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Larriva-Sahd Microscopic organization of the olfactory limbus

FIGURE 4 | Successive Nissl-stained sections from lateral (A) to medial

(I) through the olfactory limbus. Note that glomeruli from the modified
glomerular complex lie on the anterior part of the accessory olfactory bulb

(white arrows) and those from the necklace (black arrows) crown the
homonymous area of the olfactory limbus. Circle = alpha component of the
anterior olfactory nucleus. Scale bar = 100 μm. Adult rat brain.

that resolves in the cisura circularis (Lohman and Mentink,
1969).

Parceling of the olfactory limbus
According to the internal structure of the OL it can be divided
into three areas. The foremost or preolfactory area (PA) con-
sists of a modified main olfactory cortex having the following
dissimilarities (Figure 3E): it lacks glomeruli, is thinner than
the adjacent MOB cortex, and its row of mitral cells that, in
the MOB underscores the mitral-tufted cell layer, contains fewer
and smaller mitral cells. Concurrently, the PA exhibits a rudi-
mentary external plexiform layer (EPL) that is more slender
than that in the adjacent MOB. Lastly, the internal plexiform
and granule cell layers are thinner than their MOB counter-
parts. Following caudally, is the second area of the necklace
glomeruli (NGA), it is the most prominent due to one or two
solitary glomeruli that bulge-up to the pial surface. In addi-
tion to location, necklace glomeruli (NG) stand out from those
in the MOB and AOB, in that they are bigger and hypercellu-
lar (Figures 4B–F). Still another, important difference of NGs
in the OL from those located elsewhere is that they are united
by cellular bridges that contain a fibrous core (Figure 5B) (see
Shinoda et al., 1989). Underneath the NG, the region equiva-
lent to the EPL reaches its minimum in terms of both thickness

and cellularity and, like in the PA, it is discontinuous having
fewer and smaller, mitral-and tufted-cells (Figures 3F,6). A third,
or interstitial area (INA), consists of a relatively hypocellular,
wedge-shaped area between the anterior aspect of the AOB and
the caudal part of the NGA. Superficially the INA is some-
what lower than the adjacent NGA as it lacks glomeruli or,
more commonly, exhibits two or three modified glomeruli sim-
ilar to those seen in the new-born rodent and referred to as
the modified glomerular complex (MGC) (Teicher et al., 1980).
Sagittal sections through the oral part of the AOB reveal that
these MGC arise from principal cell dendrites in the AOB. In
fact these distal dendrites bend rostrally to overlie the posterior
INA (Figures 2A,3A,4D). The deep part of the INA is triangu-
lar in shape with the apex proceeding ventrally to resolve in the
deep bulbar white matter (Figures 3E,4,5B). While the poste-
rior aspect of the INA faces the AOB, its lower third is pierced
by the convergent fibers of the lateral olfactory tract (LOT) on
their way to the AOB (see Figures 25,26A in Larriva-Sahd, 2008).
The INA stands out from the former two areas, and from the
entire olfactory bulb in that is devoid of a laminar organization
(Figures 2,3,4,5). Concurrently, several peculiarities differentiate
the IN from the surrounding structures. The first is that neu-
rons therein (vide infra) form small cellular clusters. Second,
it lacks a granule cell layer. Furthermore, the LOT that in the
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Larriva-Sahd Microscopic organization of the olfactory limbus

FIGURE 5 | Camera lucida drawings from sagittal sections through the

olfactory limbus and adjacent structures. (A) The drawing accounts for the
cellular contents and parceling in the olfactory limbus. Note that glomeruli in
the main olfactory bulb (MOB) receive dendrites from mitral cells whose
somata lie in the preofactory (PA) and necklace (NGA) areas of the olfactory
limbus. A projecting interstitial neuron of the bulbi (arrow) lying deep in the
homonymous area (INA) sends a descending axon that forks into rostrally

(asterisk) and a caudally (double asterisk) directed branches. Interstitial
neuron of the bulbi, interneuron (hollow arrow). (B) Drawing showing the
neuronal distribution as seen in a specimen after a two-step strain,
Golgi-Cox-Nissl. Arrows, fibrils arising from a necklace glomerulus; PA, NGA,
INA, preolfactory, necklace glomeruli, and interstitial areas. Scale
bars = 30 μm. Adult rat brain, rapid-Golgi (A), and Golgi-Cox-Nissl
(B) techniques.
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Larriva-Sahd Microscopic organization of the olfactory limbus

MOB and AOB forms a well-defined layer, in the deep INA
acquires a reticular appearance due to scattered myelinated fibers
and small bundles that, as a rule, diverge in various directions
(Figures 3E,5A).

CYTOLOGY OF THE OLFACTORY LIMBUS
Although the neuron phenotypes identified thus far in the OL
are, in most respects, comparable to those observed in the MOB,
they exhibit a different organizational strategy. In fact, the lam-
inated appearance of the MOB and AOB observed in aniline-
stained specimens (Figures 2,3,4), that results from the layered
coalescence of somata, is modified in the PA and NGA areas,
and lost in the INA. This laminar disruption and the ensuing
assorted distribution of neurons have little repercussion in the
basic somato-dendritic features of the neurons. In fact, virtually
all neuron-types observed throughout the olfactory cortex corre-
spond to those seen in the OL although it must be stressed that
here they exhibit curved, bent, or even twisted processes. This
regional cellular pleiomorphism is better evidenced in specimens
processed with a combination of silver and aniline techniques
(Figures 5B,6).

The first and perhaps most obvious, OL specialization is that
a set of mitral cell somata lie posteriorly with respect to their
tributary glomeruli (Figure 5A). Consequently, apical dendrites
arising from mitral cells in the OL run diagonal, nearly horizon-
tally, to reach glomeruli that are located more rostrally. Clearly,
the caudal displacement of the mitral cell somata with respect to
their tributary glomeruli lying rostrally, differs from the vertical
ascent normally observed for glomerular dendrites of mitral cells
in the MOB (Figures 4A,B in Larriva-Sahd, 2008). That conclu-
sion that tilted apical dendrites are a distinctive feature of mitral
cells in the OL is afforded by the absence of them in the cau-
dal aspect of the MOB, beyond the OL domain (Figure 7). In

short, the “glomerular shift” observed in the OL yields to mital
cell somata and their associated interneurons and granule cells
are located caudally with respect to their tributary glomeruli
(Figure 5A). Although dendritic polarization displayed by some
mitral cells does not seem to apply to the tufted (Figure 6), short-
axon (Figure 8) or granule cells, more subtle variations in den-
dritic bending or even twisting can also be observed throughout
the OL (Figures 5A,B,6).

In the deep area of the INA, just anterior to the internal cel-
lular and LOT layers of the AOB, there is a streak of medium
to large-sized neurons. These neurons whose somata were
described in Nissl-stained specimens from hamster (Lohman,
1963; Lohman and Mentink, 1969), correspond to those collec-
tively termed interstitial neurons of the bulbi (INBs) (Larriva-
Sahd, 2008) (Figures 3E,5A,8C). On cytological grounds INBs
actually include two cell types, namely, pyramidal-like or pro-
jecting (INBp) and interneurons or intrinsic neurons (INBi).
Like elsewhere in the neo-and olfactory cortices, pyramidal-like
INB’s represent the out-put cell. Most INBp dendrites exhibit a
moderate to high number of spines and, as implicit, mimic the
structure of their neo-cortical homologs. A striking feature of the
INBp axon is that, having descended to the deep bulbar white
matter, it divides into an anterior and a posterior (i.e., descend-
ing) fibril (Figures 5A,6C), in the same fashion as that described
by Valverde (1965) in the new-born rodent anterior olfactory
nucleus. A typical INBi has a bottle-shaped soma with varicose,
bold dendrites. The axon of an INBi arises from a proximal
dendrite (Figures 8E,F) or, less frequently, from the soma itself
(Figure 8C) (see Larriva-Sahd, 2008). Soon afterwards, the INBi
parent axon divides dichotomously at relatively short intervals
(i.e., <30 μm) thereby originating a dense axonal framework that
distributes in the neuropil of the INA and in the adjacent gran-
ule and internal cellular layers. Although an INBi shares striking

FIGURE 6 | Coronal section through the left olfactory bulb.

