasal
cartilage. (c) Transverse section of the ID
at the level of the palatine fissure, which
shows the cartilage of its capsule (IDC) in
a dorsal position to the ID. (d) Enlarged
view of the rostral transverse section of
the nasal cavity, which shows how the ID
opens to the incisive papilla. Scale bars: (a)
500 um, (b-d) 250 um
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tubuloacinar morphologies. Serous glands secrete a PAS-positive
and Alcian Blue-positive secretion into the duct (Figure 5f-h).
Surprisingly, in the central and middle portions of the VNO, very
few glands were observed, associated almost exclusively with the
dorsal and ventral duct commissures. As the organ progresses cau-
dally, these glands increase in number and concentrate on the medial
parenchyma. Finally, in the most caudal portion of the organ, the
glands are arranged in the dorsal and ventral portions. The glands
open through the respiratory epithelium into the duct (Figure 5a,g).

FIGURE 4 Drawing of the nasal cavity showing a schematic 3.2.3 | Immunohistochemical study of the VNO
of the fox VNO, the confluence of the vomeronasal duct (VND,
coloured in green) into the incisive duct (ID), and the opening of the An immunohistochemical study was performed in the VNO, using

ID into the oral cavity through the incisive papilla (IP). The opening
of the ID into the nasal cavity is coloured in blue. HP, hard palate;
SNM, septal nasal mucosa; VNC, vomeronasal cartilage

a panel of antibodies (Figure 8). The anti-Gao antibody, which

specifically labels the ao subunit of the G-protein transduction

h
VND Vv

v E >
; A —

FIGURE 5 Transverse sections of the fox VNO. (a) Haematoxylin-Eosin (HE)-stained transverse section of the VNO. Higher magnification
views of the neuroreceptor epithelium, after HE (b), and Gallego’s Trichrome (c) staining, showing the three layers of the neuroepithelium,
the sustentacular layer (St), the neuroreceptor layer (Nr), and the basal cell layer (Bl). The white arrowhead points to a sustentacular cell,

the orange arrowhead to a neuroreceptor cell, and the black arrowheads to basal cells. Higher magnification of the unmyelinated nerves in
(a.1) (HE-stained). (d,e) Vomeronasal nerves. Gallego's Trichrome and HE stains, respectively. Loose connective tissue is clearly identified
(asterisk). (f-h) Disposition and morphology of the fox vomeronasal glands: ventral transversal section of the organ (f), which shows acinar,
tubular, and acinotubular glands, serose and PAS" in nature. PAS stain. VND, vomeronasal duct. (g) Transverse caudal section of the VNO,
showing the PAS* glandular tissue disposition. (h) Transverse caudodorsal section of the VNO. Tubular, serose, Alcian Blue® glands. Alcian
Blue stain. Scale bars: (a) 500 um, (b-€) 50 um, (f,h) 50 um, (g) 250 um
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FIGURE 6 Gallego's Trichome-stained transverse section of the fox VNO and the nasal cavity respiratory mucosa, showing the two
types of respiratory epithelia. (a) Transverse section of the VNO. NC, nasal cavity; VND, vomeronasal duct. (a.1) Higher magnification of the
respiratory mucosa epithelium. The white arrowhead points to a sustentacular cell, the orange arrowhead to a columnar cell, and the black
arrowhead to a basal cell. The asterisk shows a tubular gland duct. (a.2) Higher magnification of the respiratory epithelium of the VNO. The
white arrowhead points to a sustentacular cell, the orange arrowhead to a columnar cell, the black arrowhead to a basal cell, and the green
arrowhead to a goblet cell. LP, lamina propria. Scale bars: (a) 100 um, (a.1,a.2) 50 um

cascade, associated to the V2R receptor, labelled a subpopulation
of neurons in the VNO epithelium, especially the dendrites and the
soma. The dendrites can be identified from the soma to the lumen
of the duct (Figure 8a,b). The anti-Gai2 antibody, which labels the
«i2 subunit of the G-protein transduction cascade associated to the
V1R receptors, shows a more conspicuous immunopositive label-
ling of neuroreceptor cells compared with the anti-Gao immunola-
belling, although not the entire neuroreceptor cell population. This
labelling was more intense in the dendritic knobs of the neurons
(Figure 8c,e). The labelling patterns displayed by the anti-Gao and
anti-Gai2 antibodies are comparable with those displayed by the
anti-CB and anti-CR antibodies, respectively, although calcium-
binding proteins appear to be less ubiquitous than the G-proteins
(Figure 8d,g).

The anti-a-tubulin antibody, which specifically stains the cell
soma and processes, shows an alternative labelling pattern, where
the axons and dendrites of a subpopulation of neuroreceptor cells
were positively labelled. This pattern represents a mix between the
patterns resulting from the anti-Gai2 and the anti-Gao antibodies
(Figure 8f).

The anti-OMP antibody, which binds to OMP, a protein that
acts as a marker of neuronal maturation, and the anti-GAP43 an-
tibody, which binds to GAP43, a protein associated with neuro-
nal axonal growth, both identified neuronal subpopulations with
less defined morphological patterns than the other antibodies
(Figure 8d,g).

3.2.4 | Lectin histochemical study of the VNO

Both the sensory epithelium neuroreceptor cells and the vomerona-
sal nerves of the VNO showed histochemically positive labelling for
both the UEA and LEA lectins (Figure 9). UEA labelling was restricted

to neuroreceptor cells (Figure 9a,b), whereas with LEA labelling was
conspicuous (Figure 9¢), and both neuroreceptor cells and the lamina
propria were labelled.

BSI-B, lectin staining did not result in any positive labelling in
either the neurosensory epithelium or in the respiratory epithelium.

4 | DISCUSSION

An astonishing level of diversity exists among the structural, physi-
ological, behavioural, and morphological aspects of the VNS in mam-
mals (Meisami and Bhatnagar, 1998; Salazar and Sanchez-Quinteiro,
2009), which differs from the extensive conservation demonstrated
for the MOS. The VNO evolved to increase its specificity within spe-
cies, compromising the ability to detect a broader group of ligands
(Luo and Katz, 2004). The MOE receptors, however, can detect a
wider range of odours but lack the specificity of the VNO. This dif-
ference can also be observed at the genetic level, where MOE re-
ceptor gene sequences are well-conserved and the VNO contains a
wider range of genes (Swaney and Keverne, 2009). Because of this
wide morphological diversity, the interspecies extrapolation of in-
formation relative to the anatomy and histology of the VNS can be
difficult and risky (Salazar et al., 2007).

Within the Canidae family, VNO studies have only been per-
formed in the dog (Dennis et al., 2003; Salazar et al., 2013), ex-
cept for an elementary study on the VNO of the fox (Vulpes vulpes)
performed by Karimi et al. (2016). The apparent absence of V2R
receptors (Salazar et al., 2013) in the dog has been proposed to
be attributed to the domestication process, during which artifi-
cial selection induced an involution of the VNS in domesticated
individuals of the Canidae family (Jezierski et al., 2016). Therefore,
studying a wild species within the Canidae family would likely

shed light on the implications of the domestication process on the
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FIGURE 7 Immunohistochemical study using the anti-Gao
antibody in the fox VNO. (a) Transverse section of the VNO. (a.1)
Higher magnification view of the respiratory mucosa epithelium.
The white arrowhead points to more intensely labelled cells. The
dashed line shows the limits of the epithelium. LP, lamina propria.
(a.2) Higher magnification of the respiratory epithelium of the VNO.
The white arrowhead points to more intensely labelled cells. Scale
bars: (a) 250 um, (a.1,a.2) 50um

VNO and elucidate the characteristics of this system among the

Canidae family.

4.1 | Macroscopic features

The topography of the VNO that was observed in the fox was similar
to that reported for the dog and other domestic ungulates, like the
cow or the horse (Adams and Wiekamp, 1984; Salazar et al., 1995).
However, the fox VNO disposition differs from that described for
Rodentia and Lagomorpha, which present VNOs located in a more
dorsal position within the nasal cavity and are supported and encap-
sulated by the vomer bone (Vacarezza et al., 1981) and the palatine
process of the incisive bone (Villamayor et al., 2018), respectively.
Similarities between the dog and the fox can also be observed
when studying the communication between the vomeronasal duct
with the outside world. In both the dog and the fox, as well as in
other mammals, such as domestic ungulates (cow and horse), this
communication is established indirectly, through the incisive duct,
which communicates with the vomeronasal duct through the ven-
tral recess of the nasal cavity, on one end, and with the oral cav-

ity, through the incisive papilla, on the other (Adams and Wiekamp,
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1984; Salazar et al., 1997). This morphology differs from what that
observed in rodents or lagomorphs, in which the vomeronasal duct
opens directly to the nasal cavity and the incisive duct communi-
cates independently both cavities (Salazar and Sdnchez-Quinteiro,
1998; Villamayor et al., 2018).