(A) Diagramatic drawing showing a necklace glomerulus (NG).
BCWM, bulbar core white matter; ECL, external cellular layer;
EPL, external plexiform layer; GCL, granule cell layer; Gl,

glomerular layer; ICL, internal cellular layer; LOT, lateral olfactory
tract. (B) A tufted cell sending a glomerular dendrite (arrow) to a
necklace glomerulus (asterisk). Adult rat brain, Cox-Nissl technique.
Scale bar = 50 μm.
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Larriva-Sahd Microscopic organization of the olfactory limbus

FIGURE 7 | Survey camera lucida drawing from the olfactory peduncle in

a horizontal section. Note the mode of resolution of the main olfactory
cortex at the medial (black arrow) and lateral (hollow arrow) aspects of the
fissura circularis. ACr, anterior commissure, pars rostralis; BCWM, bulbar

core white matter; EPL, external plexiform layer; GC, granule cell layer;
Gl, glomerular layer; LOT, lateral olfactory tract; M/T, mitral-tufted cell layer;
ON, olfactory nerve layer; OT, olfactory tubercle. Cox-Nissl technique, adult
rat brain. Scale bar = 200 μm.
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FIGURE 8 | High magnification drawings from bulbar neurons

with projecting (blue) and local (red) axons. Somata and dendrites
from the latter are nearly identical in shape, thickness, and varicosities.
(A) Main accessory cell of the accessory olfactory bulb with a profuse
axonal (red) field. (B) Deep short axon cell whose descending axon (red)
distributes in the granule cell layer of the main olfactory bulb.
(C) Two interstitial bulbar interneurons with ascending axon and a

projecting cell whose axon (green) divides into two descending
collaterals. (D) Examples of interstitial neurons. The projecting cell
(right) emits a descending axon (arrows). (E) A projecting cell whose
parent axon provides a huge number of collaterals to the adjacent
neuropil. (F) Pyramidal-like and a short-axon neurons in the alpha
component of the anterior olfactory nucleus. Adult rat brain rapid-Golgi
method. Scale bar = 15 μm.
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somato-dendritic similarities with certain MOB (Macrides and
Davis, 1983; Kosaka and Kosaka, 2011) AOB (Larriva-Sahd, 2008)
and medullary bulbar area (Paredes and Larriva-Sahd, 2010)
interneurons, its axon is primarily distributed in the adjacent INA
neuropil.

Regional differences of the olfactory limbus
The lack of a lattice-like, linear array displayed by most biological
objects applies to the structure of the OL in that it varies from one
histological section to the next. Although the tripartite division of
the OL recommended here persists throughout the medial-lateral
extent of the main-AOB interface, subtle differences are evidenced
in successive sections through the OL (Figure 4). First is the pres-
ence of one or two small glomeruli that lie anterior aspect of the
AOB. These glomeruli that ride on INA, appear to be part of the
“modified glomerular complex” observed by Greer et al. (1982)
in the newborn rat, and are most evident in sections through
the medial half of the AOB. Serial sections depict that these are,
in fact, smaller and inconstant throughout the rostral AOB. The
same applies to the large NG found in the homonymous area,
that is frequently seen in sections through the medial AOB half
(Figures 4B–D), and is less evident or even absent in more lat-
eral sections (Figures 4F–I). The medial and lateral aspects of the
AOB are bounded by the MOB anteriorly and by the dorsal AON,
caudally. Hence, the confluence of the three distinct cortices at

either side of the AOB gives rise to a medial and a lateral olfactory
“triad.” Due to the caudal expansion of the MOB, the medial triad
is located caudally with respect to the lateral one. Further, the lat-
eral olfactory triad is asymmetrical in that it accepts the distal
processes of pyramidal-like cells (P-L), whose somata lie at the
base of the AOB (see below) (Figure 9). Lastly, one can appreci-
ate in successive longitudinal sections through the olfactory bulb
that two elements of the OL, the PO and NGA, persist through-
out the entire caudal ribbon of the MOB cortex with a progressive
decrease in thickness along the fissura circularis (Figure 7) that
defines the caudal end of the MOB.

Summarizing, the OL, a broad area of interaction between the
MOB and AOB is characterized by a partial or complete modifica-
tion of the laminar plan of organization observed throughout the
bulbar cortex. Despite the disruption of the strata the OL is com-
posed of three distinct components having, in turn, predictable
histological and cytological organization.

ALPHA GROUP OF THE ANTERIOR OLFACTORY NUCLEUS
General organization
Unstained (Figure 1) or aniline-stained (Figures 2,3A,B,C,4F)
sections through the olfactory bulb show a distinct, fusiform col-
lection of neurons that parallels the middle third of the AOB. The
nucleus consists of a compact neuronal cluster measuring 100 ×
150 × 650 microns in the horizontal, vertical, and anteroposterior

FIGURE 9 | Semi-serial, sagittal sections through the accessory

olfactory bulb Note the progressive ascent of the dendritic

bundle (hollow arrows) from medial (A) to lateral (F), to resolve under

(black arrows) the pial covering in F. Adult rat brain, epon
embedding, one-micron thin section, toluidine-blue staining.
Scale bars = 50 μm.

Frontiers in Neuroanatomy www.frontiersin.org June 2012 | Volume 6 | Article 23 | 122

http://www.frontiersin.org/Neuroanatomy
http://www.frontiersin.org
http://www.frontiersin.org/Neuroanatomy/archive


Larriva-Sahd Microscopic organization of the olfactory limbus

FIGURE 10 | Pyramidal-like cells in the alpha component of

the anterior olfactory nucleus. The spiral path followed by apical,
spiny, dendrites in their ascent can be seen. Note that distal, aspiny,
dendrites impinge on the lateral olfactory tract (shaded). Fibers at

the bottom belong to the deep bulbar white matter; one of
them sends along collateral (arrow) that penetrates the nuclear
neuropil. Adult rat brain, sagittal section, rapid-Golgi technique.
Scale bar = 100 μm.
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Larriva-Sahd Microscopic organization of the olfactory limbus

FIGURE 11 | Pyramidal-like cells in the alpha component of the

anterior olfactory nucleus. (A) In the mouse, apical dendrites curve
along the lateral aspect of the accessory olfactory bulb to pierce the
lateral olfactory tract (dashed), resolving in the lateral olfactory triad (see
text). Note that basilar dendrites arising from pyramidal-like neurons,
divide in a tripartite manner (black arrows). Hollow arrow = granule cell.

(B) In the guinea pig, pyramidal-like cells send vertical, nearly
straight shafts that proceed through the lateral olfactory tract
(dashed) and terminate under the piamatter. AOB, accessory olfactory
bulb; AON, anterior olfactory nucleus, MOB, main olfactory bulb.
Adult rat brain, rapid-Golgi technique, sagittal sections.
Scale bars = 100 μm.

axes, respectively. In about two out of 10 specimens, the aAON
shifts its position underscoring the rostral third of the AOB
(Figures 3A,B,C). Regardless of its location the bulbar core white
matter encases the nucleus. High magnification inspection of
the aAON reveals that it is composed of a double population
of neurons (2C and 3C). A first or pyramidal-like neuron (P-
L), whose soma is triangular, measures 20–27 μm in its longest
axis. The nucleus of a P-L is rounded and contains a distinct

nucleolus surrounded by a basophilic cytoplasm due to patches
of Nissl substance. A small satellite cell is commonly associated
with P-Ls. A second, smaller neuron consists of a round to pear-
shap cell measuring 13–16 μm in its widest axis. The nucleus is
also rounded or oval containing coarse granular chromatin and
two or three small indistinct nucleololi. Cytoplasmic basophilia
is concentrated at the two cellular poles. Mophometry discloses
that the aAON somata bear significantly different, albeit larger
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(i.e., 156 μm2), somatic areas than those from the dAON (i.e.,
124 μm2) (see Brunjes et al., 2011).

Principal cell
By-and-large, pyramidal-like neurons (P-L) are the most com-
mon neuron-type in the aAON. Although P-Ls lie in the nuclear
domain, their ascending dendrites that proceed dorsally, build-
up a well-defined bundle. These ascending dendrites that follow
an helicoidal path, pierce the lateral part of the INA to termi-
nate underneath the pial covering (Figures 9,10). The overall
direction of the resulting bundle is not straight, especially in the
adult rat (Figure 10) and mouse (Figure 11A). In these species,
as soon as the apical dendrite leaves the nuclear domain, it
arches antero-laterally, avoiding the MOB and AOB to resolve
in the lateral olfactory triad. Because of this heterodox tra-
jectory, diagonal (Figure 10) or serial (Figure 9) sections are
required to visualize the full dendritic arbor of a pyramidal cell.
Alternatively, pyramidal cells from guinea-pig specimens, whose
principal cell exhibits straight apical dendrites, may suit that
purpose (Figure 11B). The tridimensional distribution of P-L
processes with respect to the adjacent structures is diagrammat-
ically depicted in Figure 12. Occasional (i.e., about 2 from 10)
pyramidal cells possess one or two supernumerary, thick den-
drites that arise from the base of the main apical branch, running
diagonally. As soon as ascending dendrites pierce the LOT they
divide once or twice to form distal terminal tributaries. A dis-
tinctive feature of these distal branches is the presence of bold,
rounded, varicosities united by thin cytoplasmic shafts. Like typi-
cal isocortical pyramids (Feldman, 1984), most P-L’s dendrites are
densely covered by numerous spines (Figures 13,14D), although
terminal branches are virtually devoid of them (Figures 10,11). A
peculiar feature of basilar dendrites of a P-L is that they divide
originating three daughter dendrites (Figure 11A). This tripar-
tite branching assumed by basilar dendrites distinguishes a P-L
from other neo-cortical pyramids (Lorente de Nó, 1949). The
axon of a P-L behaves in the same manner as most pyramidal cells
observed in the INBp (Figure 11A) and olfactory peduncle (i.e.,

FIGURE 12 | (A) Diagram showing the path of the pyramidal cell (black)
apical dendrite with respect to the anterior (1), lateral (2), and basal (3)
aspect of the accessory olfactory bulb (shaded, egg-shaped). (B) Dendritic
trajectory of a pyramidal-like cell with respect to the accessory olfactory
bulb (lighter) in a coronal view (lateral, right side). (C) Dorsal view.

anterior olfactory nucleus) (see Valverde, 1965), since it descends
to the bulbar core white matter leaving 2–8 recurrent collater-
als that distribute in the overlying internal cellular layer of the
AOB (Figure 13). Distally, the stem axon divides, originating two
fibrils that proceed further caudally and rostrally, respectively
(14B).

Interneurons
One out of 10 neurons observed in the aAON consists in an
interneuron (INBi) (Larriva-Sahd, 2008). INBis appear to cor-
respond to the pear-shaped somata observed in aniline-stained
specimens (Figure 2C). The smato-dendritic features of INBi
(Figure 13) mimic, in several respects, those observed in other
aspiny short-axon neurons in the bulbar cortex (Figures 8A,B)
(see Figure 10, Larriva-Sahd, 2008), and medulla (Paredes and
Larriva-Sahd, 2010) in that the soma is smooth, originating two
or three primary dendrites that soon afterwards (i.e., <30 μm)
give rise to secondary and tertiary dendrites, usually the most
distal branches. Dendrites are, as a rule, varicose and virtually
devoid of spines (Figures 13,14C,D). What seems to be unique
of aAOB intrinsic neurons from other bulbar interneurons is that
their axon distributes primarily in the aAON neuropil, creating a
dense axonal framework in the nucleus proper. As a matter of fact,
the interneuron axon is an important source of intrinsic fibrils
that structure the aAON neuropil (Figures 13A,14C), although
is not uncommon for axon fibrils to invade the adjacent exter-
nal cellular layer of the AOB (Figure 13A). At high magnification
one can observe that the axon displays numerous en passage and
terminal boutons (Figure 14C) unlike terminal fibrils from other
sources (Figures 13B,14A,B,E). Additional fibrils in the aAON
neuropil include collaterals from the P-L axon (Figures 13,14B)
and from the deep bulbar white matter (Figure 14E). In precis,
the aAON neuropil is composed of terminal axonal fields aris-
ing from the P-L, interneurons and from the surrounding white
matter.

Immunocytochemistry
Light microscopic observation of specimens incubated with
antibodies to GAD67, reveals that the aAON is composed of
immunoreactive (GAD67-I) cells (Figure 14F), and numerous
GAD67-I punctae (14G). GAD67-I neurons display diffuse,
brownish reaction products throughout the cytoplasm acquiring
a ring-shape due to a pale nuclear area.

ELECTRON MICROSCOPY AND IMMUNOCYTOCHEMISTRY
Neurons
Survey electron micrographs of the aAON (Figure 15) reveal
that it is composed of cellular clusters of two or three neu-
rons surrounded by a relatively homogeneous neuropil with
a paucity of thin myelinated fibers. Neurons are rounded or
spindle-shaped with a central nucleus of smooth profile. A sig-
nal feature of aAON neurons is that their somata appose each
other directly, without an intervening neuropil or glia. Occasional
satellite cells (Figures 2C,16B) or astrocytes (Figure 16C) lie
adjacent to the neuronal clusters. The neuronal nucleus is gen-
erally smooth and it contains abundant euchromatin with small,
scattered chromatin aggregates that are embedded in a low-
density karyoplasm. A distinct solitary nucleolus may be seen
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FIGURE 13 | Camara lúcida drawings from neurons

in the alpha component of the anterior olfactory nucleus.

(A) An interneuron whose axon (green) divides massively in
the nuclear neuropil; the pyramidal-like cell gives rise to a

forked axon (red), and the parent fiber proceeds caudo-ventrally.
(B) High magnification of a pyramidal-like cell and a terminal
fibril that arose from the bulbar core white matter. Adult mouse,
rapid-Golgi technique.
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FIGURE 15 | Survey electron micrograph of neurons in the alpha component of the anterior olfactory nucleus. Note the apposition of somata (arrows).
N, cell nucleus; arrows, myelinated axons. Uranium-lead contrast, adult rat brain.

Neuropil
The aAON neuropil proper is relatively homogeneous throughout
the nucleus. In addition to isolated myelinated fibers (Figure 15),
the neuropil exhibits the following specializations. Asymetrical
axo-spinous contacts account for most (i.e., 92%) of the contacts
of the aAON neuropil, followed by axo-shaft (5%) and occasional
axo-somatic (<3%) contacts (17A and B). Somatic terminals
include asymmetrical and reciprocal (Figure 17C) synapses, in
order of frequency. The latter are indistinguishable from those in
the rodent MOB, described earlier between mitral cells somata or
their dendrites (Hirata, 1964, see Toida et al., 1996).

Immunocytochemistry
Scattered somata and synapses exhibit immunoreactivity to the
glutamic acid decarboxylase 67 isoform (GAD-I) (Figure 18A).
A set of neurons contain a coarse electron-dense material free in
the cytoplasm or associated to the Golgi apparatus; this material
is similar in appearance to that corresponding to immunoreac-
tive sites (Figure 18B) (Toida et al., 1996; Barbaresi, 2005). GAD-I
was also found in synaptic boutons, most commonly in axo-shaft
and axo-somatic terminals (Figure 18D); in either case the post-
synaptic element was devoid of GAD-I material. Furthermore,

no GAD-I was found in axo-spinous terminals (Figure 18C). The
frequent association of the GAD-I material precluded identifica-
tion of the active zones associated with the synaptic apparatus
and, therefore, their distribution at either side of the synaptic
cleft.

DISCUSSION
Correlates for the functional involvement of the OL, should be
based on the various earlier observations in this poorly under-
stood area. Perhaps the first observation suggesting glomerular
differentiation throughout the bulbar cortex was made in the
new born rat and showed that glomerular glucose uptake at
the MOB-AOB junction was enhanced following exposure to a
nipple-derived pheromone. The term “modified glomerular com-
plex” (MG) was coined to refer to these specialized glomeruli
(Teicher et al., 1980; Greer et al., 1982). Further support for a
bulbar parceling was supplied by the identification of a group
of glomeruli that crown the caudal end of the MOB. Because
these 8–9 glomeruli are mutually linked among them by fibril-
lar bridges, the term “necklace glomeruli” (NG) was introduced
by Shinoda et al. (1989). On the basis of their connectional and
immunohistochemical characteristics, the same authors regarded
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FIGURE 16 | Electron micrographs of the alpha component of the

anterior olfactory nucleus. (A) Juxtanuclear cytoplasm of a neuron
containing Golgi apparatus (G), electron-dense bodies (ly), and multivesicular
bodies (mv). N, cell nucleus. (B) Nucleus (N) and cytoplasmic contents

from a satellite cell. m, mitochondria. (C) Cytoplasm from an
astrocyte containing numerous electron-dense structures (ly) and
filament bundles (nf). Uranium-lead contrast, adult rat brain.
Scale bars = 0.5 μm in B and C.

one of the MG as an integral part of the NG system. Present
observations support the idea that one or two glomeruli from
the former MG belong to the oral part of the AOB. In fact,
inspection of the foremost part of the AOB show that glomeru-
lar dendrites of overlaying glomeruli arise primarily from large
principal cells therein (Figures 3A,5B). This observation provides
structural evidence for the AOB involvement in the pheromonal
activation observed in the MG (Teicher et al., 1980; Greer et al.,
1982). Actually exposition to the male rat to female urine (Pereno
et al., 2011) increases Fos expression in the rostral half of the
AOB with respect to the caudal, reaching the peak in the fore-
most AOB (Honda et al., 2008). As a matter of fact, illustrations
shown in the latter studies (Honda et al., 2008; Pereno et al., 2011)

suggest that cells in the OL area described here are also activated
by pheromone exposure of the male rat. Further, stimulation
by odorants or pheromones brings about successive activation
of the MOB and AOB, reaching the peak in bold signal along
the rosatral part of the AOB (Xu et al., 2005). Still another set
of observations that distinguishes the OL from the rest of the
bulbar cortex is its reception of axons arising in Grueneberg gan-
glion, a putative chemoreceptor located at the nasal vestibule
(Grueneberg, 1973). In fact, Grueneberg ganglion projects to
those glomeruli “in close apposition to the AOB” (Fuss et al.,
2005), strengthen the notion that neurons there in are associ-
ated with chemosignal recognition and decoding (see Stowers and
Logan, 2010).
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FIGURE 17 | Electron micrographs from the neuropil of the

alpha component of the anterior olfactory nucleus. (A) Proximal
dendrites (d) and axo-spinous, asymmetircal synapses, prevail in the
neuropil. (B) An axo-shaft (Sh) and axo-spinous synapses. Asterisks,
synaptic boutons. (C) A reciprocal synapse containing agranular

(arrow-heads), and dense-core (arrows) vesicles establishes contact
with the soma (S). Note the presence of numerous agranular vesicles
in that part of the cytoplasm adjacent to the active zones (encircled).
Uranium-lead contrast, adult rat brain. Scale bars = 1 μm in A,
0.5 μm in B and C.