Several authors have used the morphology and extension of
the vomeronasal cartilage, which forms the capsule of the VNO,
as a phylogenetic classification element of the VNS (Wo6hrmann-
Repenning, 1984; Bhatnagar & Meisami 1998). In mammals, three
different models have been observed for the vomeronasal capsule:
this capsule can be entirely made of bone, as in the rat or the mouse
(Salazar and Sanchez-Quinteiro, 1998; 2003); in other species, such
as the chinchilla (Oikawa et al., 1994) and the rabbit (Villamayor et al.,
2018), the capsule is composed of a mixture of bone and cartilage;
and in species such as the cat or the dog (Suarez et al., 2011; Salazar
et al., 2013), the capsule is entirely made of cartilage. In the fox, the
capsule is entirely made of cartilage, similar to those in cats and dogs.
However, the cartilage in the fox has a J’' shape, which differs from
the prevailing ‘U‘ shape observed in the dog (Salazar et al., 1984).

4.2 | Histological study

The neuroepithelium of the duct, where odour molecules are recog-
nised, is morphologically less developed in the fox than in rodents
or the rabbit (Luckhaus, 1969; Zuri et al., 1998). In the fox, this neu-
roepithelium is composed of three easily distinguishable layers: a
basal layer, with distinct, round cells, a neuroreceptor cell layer, and
a sustentacular cell layer. This layer definition, as well as the devel-
opment of the neuroepithelium, is similar to the observations made
in the dog by Salazar et al. (1984; 2013) and Dennis et al. (2003).

The sustentacular cell layer in the fox is well-developed, with a
tight cell configuration. Compared with the sustentacular layer in
the dog, this layer is more apically located in the fox (Adams and
Wiekamp, 1984; Salazar et al., 1984; 2013).

The placement of the vomeronasal epithelium greatly differs
from the MOE, which is located in the nasal cavity, allowing olfactory
receptors to be directly exposed to the outside world (Moran et al.,
1982). To be functional, the VNS must possess a medium that allows
pheromones and environmental molecules to access receptors lo-
cated in the mucomicrovillar complex of the neurosensory epithe-
lium. The VNO provides glandular and vascular components (Salazar
and Sanchez-Quinteiro, 1998), which facilitate efficient neurorecep-
tion, through separate mechanisms (Takami et al., 1994;1995).

The glandular component of the VNO provides mucus to the
duct, which molecules of can diffuse through (Halpern and Martinez-
Marcos, 2003). In the fox, few glands can be observed in the central
and medium portion of the organ. These glands become progres-
sively more numerous in caudal portions, where they concentrate
in the medial parenchyma, indicating unequal glandular secretion
production between the rostral and caudal sections of the organ.

The PAS and Alcian Blue stains allowed us to characterise the

nature of the glandular secretions in the fox VNO, which were



PAS-positive. Similarly, in the dog, Kondoh et al. (2020) observed
that the glandular content is PAS-positive. However, in the fox,

the glands were also AB-positive. The dual nature PAS- and AB-
positive vomeronasal glands in the fox is remarkable. Kondoh et al.
(2020) observed that the vomeronasal glands in almost all studied
species in the Laurasiatheria clade have a double-acidic and neu-
tral nature, except for Carnivora. However, these observations are
somewhat controversial. In addition to our own observations in the
fox, Tomiyasu et al. (2017) also found PAS- and AB-positive glands
in the bear, whereas in the cat and in the dog, Salazar et al. (1996)
and Kondoh et al. (2020), respectively, only identified PAS-positive
glands.