An even more difficult task is to foresee the possible functional
implication of our INBs described earlier (Larriva-Sahd, 2008)
and ascribed here to the INA of the OL. To start with there is
the association of the INB dendrites with fibers traveling in the
LOT, a fiber system that conducts the efferent fibers arising from
mitral/tufted and large principal cells, the only known output
from the MOB and AOB, respectively. This association led me to
speculate that the IFNs, which appear to be the foremost signa-
ture of cortical-like organization (i.e., afferent fibers, local circuit
plus pyramidal cells), may represent a cellular substrate for relay-
ing nerve impulses from both the MOB and AOB. Although this
hypothesis requires further physiological evidence our current
work, indicating that neurons in the INA-OL respond to electrical

stimuli applied separately to either the main or AOBs, enhances
the validity of our recent proposal. Whichever functional involve-
ment for the OL emerges from future research, our anatomical
frame provides a structural base line to define the physiological
role of the distinct areas and cell-types depicted here.

THE ALPHA ANTERIOR OLFACTORY NUCLEUS: AN ORPHAN CELL
GROUP?
The aAON was first described by Ramón y Cajal who stated that,
although neurons therein were resistant to silver impregnations,
the cluster of neurons was composed of large, polygonal cells as
revealed by aniline-stained specimens. Only a laconic statement
about them was made: “neurons with large nuclei, surrounded
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FIGURE 18 | Pre-embedding immunocytochemistry for glutamic acid

decarboxylase, isoform 67 in the alpha component of the anterior

olfactory nucleus. (A) Adjacent to an unlabeled soma (S) an immunoreactive
synaptic terminal (asterisk) can be seen. (B) Somata of an unlabeled (S2) and
an immunoreactive (S1) neuron. Note the high electron density of the
amorphous material (asterisks) corresponding to immunoreactivity. i. High

magnification view of the immunoreactive material assoaciated with the
cisternae of the Golgi apparatus. (C) A labeled juxta-somatic synapse
(asterisk) adjacent to an axo-spinous terminal that is devoid of
immunoreactivity. S, soma. (D) A putative axo-somatic bouton positive for
GAD67 (asterisks); note the emergency of a cilium at the periphery of the
soma (S). Uranium-lead contrast, adult rat brain.

by a cytoplasm with fine granular chromatin resembling local
association neurons, but having been unable to impregnate them
with silver chromate, we ignore their structural characteristics
and their connectivity as well” (Ramón y Cajal, 1904), closing
by stating that this “foco de neuronas grandes” might corre-
spond to short-axon neurons (“corpúsculos de Golgi”) displaced
from the granule cell layer of the AOB.” In subsequent studies
the same cell group was ascribed to an anterior component of
the AON and, more recently, Valverde et al. (1989) termed it the
alpha component of the AON. Actually the latter authors work-
ing in hedgehog specimens reported, for the first time, that the

aAON was composed of pyramidal cells wedged between the M
and AOB; no short-axon neurons were noted. Our study con-
firms this observation and extends it to the adult rat, mouse
and guinea pig, thereby adding further cytological characteristics
about the pyramidal-like neurons in these species. Furthermore, a
set of aAON neurons corresponds to typical short-axon cells (vide
infra), suggesting that the internal circuitry may involve the same
fundamental elements as the cortical units, described by Lorente
de Nó (1949), namely, afferent fibers, short-axon, and projecting
neurons. Our electron microscopic observations disclosed further
information regarding the synaptic organization of the nuclear
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neuropil at the subcellular level as well as the mode of termination
of putative inhibitory terminals showing GAD immunoreactivity
(see Barbaresi, 2005). All together, these observations are rele-
vant for the eventual understanding of both the internal nuclear
circuitry and its physiological involvement. Lastly, the morpho-
metric analysis of neuron-somata measurements indicates a dif-
ference between the dAON and aAON (see Brunjes et al., 2011)
that, coupled with the difference of their overall appearance in
both rapid-Golgi and aniline-stained specimens might underlie
dissimilar physiological involvement.

FUNCTIONAL CORRELATES FOR THE aAON
In physiological terms, virtually nothing it is known about the
aAON; however, some straightforward correlates, consisting with
the structure and interactions of this nucleus can be made. In
fact, afferent fiber systems that send terminal axonal fields or
axon collaterals to aAON neurons derive from the deep bulbar
white matter and from the LOT itself. Because the bulbar core
white matter conducts fibers arising from the AON at either side
of the brain (Valverde, 1965; DeCarlos et al., 1989; Yan et al.,
2008), and because the LOT conducts fiber systems arising from
the MOB and AOB, a mandatory working hypothesis is that the
aAOB decodes olfactory information, perhaps that related to both
the main and accessory olfactory systems. The growing concept
that olfactory glomeruli in the MOB project centrally, ipsi-, and
contra-laterally in a highly ordered fashion (Yan et al., 2008;
Stowers and Logan, 2010; see Baum, in this volume), opens the
attractive possibility of defining the glomerular and central inter-
actions of the aAOB (see DeCarlos et al., 1989), which would be
a fundamental step towards defining the functional role of the
aAON.

NOVEL DOMAINS, NOVEL NEURONS?
It has long been assumed that the heterogeneous class of interneu-
rons lying in the deep olfactory bulb (i.e., granule cell and internal
cellular layers of the MOB and AOB, respectively) belongs to the
“deep short-axon neurons” (López-Mascaraque et al., 1986, see
Kosaka and Kosaka, 2011). Having added some candidates to
this broad category it seems reasonable to outline our normative
foundation to classify them into specific cell types (Larriva-Sahd,
2008, 2010; Paredes and Larriva-Sahd, 2010). Most neurons of the

central nervous system are profusely interconnected by numerous
pathways. This richness of connections is due not only to the high
number of neurons and pathways but also to the branching of the
axons and their collaterals and to the overlap between the fields of
distribution of the branches from different axons (Lorente de Nó,
1938). Unlike most mammalian non-neural epithelial cells that
exhibit a relative simple cellular interaction with their homologs,
neurons, although alike, may usually be surrounded by discreet
yet remarkably different driving influence, the influence indulge
by axonal inputs. Thus, defining the distribution of the neuron’s
dendritic and axonal fields is a crucial step, for the ultimate under-
standing of the functional role of a neuron (Miles et al., 1996;
DeFelipe, 2002). Therefore, it is fair to assume that two neu-
rons with a nearly identical structural and immunohistochemical
properties but associated with dissimilar bulbar areas and hence,
with different fiber and cellular domains, should assume differ-
ent functional roles. The top panels of Figure 6 reproduce three
interneurons that, on the sole basis of their somato-dendritic
structure, might initially be classed in the same group (i.e., deep,
short axon neurons). Indeed, all of them possess a spindle-or
pear-shaped soma and give rise to various dendrites with few,
or devoid of spines. However, if further dendritic and axonal
criteria (i.e., topography, shape and dimensions) are added to
the somato-dendritic picture, the former grouping would be too
general or even simplistic. With these supporting arguments, we
decided to classifying these neurons as separate entities. In pré-
cis, although the short axon-interstitial neurons of the bulbi,
the main-accessory cell (see Pressler and Strowbridge, 2006;
Larriva-Sahd, 2008), and the medullary interneuron (Paredes and
Larriva-Sahd, 2010), and the interneuron described here in the
aAOB, share somato-dendritic features between them, their asso-
ciation with distinct fiber systems and putative synaptic targets
justify to classify them as separate entities.

ACKNOWLEDGMENTS
This work is dedicated to the memory of Professor Edward (Ted)
G. Jones. supported by a grant from PAPIT: IN206511. The
author thanks Gema Martínez Cabrera for her careful techni-
cal help and Dr. Dorothy Pless for her effective revision of the
manuscript.

REFERENCES
Barbaresi, P. (2005). GABA-

immunoreactive neurons and
terminals in the cat periaqueductal
gray matter: a light and electron
microscopic study. J. Neurocytol. 34,
371–487.

Brunjes, P. C., Kay, R. B., and
Arrivillaga, J. P. (2011). The
mouse olfactory peduncle. J. Comp.
Neurol. 519, 2870–2886.

DeCarlos, J. A., López-Mascaraque,
L., and Valverde, F. (1989).
Connections of the olfactory bulb
and nucleus olfactorius anterior in
the hedgehog (Erinaceus europaeus).
J. Comp. Neurol. 279, 601–618.

DeFelipe, J. (2002). Cortical interneu-
rons: from Cajal to (2001). Prog.
Brain Res. 136, 215–238.

Doetsch, F., García-Verdugo, J. M., and
Álvarez-Buylla, A. (1997). Cellular
composition and three-dimensional
organization of the subventricular
germinal zone in the adult mammal
brain. J. Neurosci. 17, 5046–5061.

Eyre, M. D., Antal, M., and Nusser,
Z. (2008). Distinct deep short-axon
cell subtypes of the main olfac-
tory bulb provide novel intrabulbar
and extrabulbar GABAergic con-
nections. J. Neurosci. 28, 8217–8229.

Feldman, M. (1984). “Morphology of
the neocortical pyramidal neuron,”

in Cerebral Cortex, Vol. 1, eds A.
Peters and E. G. Jones (New York,
NY: Plenum Press), 123–200.

Fuss, S. H., Omura, M., and
Mombaerts, P. (2005). The
Grueneberg ganglion of the mouse
projects axons to glomeruli in the
olfactory bulb. Eur. J. Neurosci. 22,
2649–2654.

Greer, C. A., Stewart, W. B., Teicher,
M. H., and Shepherd, G. M.
(1982). Functional development
of the olfactory bulb and a unique
glomerular complex in the neonatal
rat. J. Neurosci. 2, 1744–1759.

Grueneberg, H. (1973). A ganglion
probably belonging to the N.

Terminalis system in the nasal
mucosa of the mouse. Z. Anat.
Entwicklungsgesch. 140, 39–52.

Hirata, Y. (1964). Some observa-
tions on the fine structure of the
synapses in the olfactory bulb of
the mouse, with particular ref-
erence to the atypical synaptic
configuration. Arch. Histol. Jpn. 24,
293–302.

Honda, N., Sakamoto, H., Inamura,
K., and Kashiwayanagi, M. (2008).
Changes in Fos expression in the
accessory olfactory bulb of sexually
experienced male rats after exposure
to female urinary pheromones. Eur.
J. Neurosci. 27, 1980–1988.

Frontiers in Neuroanatomy www.frontiersin.org June 2012 | Volume 6 | Article 23 | 132

http://www.frontiersin.org/Neuroanatomy
http://www.frontiersin.org
http://www.frontiersin.org/Neuroanatomy/archive


Larriva-Sahd Microscopic organization of the olfactory limbus

Kosaka, T., and Kosaka, K. (2011).
“Interneurons” in the olfactory bulb
revisited. Neurosci. Res. 69, 93–99.

Kosaka, T., and Kosaka, K. (2007).
Heterogeneity of nitric oxide
syntetase-containing neurons in the
mouse olfactory bulb. Neurosci. Res.
57, 165–178.

Larriva-Sahd, J. (2004). Juxtacapsular
nucleus of the stria terminalis of the
adult rat: extrinsic inputs, cell types,
and neuronal modules: a com-
bined Golgi and electron micro-
scopic study. J. Comp. Neurol. 475,
220–237.

Larriva-Sahd, J. (2006). A histologi-
cal and cytological study of the
bed nuclei of the stria terminalis
of the adult rat. II. Oval nucleus:
extrinsic inputs, cell types, and neu-
ronal modules. J. Comp. Neurol. 497,
772–807.

Larriva-Sahd, J. (2010). Chandelier
and interfascicular neurons in the
adult mouse piriform cortex. Front.
Neuroanatomy 4:148. doi: 10.3389/
fnana.2010.00148

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 olfac-
tory system. J. Comp. Neurol. 510,
309–350.

Lledo, P. M., Merkle, F. T., and Alvarez-
Buylla, A. (2008). Origin and func-
tion of olfactory bulb interneuron
diversity. Cell 31, 392–400.

Lohman, A. H. M., and Mentink, G. M.
(1969). The lateral olfactory tract
and the anterior commissure, and
the cells of the olfactory bulb. Brain
Res. 12, 396–413.

Lohman, A. H. M. (1963). The ante-
rior olfactory lobe of the guinea pig.
Acta. Anat. 45, 9–109.

Lorente de Nó, R. (1938). Analysis
of the activity of the chains

of internuncial neurons. J.
Neurophysiol. 1, 207–244.

Lorente de Nó, R. (1949). “Cerebral
cortex: architecture, intracortical
connections, motor projections,”
in Physiology of the Nervous
System, ed J. F. Fulton (New York,
NY: Oxford University Press),
288–312.

López-Mascaraque, L., De Carlos, J. A.,
and Valverde, F. (1986). Structure
of the olfactory bulb of the
hedgehog (Erniaceus europaeus):
description of cell types in the
granule layer. J. Comp. Neurol. 253,
135–152.

Macrides, F., and Davis, B. J. (1983).
“The olfactory bulb,” in Chemical
Neuroanatomy, ed P. C. Emson
(New York, NY: Raven Press),
391–426.

Martel, K. L., and Baum, M. (2009).
A centrifugal pathway to the mouse
accessory olfactory bulb from the
medial amygdale conveys gender-
specific volatile pheromonal signals.
Eur. J. Neurosci. 29, 368–376.

Miles, R., Toth, K., Gulyas, A. I.,
Hajos, N., and Freund, T. F. (1996).
Differences between somatic and
dendritic inhibition in the hip-
pocampus. Neuron 16, 815–823.

Paredes, G., and Larriva-Sahd, J.
(2010). Medullary neurons in the
core white matter of the olfactory
bulb: a new cell type. Cell Tissue Res.
339, 281–295.

Pereno, G. L., Balaszczuk, V., and
Beltramino, C. A. (2011). Detection
of conspecific pheromones elicit fos
expression in GABA and calcium-
binding cells of the rat vomeronasal
system-medial extended amyg-
dala. J. Physiol. Biochem. 67,
71–85.

Pressler, R. T., and Strowbridge, B.
W. (2006). Blanes cell mediate per-
sistent feedforward inhibition onto

granule cells in the olfactory bulb.
Neuron 49, 889–904.

Ramón y Cajal, S. (1904). “Corteza
Olfativa,” in Textura del Sistema
Nervioso Central del Hombre y
los Vertebrados Vol. 2, Imprenta y
Librería Nicolás Moya, España.

Ring, G., Mezza, R. C., and Schwob,
L. E. (1997). Immunohistochemical
identification of discrete subsets
of rat olfactory neurons and the
glomeruli that they innervate. J.
Comp. Neurol. 388, 415–434.

Senba, E., Simmons, D. M., and
Swanson, L. W. (1990). Localization
of neuropeptide precursor-
synthesizing neurons in the rat
olfactory bulb: a hybridization
histochemical study. Neuroscience
38, 629–641.

Shinoda, K. Y., Shiotani, Y., and Osawa,
Y. (1989). “Necklace olfactory
glomeruli” form unique compo-
nents of the rat primary olfactory
system. J. Comp. Neurol. 284,
362–373.

Stowers, L., and Logan, D. W. (2010).
Olfactory mechanisms of sterotyped
behavior: on the scent of specialized
circuits. Curr. Opin. Neurobiol. 20,
274–280.

Teicher, M. H., Stewart, W. B., Kauer,
J. S., and Shepherd, G. (1980).
Suckling pheromone stimulation
of a modified glomerular region in
the developing rat olfactory bulb
revealed by the 2-deoxyglucose
method. Brain Res. 194, 530–535.

Toida, K., Kosaka, K., Heizmann,
C. W., and Kosaka, T. (1996).
Electron microscopic serial-
secrioning/reconstruction study of
parvalbumin-containing neurons in
the external plexiform layer of the
rat olfactory bulb. Neuroscience 72,
449–466.

Valverde, F., López-Mascaraque, L., and
De Carlos, J. A. (1989). Structure

of the nucleus olfactorius ante-
rior of the hedgehog (Erinaceus
europaeus). J. Comp. Neurol. 279,
581–600.

Valverde, F. (1965). Studies of the
Pyriform Lobe. Cambridge, MA:
Harvard University Press.

Xu, F., Schafer, M., Kida, I., Schafer,
J., Liu, N., Rothman, D. L., Hyder,
F., Restrepo, D., and Shepherd, G.
M. (2005). Simultaneous activa-
tion of mouse main and acces-
sory olfactory bulbs by odors and
pheromones. J. Comp. Neurol. 489,
491–500.

Yan, Z., Tan, J., Qin, C., Lu, Y., Ding,
C., and Luo, M. (2008). Precise
circuitry links bilaterally symmet-
ric olfactory maps. Neuron 58,
613–624.

Conflict of Interest Statement: The
author declares that the research
was conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.

Received: 21 May 2012; paper pend-
ing published: 01 June 2012; accepted:
06 June 2012; published online: 27 June
2012.
Citation: 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
Copyright © 2012 Larriva-Sahd. This is
an open-access article distributed under
the terms of the Creative Commons
Attribution Non Commercial License,
which permits non-commercial use, dis-
tribution, and reproduction in other
forums, provided the original authors
and source are credited.