These differences could be due to the region of the VNO stud-
ied, because most studies have only evaluated the central region
of the VNO, where we have observed that the density of glandular
tissue is much lower than in other regions. Further specific studies
examining the nature of vomeronasal gland secretion in carnivores

should help elucidate this issue.
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FIGURE 8 Immunohistochemical
study of the fox VNO neuroepithelium. (a)
Immunopositive labelling with an anti-Gao
antibody. A subpopulation of neurons is
labelled, with labelling concentrated in
the soma (black arrowheads, b) and in

the dendrites (white arrowheads, b). A
similar pattern is observed for the anti-CB
antibody (d). Widespread immunopositive
labelling is observed for the anti-Gai2
antibody. All neuron components are
strongly labelled: the soma, the terminal
button, the axon, and the dendrites. The
asterisks (d-g) indicate the vomeronasal
nerve fascicles in the parenchyma (e, at
higher magnification in c). This labelling
pattern is similar to that observed for the
anti-CR antibody (g, an immunopositive
neuroreceptor cell is framed). (f)
Immunopositive labelling for the anti-a-
tubulin antibody, showing an intermediate
pattern between those observed for the
anti-Goo and anti-Gai2 antibodies. (h,i)
Immunopositive labelling for the anti-
OMP and anti-GAP-43 antibodies are
shown, respectively. In comparison with
the anti-OMP antibody, broader labelling
is observed for the anti-GAP-43 antibody,
which suggests the regenerative ability of
the neuroepithelium. Scale bars: (a,d-g) 50
um, (b,c,h,i) 25 um

Around the vomeronasal duct of the fox, many blood vessels
were found in the parenchyma, both medially and laterally. In the
dog, this disposition was similar (Adams and Wiekamp, 1984; Salazar
et al., 1984; 2013). The abundant vascularisation of the VNO re-
veals the importance of its erectile function and the relevance of
the vomeronasal pump for the physiology of the system. This pump,
as stated by Broman (1920) and Meredith and O’Connell (1979) and
Meredith et al. (1980), is required to transport fluids inside the vom-
eronasal duct, renewing their mucous contents, which contain mole-
cules received by the organ.

The VNO has a double innervation, composed of myelinated and
unmyelinated fibres, the latter emerging from the convergence of
neuroreceptor cell axons projecting from the medial sensory epi-
thelium of the organ. These unmyelinated nerves occupy a dorso-
medial arrangement in the parenchyma, similar to the arrangements
observed in carnivores (Salazar et al., 1996; 2013), ungulates (Salazar
et al., 1997), and the rabbit (Villamayor et al., 2018). In the fox, the

number and thickness of these nervous bundles are striking, given



ORTIZ-LEAL €T AL.

FIGURE 9 Lectin histochemical staining of the fox VNO.
Both the neuroepithelium and the vomeronasal nerves (asterisk)
show immunopositive labelling, with lectin UEA (a, at higher
magnification in b) and with lectin LEA (c). Scale bars: (a) 250 um,
(b,c) 50 um

the small size of the organ and the reduced thickness of the neu-
roepithelium in this species, suggesting that, despite its small size,

the VNO has a large functionality.

4.3 | Immunohistochemical expression of G proteins
alpha-subunits

Specific antibodies against the «-subunit of Gi and Go proteins
identified two different zones within the rat AOB (Shinohara et al.,
1992). Later, in 1995, Dulac and Axel genetically identified a fam-
ily of possible pheromone receptors that were expressed in the rat
VNO. Afterwards, a second type of vomeronasal receptor gene
was identified (V2R) (Herrada and Dulac, 1997; Ryba and Tirindelli,
1997). VARs and V2Rs on the neuroepithelium were apically and ba-
sally distributed, respectively. The Gai2 protein was thought to be
expressed in the transduction cascade of V1Rs, whereas the Gao
protein co-expressed with V2Rs (Dulac and Axel, 1995; Herrada and
Dulac, 1997; Matsunami and Buck,1997; Ryba and Tirindelli, 1997).
In conclusion, Gai2 protein was associated to V1Rs and Gao protein
to V2R expression.