Frontiers in Neuroanatomy www.frontiersin.org June 2012 | Volume 6 | Article 23 | 133

http://dx.doi.org/10.3389/fnana.2012.00023
http://dx.doi.org/10.3389/fnana.2012.00023
http://dx.doi.org/10.3389/fnana.2012.00023
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://www.frontiersin.org/Neuroanatomy
http://www.frontiersin.org
http://www.frontiersin.org/Neuroanatomy/archive


REVIEW ARTICLE
published: 24 December 2012

doi: 10.3389/fnana.2012.00050

Mutual influences between the main olfactory and
vomeronasal systems in development and evolution
Rodrigo Suárez1,2 †, Diego García-González3 † and Fernando de Castro 3*
1 Queensland Brain Institute, The University of Queensland, St Lucia, Brisbane, QLD, Australia
2 Departamento de Biología, Facultad de Ciencias, Universidad de Chile, Santiago, Chile
3 Grupo de Neurobiología del Desarrollo-GNDe, Hospital Nacional de Parapléjicos-SESCAM, Toledo, Spain

Edited by:
Jorge A. Larriva-Sahd, Universidad
Nacional Autónoma de México,
Mexico

Reviewed by:
Alino Martinez-Marcos,
Universidad de Castilla, Spain
Jorge A. Larriva-Sahd,
Universidad Nacional Autónoma de
México, Mexico

*Correspondence:
Fernando de Castro, Grupo de
Neurobiología del Desarrollo-GNDe,
Hospital Nacional de Parapléjicos,
Finca “La Peraleda” s/n,
E-45071 Toledo, Spain.
e-mail: fdec@sescam.jccm.es
†These authors equally contributed
to this work.

The sense of smell plays a crucial role in the sensory world of animals. Two chemosensory
systems have been traditionally thought to play-independent roles in mammalian olfaction.
According to this, the main olfactory system (MOS) specializes in the detection of
environmental odorants, while the vomeronasal system (VNS) senses pheromones and
semiochemicals produced by individuals of the same or different species. Although
both systems differ in their anatomy and function, recent evidence suggests they act
synergistically in the perception of scents. These interactions include similar responses
to some ligands, overlap of telencephalic connections and mutual influences in the
regulation of olfactory-guided behavior. In the present work, we propose the idea that
the relationships between systems observed at the organismic level result from a
constant interaction during development and reflects a common history of ecological
adaptations in evolution. We review the literature to illustrate examples of developmental
and evolutionary processes that evidence these interactions and propose that future
research integrating both systems may shed new light on the mechanisms of olfaction.

Keywords: odorant, pheromone, neuroethology, neurogenesis, axon guidance, cell migration, cerebral cortex

THE HYPOTHESIS OF DUAL OLFACTION
The ability to sense the chemical landscape has played an impor-
tant role in animal evolution. The sensory systems involved in
vertebrate chemoreception have specialized and diversified fol-
lowing a close relationship with the ecological conditions that
animals face throughout both ontogeny and phylogeny. These
two systems have been traditionally regarded as functional and
anatomically independent, involving parallel processing of dis-
tinct sets of molecules, related to different behavioral contexts and
involving distinct telencephalic connections [for specific review,
see Ache and Young (2005)]. Consequently, this long held view
has suggested that the processing of environmental odors occurs
exclusively by the main olfactory system (MOS) and pheromones
by the vomeronasal system (VNS). Therefore, the notion of “dual
olfaction” refers to these seemingly independent paths of pro-
cessing distinct stimuli resulting in distinct types of behaviors
(Winans and Scalia, 1970; Scalia and Winans, 1975). However,
in spite of anatomical and functional differences, recent findings
strongly suggest that the MOS and VNS play synergistic roles
in the regulation of a range of olfactory-guided behaviors, from
foraging and defensive contexts to reproductive and social inter-
actions, and show overlap in some of their central projections [for
specific reviews, see Buck (2000); Dulac and Torello (2003); Ache
and Young (2005); Baum (2012)].

We will discuss here the hypothesis that the synergistic actions
of the MOS and VNS in vertebrates are not limited to olfactory
perception and regulation of behavior, but they are also inti-
mately related (1) during ontogeny, by sharing molecular and

cellular processes, and (2) during phylogeny, by showing similar
adaptations to changing ecological scenarios.

GENERAL STRUCTURE OF THE MAMMALIAN OLFACTORY SYSTEMS
In the MOS, a group of olfactory sensory neurons (OSN) located
at the roof of the nasal cavity [mainly at the olfactory epithe-
lium (OE), plus two additional regions known as the Grüneberg
ganglion and the septal organ] project to glomerular neuropil
at the olfactory bulb [OB; Figure 1A; for a specific review, see
Fleischer and Breer (2010)]. The OE consists of multiple lam-
inar folds of neuroepithelium, where volatile molecules come
into contact with the mucosa during either passive respiration or
active sniffing. Each OSN extends multiple cilia into the mucous
lining of the neuroepithelium, where only one olfactory receptor
gene is expressed. Their activation triggers a cAMP cascade and
the activation of cyclic nucleotide-gated and calcium-activated
chloride channels [for a review, see Mombaerts (2004)]. There
are millions of OSNs 1 in the OE, each of them expresses just
one of ∼1000 olfactory receptor genes (it is the largest gene
family within mammalian genomes; Buck and Axel, 1991), and
those OSNs expressing the same receptor (∼5000–10000 neu-
rons) converge their axons to a single glomeruli at each half
of the OB (Ressler et al., 1994; Vassar et al., 1994; Strotmann,
2001; Strotmann et al., 2004; Mombaerts, 2006; de Castro, 2009;
Martínez-Marcos, 2009). Thus, each of the ∼2000 glomeruli of

1The estimated number of OSNs is 5–10 million in rodents and humans and
up to 50 million in rabbits.
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FIGURE 1 | Schematic representation of the main olfactory (MOS) and

vomeronasal systems (VNS) in mice. (A) Sensory neurons of the MOS
are located in the nasal cavity at the olfactory epithelium (OE), Grüneberg
ganglion (GG), and septal organ (SO), from where they send projections to
the OB. Neurons of the VNS are located in the vomeronasal organ (VNO)
and send axonal projections to the accessory olfactory bulb (AOB).
(B) Central projections of the OB (pink and orange) terminate at the
anterior olfactory nucleus (AON), tenia tecta (TT), olfactory tubercule (OT),

piriform cortex (Pir), nucleus of the lateral olfactory tract (NLOT), anterior
cortical nucleus (ACN) and posterolateral cortical nucleus (PLCN) of the
amygdala, and entorhinal cortex (ENT). Central projections of the VNS are
shown in dark gray, the accessory olfactory bulb (AOB) projects to the bed
nucleus of the stria terminalis (BNST), the bed nucleus of the accessory
olfactory tract (BAOT), the medial amygdala anteroventral (MEAav),
posterodorsal (MEApd), posteroventral (MEApv), and posteromedial cortical
nucleus (PMCN).

the OB represents convergent projections of OSNs expressing the
same receptor and is innervated by the apical dendrite of a sin-
gle mitral/tufted cell (Mombaerts, 2006). This organization has
been regarded as a “labeled line” of olfactory processing (Luo
and Katz, 2004), as each mitral cell represents the activation of
a single type of olfactory receptor and, after horizontal process-
ing by periglomerular and granular interneurons, project to the
telencephalic structures collectively known as olfactory cortex
(OC; see below).

Conversely, the vomeronasal organ (VNO) is a close-ended
tubular structure, located bilaterally at the base of the nasal
septum, which opens to the mouth and/or nostrils, allowing
influx of fluids containing pheromones by a vascular pumping
mechanism performed by exploring animals (Meredith et al.,
1980). Vomeronasal sensory neurons (VSNs) expose microvilli
to the lumen of the VNO where they express a different subset
of G-protein coupled receptors, either V1R or V2R, associated
to either Gαi2 or Gαo proteins, and project to rostral or cau-
dal regions of the accessory olfactory bulb (AOB), respectively
(Dulac and Axel, 1995; Berghard and Buck, 1996; Herrada and
Dulac, 1997; Matsunami and Buck, 1997; Ryba and Tirindelli,
1997; Buck, 2000; Dulac and Wagner, 2006). Sensory transduc-
tion involves the activation of the IP3/DAG cascade and TRPC2
channels (Zufall et al., 2005). VRNs of apical or basal subdo-
mains of the VNO express one receptor protein out of ∼200 V1R
or 80 V2R genes, respectively. However, in the AOB, each VSN
projects to 6–30 glomeruli and each mitral cell innervates 3–9
glomeruli from neurons expressing the same or genetically related
receptors (Belluscio et al., 1999; Rodríguez et al., 1999; Del Punta
et al., 2002; Wagner et al., 2006; Larriva-Sahd, 2008). Therefore, it
seems that sensory coding follows different rules between both
chemosensory systems, with the VNS showing a high degree
of synaptic integration from distinct receptors, possibly relating

with a highly synthetic role in discerning qualitative aspects of
pheromones (Holy et al., 2000; Luo et al., 2003; Ben-Shaul et al.,
2010; Isogai et al., 2011).

The projections of the OB and AOB are remarkably different.
The OB projects to the anterior olfactory nucleus, taenia tecta,
olfactory tubercle, piriform cortex, anterior and posterolateral
amygdaloid nuclei, and the lateral part of the entorhinal cor-
tex. All of these projections form the medial and lateral olfactory
tract (LOT), which also contains the equivalent efferents from the
AOB (Figure 1B; Devor, 1976; Shipley and Adamek, 1984; Greer,
1991; Butler and Hodos, 2005; de Castro, 2009; Martínez-Marcos,
2009).

Recent studies have confirmed the existence of different
projection patterns of OB efferents. Axons from mitral cells
project widely to the OC, including the entire piriform cor-
tex, while axons from tufted cells project to the more rostral
structures, including the anterior portion of the piriform cor-
tex (Haberly and Price, 1977; Nagayama et al., 2010; Fukunaga
et al., 2012). These differences are related to different acti-
vation of mitral and tufted cells in response to OSN inputs
and, consequently, diversify OB activity and processing signals
on their way to the OC, ameliorating odorant discrimination
(Fukunaga et al., 2012). The tertiary efferents from the OC
structures can be summarized as follows: the piriform cortex
projects to the endopiriform nucleus (connected, in turn, with the
medial or vomeronasal amygdala, see below), the entorhinal cor-
tex projects mainly to the hippocampus (forming the perforant
path), and the olfactory amygdala project to the vomeronasal
amygdaloid nuclei (Kang et al., 2009; Martínez-Marcos, 2009).
In contrast, the AOB projects to medial striatal and subcortical
amygdaloid nuclei, named the vomeronasal amygdala (Figure 1B;
Winans and Scalia, 1970; Scalia and Winans, 1975; Devor, 1976;
Shipley and Adamek, 1984; Price, 1986; Martínez-Marcos, 2009;
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Kang et al., 2011). The VNS seems to preserve some segregation
between the areas of the AOB receiving input from VSNs
expressing different vomeronasal receptors and their telen-
cephalic projections (Mohedano-Moriano et al., 2007; Martínez-
Marcos, 2009). The nuclei in receipt of AOB projections send
tertiary projections exclusively to other structures of the VNS
(including the AOB) and hypothalamic nuclei, with scarce fibers
from the posteromedial amygdala making synapses on the hip-
pocampal formation. Interestingly, there is a high degree of
integration of centrifugal projections from nuclei in receipt of
both OB and AOB projections (Mohedano-Moriano et al., 2007,
2008, 2012; Martínez-Marcos, 2009).

Despite the evidence supporting behavioral and anatomical
differences between the MOS and the VNS, recent studies have
shown an important overlap in the responses of each system to a
range of ligands (odorants and pheromones), in the expression of
receptors and other signaling components, in their telencephalic
projections, and in their physiological and behavioral responses,
prompting a review of the hypothesis of “dual olfaction” as it
was originally raised [for specific reviews, see Brennan and Zufall
(2006); Baum and Kelliher (2009)].

ONTOGENETIC PERSPECTIVES: THE DEVELOPMENT OF THE
MAIN OLFACTORY AND VOMERONASAL SYSTEMS
Early in embryogenesis, the olfactory placode differentiates from
the lateral surface ectoderm of the vertebrate head and gives
rise to the sensory neurons reviewed in this work (OSNs and
VSNs), as well as to gonadotropin-releasing hormone (GnRH)
neurons (Schwanzel-Fukuda and Pfaff, 1989; Wray et al., 1989;
Forni et al., 2011). All other olfactory and vomeronasal structures
are telencephalic derivatives. A summary of the major events in
development of these structures (i.e., neurogenesis-proliferation,
cell migration and differentiation, axonal guidance and synap-
togenesis) is illustrated in Figure 2, using the mouse time scale
[for specific reviews, see López-Mascaraque and de Castro (2002,
2004); de Castro (2009)].

FATE DETERMINATION OF OLFACTORY AND VOMERONASAL
SENSORY NEURONS
As discussed above, the olfactory placode gives rise to three
major neuron classes: OSNs, VSNs, and GnRH neurons. Despite
growing evidence for the functional importance of these cell
types, many aspects of their biology, such as the regulation of
their cell fate and the molecular interactions at the OE as a
neurogenic niche, remain poorly understood. These processes
have become a subject of increasing interest as they may help
unravel important questions regarding CNS regeneration, such
as the production and functional integration of newborn neurons
throughout ontogeny [for a specific review, see Schwob (2002)].
The functional identity of OSNs and their pattern of projec-
tions to the OB depend on the selective expression of a single
olfactory receptor (Lomvardas et al., 2006). However, the over-
all identity of OSN precursors in subregions of the OE is affected
by the graded expression of a set of molecules that act in a dose-
dependent manner (Tucker et al., 2010). Although this graded
pattern of expression reflects major differences between precursor
cells in the lateral and medial portions of the OE, the existence

FIGURE 2 | Schematic representation of the spatio-temporal

neurogenic pattern and its connections within the olfactory systems

during embryonic development in the mouse. (A) At approximately
embryonic day 9.5 (E9.5), the olfactory placode starts to form with the first
signs of neurogenesis in the presumptive OE, while the first neurons are
generated by E11 at the OB and by E10 at the OC. (B) The first axons
emerging from the olfactory placode are identified before E10.5, and they
form clear olfactory and vomeronasal nerves between E11 and E12, which
form synapses in the OB and AOB around E13.5 (dotted lines suggest the
first axons from the VNO arriving into the AOB). (A) First LOT axons (AOB)
are observed between E11.5 and E12 and (B) LOT covers the OC surface by
E13.5. (C) Axon collaterals emerge from the LOT in gross amount E15.5,
colonizing the OC structures. (D) OSN axons, diffusely innervating the OB
at E13.5, reorganize topographically innervating protoglomeruli by E17.5
in a process which extends until postnatal stages (not illustrated). The
maturation of synapses between OSN and OB neurons occurs by E17–E18,
while AOB synapses mature by the end of the first postnatal week (not
illustrated). The definitive OB and AOB layering depends on the arrival of
the prospective interneurons generated in their neurogenic niche at the
forebrain SVZ (see text for details).

of transition zones in the OE supports a combinatorial effect of
factors modulating OSN fate choice (Tucker et al., 2010).

During early development of the olfactory pits, the expres-
sion of several molecules, such as the zinc-finger transcription
factors Fezf1 and Fezf2, begins to differ between the presump-
tive vomeronasal and main olfactory regions. As early as E10.5,
Fezf1 is expressed in both the OE and VNO, while Fezf2 expres-
sion is restricted to the VNO. By birth, Fezf1 becomes almost
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exclusively present in the OE, while Fezf2 retains its expression in
the VNO (Figure 3; Eckler et al., 2011). Another zinc-finger tran-
scription factor, BCl11b/Ctip2, plays an important role in the fate
determination of VSNs into one of the two vomeronasal subtypes
(Enomoto et al., 2011).

The development of OSNs and VSNs depends on complex
interactions among proliferative and pro-differentiation tran-
scription factors, sharing similar differentiation processes ruled
by the neurogenic bHLH transcription factors Mash1, Ngn1,
and NeuroD, which are sequentially expressed by neuronal
progenitors, precursors, and differentiating neurons, respec-
tively (Figure 3; Guillemot et al., 1993; Cau et al., 1997, 2002;
Murray et al., 2003; Beites et al., 2005; Tucker et al., 2010;
Enomoto et al., 2011; Packard et al., 2011; Suárez, 2011).
These shared mechanisms may indicate that the genetic machin-
ery involved in the maturation of functional chemosensory
neurons has been conserved throughout evolution of both
sensory systems. The frontal-nasal mesenchyme secretes essen-
tial inductive signals for the early development of the olfactory
placode: the strong morphogen FGF-8 instructs the olfac-
tory primordium to express high levels of Meis1 (mainly at
the lateral OE), as well as Sox-2 and Ascl1 genes (mainly at
the medial OE). Altogether, these transcription factors reg-
ulate the differentiation from multipotent precursors to the
three types of postmitotic neurons (Figure 3). Consequently,
Meis1-expressing OE precursors have been recently implicated
as the initial source of OSNs, VSNs, and GnRH neurons
(Tucker et al., 2010).

ZONAL SEGREGATION AND AXONAL PATHFINDING TO OB
AND AOB GLOMERULI
Although the identification of olfactory receptors in the growth
cones of the OSNs gave rise to speculations about their potential
role in axon guidance, the relative contribution of these molecules
versus the role of early sensory activity on olfactory targeting
remains far for conclusive (Feinstein and Mombaerts, 2004; Priest
and Puche, 2004; Mombaerts, 2006; Hovis et al., 2012). Most of
these guidance processes relies on the orchestration of secreted
chemoattractants orienting olfactory axons on their mesodermic
way to the OB (such as HGF, retinoic acid, Wnt5a, with the col-
laboration of the adhesion molecule PSA-NCAM) as well as the
intra bulbar gradients of both chemoattractants (IGF-1, Sema 3F)
and chemorepellents (Sema 3A, Slit-1 and -2), which determine
the pattern of OB glomeruli innervation (Figure 4Aa1; López-
Mascaraque and de Castro, 2002; St John et al., 2002; Schwarting
and Henion, 2008; de Castro, 2009; Imai, 2012).