Afterwards, an examination of G protein expression and dis-
tribution in the goat VNS (Takigami et al., 2000), showed, for the
first time, that in some species, the Gao pathway had disappeared,
which was subsequently confirmed in different mammals, including

Laurasiatheria and Primates (Suarez et al., 2011). The few studies
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regarding G protein expression in the VNS of Carnivora have been
controversial. Dennis et al. (2003) observed immunopositive label-
ling in the neurosensory epithelium using both anti-Gai2 and an-
ti-Gao antibodies. Compared with the finding reported by Takigami
et al. (2000) in the goat, Dennis et al. attributed this unexpected
positiveness to an undesirable effect of the antigen retrieval pro-
cedure, a hypothesis that was supported by the subsequent study
reported by Salazar et al. (2013), who observed, without applying
antigen retrieval, immunonegative labelling when using the an-
ti-Gao antibody. Therefore, the observed immunopositivity against
the Gao protein observed in the fox VNO is striking and of utmost
importance because it may be analogous to the immunopositivity
observed in the dog by Dennis et al. (2003). Aware of the impor-
tance of this finding, and to confirm this result, we performed the
immunochemical study of Gao protein expression in the fox VNO
using two different anti-Gao antibodies and two different fixation
techniques: formalin and Bf. Despite not performing any antigen
retrieval procedures, immunopositivity against the Goao protein
persisted in all cases.

Although the immunohistochemical characterisation of Gao
has widely been considered an excellent phenotypic indicator of
V2R expression in the VNO, we are aware that this conclusion is
not well-supported by the currently available genomic studies,
which assume that functional V2R genes have regressed in many
groups of mammals, including carnivores, showing a high rate of
pseudogenisation (Young and Trask, 2007). No specific informa-
tion regarding the fox V2R genes exists, except for the recent
first attempt to sequence and assemble the red fox genome, in
which neither functional nor pseudogene V2R genes were re-
ported (Kukekova et al., 2018). However, the complete lack of V2R
genes would represent a unique case among all mammals whose
vomeronasal genes have been studied, as even primates, includ-
ing humans, and all Laurasiatheria possess V2R pseudogenes. Even
the dog, which is closely related to the fox, possesses nine V2R
pseudogenes. It is likely that new sequencing studies performed
in the fox, particularly those that are more focused on olfactory
and vomeronasal genes, will result in the identification of addi-
tional genes, which can be added to the initially annotated reper-
tory of vomeronasal and olfactory genes that were detected using
a whole-genome approach.

Translating sequencing studies into neuroanatomical terms is not
always easy. A recent study on TRPC2 gene regression stated: ‘The
results of our present study invite more in-depth neuro-anatomical
investigation in mammals for which VNO function remains equivo-
cal’ (Zhang and Nikaido, 2020). The high degree of pseudogenisation
observed among vomeronasal receptors represents an unresolved
issue which could explain the discrepancies observed between se-
quencing and neuroanatomical studies. For instance, an olfactory
receptor gene containing a premature stop codon was found to en-
code a functional protein, due to efficient translational read-through
(Prieto-Godino et al., 2016). Transcriptomic studies have identified
the expression of vomeronasal pseudogenes in the mouse VNO

(Oboti et al., 2015). In addition, the growing interest in the olfactory
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effects of long noncoding RNA and their transcripts is likely to lead
to a better understanding of the molecular processes underlying ol-
faction (Camargo et al., 2019).

We cannot exclude the possibility that the Gao protein is per-
forming cell-to-cell contact functions in the fox neuroepithelium,
unrelated to transduction. However, such a finding would represent
the first instance of this function in the vomeronasal neuroepithe-
lium of a mammal and does not fit the immunolabelling pattern de-
tected in the fox VNO, which extends along the dendritic processes,
the soma, and the axons that form the vomeronasal nerves. Instead,
the immunolabelling pattern correlates with the typical pattern ob-
served in those species in which both G proteins are involved in the
transduction cascade (Halpern and Martinez-Marcos, 2003).

Our study reports a very specific finding, in the context of also
being the first study to examine the VNO of the fox; therefore, fur-
ther studies must be performed examining the expression of V2R
family receptors, including immunohistochemistry studies and in
situ hybridisation studies, to determine the expression patterns of
these receptors. Moreover, the immunohistochemical study of the
fox accessory olfactory bulb, which has not yet been described,
could also clarify these issues.

When Gai2 and Gao protein expression has been observed in
rodents, such as the rat, two distinct zones were observed: an api-
cal layer of neurosensory cells, which was immunopositive for an-
ti-Gai2 antibodies, and a basal layer, which was immunopositive to
anti-Goo antibodies (Halpern et al., 1998). In the fox, as in the rab-
bit (Villamayor et al., 2018), two distinct interspersed patterns were
observed for the immunopositivity of both Ga proteins in the fox,
which may be associated with two distinct subpopulations of neu-
roreceptor cells in the sensory epithelium of the VNO.

Although Gao immunoreactivity is absent from the microvilli of
the fox neurosensory epithelium, the pattern found in this study, com-
prising immunopositivity in the cellular soma, dendritic processes, and
vomeronasal axons, is consistent with the pattern found in all species
in which immunoreactivity has been associated with Gao transduction.
Among those species in which Gao immunopositivity in the VNO has
been excluded, immunolabelling is absent from dendrites, somas, and
vomeronasal axons, as observed for the goat (Takigami et al., 2000) and
the cat (Salazar and Sanchez-Quinteiro, 2011).

The detection of immunolabelling in dendritic buttons and epi-
thelial microvilli differs among studies, likely due to either variance in
receptor density or to the sensitivity of the techniques used. Studies
reported by Dennis et al. (2003) in the dog, by Jia and Halpern (1996)
in the mouse, and by Villamayor et al. (2018) in the rabbit have shown
that even when Gao immunolabelling was clearly visible in the axons,
somas, and dendrites, labelling was reduced in the dendritic buttons;
however, overall Gao marking was considered to be positive in all
cases. The immunohistochemical identification of dendritic buttons
and microvilli is, therefore, not consistent among species, unlike the
labelling of dendritic processes, somas, and axons. Ultrastructural
studies have confirmed that Gao in neurons is primarily distributed
to cell bodies and the neuronal cytoplasm, as demonstrated in the

ultrastructural localisation study reported by Gabrion et al. (1989).
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In VNO ultrastructural studies performed in rats, a species with a
large family of VAR and V2R neuroreceptors, Matsuoka et al. (2001)
reported immunolabelling in dendritic knobs and microvilli, but also
observed that a fraction of receptor cells were not immunopositive
for any G protein subtypes.

The presence of both Gai2 and Gao proteins in the sensory ep-
ithelium of the fox VNO, in contrast to the reported expression of
Gai2 protein alone in other carnivores such as the dog or the cat
(Salazar and Sanchez-Quinteiro, 2011; Salazar et al., 2013), raises
new questions regarding the domestication process. The absence of
Gao protein expression in the VNS of domesticated animals, such as
the goat (Takigami et al., 2000), the sheep (Salazar et al., 2007), the
dog (Salazar et al., 2013), and the cat (Salazar and Sanchez-Quinteiro,
2011), has been theorised to be attributable to the domestication pro-
cess (Jezierski et al., 2016), which may have caused an involution of
the VNS. Indeed, the results of this study, showing the immunopositive
labelling for the anti-Gao antibody in the fox VNO, strengthens this
theory, as the fox is a wild, non-domesticated animal.

4.4 | Otherimmunohistochemical and lectin
histochemical markers

Additionally, the fox VNO was immunohistochemically studied
using other complementary antibodies, such as anti-CB, anti-CR,
anti-GAP-43, anti-OMP, and anti-a-tubulin antibodies, and histo-
chemically examined using with Ulex europaeus agglutinin (UEA),
Lycopersicum esculentum agglutinin (LEA), and Bandeiraea simplicifolia
(BSI-B,) isolectin.

Anti-CB and anti-CR antibodies were used to characterise spe-
cific neuronal components, as they display distinct expression pat-
terns in the VNS of each species (Kishimoto et al., 1993; Jia and
Halpern, 2003). In the fox, the anti-CB antibody showed a charac-
teristic labelling pattern in the neurosensory epithelium, revealing a
subpopulation of neuroreceptor cells, primarily in the basal portion
of the epithelium, with concentrated labelling in the soma. This la-
belling pattern resembles that observed for the anti-Gao antibody.
Similarly, the anti-CR antibody displayed a labelling pattern that was
complementary to that observed for the anti-CB antibody and simi-
lar to the pattern observed for the anti-Gai2 antibody. Similarly, the
anti-a-tubulin antibody showed a unique labelling pattern, which
evokes the patterns observed for the anti-CB and the anti-Gao
antibodies. Interestingly, CB and CR appear to be less ubiquitously
expressed in the examined tissues than the G proteins, which are
mediators of a wide spectrum of intracellular effects, including en-
zymes and ion channels (Wettschureck and Offermanns, 2005).
Therefore, the CR and CB immunolabelling showed more defined
patterns.

Additionally, immunolabelling was performed using the an-
ti-GAP43 antibody, which detects GAP43, a protein expressed by
neurons experiencing axon growth and synaptogenesis (Skene,
1989; Verhaagen et al., 1989; Gispen et al., 1992; Ramakers et al.,
1992). The GAP-43 immunopositive labelling observed in the fox
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VNO is consistent with the immunopositive labelling previously ob-
served by Dennis et al. (2003) in the dog. This labelling suggests that
the VNS experiences intense neuronal regeneration, which may be
due to the high level of VNO exposure to a variety of substances in
the environment, many of which have the potential to damage cel-
lular structures (Ogura et al., 2010), indicating the importance of the
VNS for reproductive behaviours (Osakada et al., 2018) and, there-
fore, for the survival of the species.

To protect itself from exposure to harmful substances, the VNS
possesses a regulatory system that can modulate access to these
substances, based on the presence of solitary chemosensory cells
(CSSs) in the respiratory tract. These specialised cells are situated at
an appropriate location to detect chemical substances in the envi-
ronment that are able to access the VNO. CSSs are generally inner-
vated by the trigeminal nerve and respond to a variety of irritants
and bitter substances. These CSSs play key roles in the regulation
of VNO access, limiting the entrance of these potentially harmful
molecules (Ogura et al., 2010).

Braun et al. (2011) described these CSSs as expressing G-protein
coupled receptors and found these cells to be present in the human
nose. In our study in the fox, the positive detection of G-protein re-
ceptors was confirmed using the anti-Gao antibody to immunolabel
cells in the respiratory epithelia of both the VNO and the respiratory
mucosa. Additionally, Gallego’s Trichome stain was performed in
these epithelia, which provided information regarding the morphol-
ogy of these anti-Gao-positive cells. The morphology, immunoreac-
tivity, and location of the cells observed in the fox epithelia generally
coincide with those described by Ogura et al. (2010) and Braun et al.
(2011).

By employing the anti-OMP antibody, we specifically labelled
OMP proteins, which are expressed in mature neurons in both the
MOS and the VNS (Farbman and Margolis, 1980; Rodewald et al.,
2016). The information provided by this marker complements the
information obtained using the anti-GAP43 antibody. Like other
markers, OMP has been extensively used in the literature to study
the VNS (Halpern et al., 1998), showing immunopositive labelling
for both the MOS and the VNS in different species, such as the
rat (Weiler and Benali, 2005) or the mouse (Monti Graziadei et al.,
1977).

The UEA pattern observed in the fox was similar to that ob-
served in the dog (Salazar et al., 2013). In the nervous system of
the dog, the UEA labelling is specific to the VNS (Salazar et al.,
1992). We observed a similar specificity in the fox, confirmed by
the labelling of both the neuroepithelium and the nerves. UEA is a
marker for the a-fucose pathway (Kondoh et al., 2017). In contrast,
LEA displays a non-specific labelling pattern in the vomeronasal
epithelium, labelling other components of the olfactory pathway,
including olfactory nerves and the olfactory mucosa. This observa-
tion is consistent with the study performed on the VNO of the dog
(Salazar et al., 2013).

The findings presented in this study highlight the importance of
chemical communication in the fox and the subtle, but significant,

differences between the VNO structures of the fox and the dog.
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These two closely related species only diverged approximately 10
million years ago, within the Canidae family. However, they occupy
two substantially different ecological niches. Kukekova et al. (2018)
suggested that the red fox may be an extraordinarily promising
model for the study of the genetic foundations involved in social be-
haviours, domestication, genetics, and human behaviours.

The differences in the VNS between the fox and the dog sug-
gested that domestication, beyond resulting in behavioural changes,
may directly influence certain morphofunctional features discussed
in this study, such as the double expression of Gai2 and Gao proteins.

After the exhaustive anatomical and morphofunctional descrip-
tion presented here, we can conclude that the fox has a well-devel-
oped VNO, with all components necessary to assess the reception
and recognition of pheromones and other chemical cues involved
in chemical communication. Further anatomical studies, however,
are necessary to better characterise the VNS in this species and
to address the unforeseen outcome of this study. Specifically, fu-
ture studies should address the results regarding G protein expres-
sion patterns and be extended to the AOB and the vomeronasal
amygdala.
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