On the contrary, relatively little is known about AOB glomeru-
lus innervation. Depending on their basal-apical location, VSN
axons express or not a battery of receptors (neuropilin-2, robo-1,
ephA6) that affect their responses to the preliminary Sema 3F-
due fasciculation and, once at the target, the production of Slit-1
(anterior part) or Slit-3/ephA6 (posterior part) within the AOB
(Figures 4Aa2–a3).

Altogether, the available data reflect shared mechanisms
between both systems in the organization of the first synaptic
relay (secreted semaphorins and slits), as well as mechanisms
that seem exclusive of the MOS (secreted morphogens—retinoic

FIGURE 3 | Transcription factors controlling generation and maturation

of OSN and VSN. The OSN (top) and VSN (bottom) lineages are illustrated
in parallel. Inhibitory feedback mechanisms are proposed to be acting on

intermediate progenitor cells by mature neurons as well as regulation of stem
cell pool by intermediate progenitors. See text and references therein for
further explanations.
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FIGURE 4 | Molecules involved in the formation of the olfactory and

vomeronasal nerves and the LOT. (A) Sagittal section of the rodent
forebrain representing the olfactory structures. Panel (a1) represents the
wiring between the OE and the OB, where each OSN expresses a single
olfactory receptor gene and the axons from all cells expressing that particular
receptor converge onto one or a few glomeruli (GL) in the OB. Molecules
secreted from the OB form the olfactory nerve are represented as “+” when
they attract/promote axon growth and as “−” when they repel/inhibit it.
Spatial IGF-1, Sema 3A, Sema 3F, and Slit-1 gradients are crucial to address
axons to their zonal targets within the OB. Panels (a2 and a3) show in detail

the VNO and the AOB structures and their connections, with layer-specific
representation of the cues involved in the process. (B) Schematics showing
the spatial relationship of the centripetal projections from the OB (in green)
and AOB (in blue) to their recipient structures in the cortex. Abbreviations:
AOB, accessory olfactory bulb; AON, anterior olfactory nucleus; GL,
glomerular layer; GrL, granule layer; LOT, lateral olfactory tract; ML, mitral cell
layer; OB, olfactory bulb; OE, olfactory epithelium; OEG, olfactory
ensheathing glia; ON, olfactory nerve; OSN, olfactory sensory neuron; RMS,
rostral migratory stream; SVZ, subventricular zone; OT, olfactory tubercle;
VNO, vomeronasal organ.

acid, Wnt, IGF-1, HGF-, the adhesion cue PSA-NCAM) or of the
VNS (ephrins).

NEUROGENESIS AND CELL MIGRATION IN THE OLFACTORY
FOREBRAIN
One of the most striking characteristics of the olfactory sys-
tem is that active physiological neurogenesis occurs throughout
ontogeny. While in the OE new OSNs are generated to replace
those dying, in the subventricular zone (SVZ) of the forebrain
new interneuron precursors are generated which migrate and
integrate in both the OB and AOB [Figure 5; for a specific
review see Lledó et al. (2008)]. Both neurogenic processes start
early in development (by E10.5 in a mouse-based chronology;
Figures 2, 5) and the latter shows peaks just before (E17) and after

birth (P2–P7), giving rise to its mature aspect a short time after
that. By P15, the astrocytic channels allowing the migration of
chains of newly generated neuroblasts are present (Petreanu and
Álvarez-Buylla, 2002). Slit-2 forces neuroblasts to leave the SVZ
neurogenic niche and (with the actions of motogenic and attrac-
tive anosmin-1, FGF-2, and HGF) migrate to form the rostral
migratory stream (RMS), before reaching its mature aspect with
astrocytic channels (Hu, 1999; Wu et al., 1999; Garzotto et al.,
2008; García-González et al., 2010; Murcia-Belmonte et al., 2010).
These active neurogenic processes make the OB an interesting
model for the study of physiological plasticity in the adult brain.
While fast-growing axons from newly generated OSNs project
toward their respective OB glomeruli, a comparatively smaller
contingent of newly generated interneurons (periglomerular and
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FIGURE 5 | Schematic representation of SVZ and GnRH neuroblast

migration within the olfactory system. (A) During development,
neuroblasts originated in the lateral ganglionic eminences migrate toward the
OB (red cells). GnRH-1 neuroblasts (green cells) generated in the OE follow
the olfactory and vomeronasal axons on their way to the hypothalamus. (B) In
the adult, the contingent of migrating SVZ neuroblasts (in red) forms the RMS
toward the OB, whereas GnRH neurons (in green) are located in several
areas comprising the preoptic area and the hypothalamus. The inset on the

right illustrates the aspect of mature RMS, with the chains of migrating
neuroblasts (in red) advancing among astrocytic channels (in yellow). Once
they reach the OB, SVZ neuroblasts migrate radially to their final targets
within the OB (left panel). Abbreviations: EP, external plexiform layer; GL,
glomerular layer; GCL, granule layer; LOT, lateral olfactory tract; M, mitral
cells; OB, olfactory bulb; OE, olfactory epithelium; OSN, olfactory sensory
neuron; RMS, rostral migratory stream; SVZ, subventricular zone; VNO,
vomeronasal organ.

granule cells) differentiate and develop synaptic connections to
integrate in functional micro-circuits, modulating firing proper-
ties of projection neurons (Belluzzi et al., 2003). Interestingly, the
rate of arrival and maturation of new OB afferents from the OE is
almost identical during postnatal development and in maturity,
while the maturation of newly generated interneurons is remark-
ably slower in adults than in young animals (Carleton et al., 2003;
Lemasson et al., 2005; Grubb et al., 2008; Lledó et al., 2008).
The nature of the different dynamics of integration of new func-
tional units from both neurogenic niches remains a challenge
for researchers. However, the constant exposure of OSNs to the
environment may imply high death rates, requiring a continuous
renewal to assure reliable connections to the OB, while interneu-
ron generation and replacement in the OB may relate to distinct
olfactory memory capabilities/requirements throughout life and
would be necessary to balance death of OB interneurons (Grubb
et al., 2008; Mouret et al., 2009). This kind of olfactory perpetuum
mobile converging in the OB perhaps makes it the CNS structure
with the highest and most complex degree of synaptic plasticity,
a particularity that would be taken as a reflection of what has

been suggested for the developing OB (López-Mascaraque and de
Castro, 2002, 2004).

GnRH NEURONS: OLFACTORY INTERACTIONS AND NEUROENDOCRINE
CONTROL OF BEHAVIOR
Three different GnRH forms have been detected in vertebrates,
each encoded by a different gene: GnRH-1 (the hypothala-
mic form, present in chromosome 8 in humans), GnRH-2 (the
midbrain form in many mammals but not in mice or rats),
and GnRH-3 (the nervous terminalis–telencephalic, primarily in
teleosts), and only the first one appears to be associated to olfac-
tory sensory pathways or KS pathogeny (Whitlock, 2005; Wray,
2010).

GnRH-1 neuroblasts display a second migratory process: once
generated in the nasal pit, they follow olfactory and vomeronasal
axons and enter the forebrain on the way to their final physio-
logical location in the preoptic area and hypothalamus (Figure 4;
Schwanzel-Fukuda and Pfaff, 1989; Wray et al., 1989). FGF8 is
involved in the induction and differentiation of the mouse nasal
placode and the loss of this morphogen results in the absence
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of VSN and GnRH-1 neurons (Kawauchi et al., 2005; Chung
and Tsai, 2010). In agreement with this, out of all the different
receptors involved in migration, FGFR1 is expressed by both SVZ
and GnRH-1 neuroblasts to respond to FGF2- and/or anosmin-1
to reach the OB and the hypothalamus, respectively, during
development (Cariboni et al., 2004; Gill et al., 2004; García-
González et al., 2010). This capital role of FGFR1-signaling is
also maintained in the SVZ neurogenic niche during adulthood
(Figure 4). Indeed, the lack of migration of GnRH-1 neurons
forms the basis of the hypogonadotropic hypogonadism observed
in Kallmann syndrome, a genetic disorder from either FGFR1
and/or anosmin-1 gene disruption, which also results in anosmia
(Dodé et al., 2003; Dodé and Hardelin, 2009).

The neuroendocrine GnRH-1 system is essential for vertebrate
reproduction. In mammals, the number of GnRH-1-secreting
neurons is low (∼800 in the mouse), scattered from the OB
to the hypothalamus, where the majority of them sends their
axons to the medial eminence of the pituitary gland (Schwanzel-
Fukuda and Pfaff, 1989; Wray et al., 1989). There, the pulsatile
release of GnRH-1 to the portal capillary system controls secre-
tion of gonadotropins from cells in the anterior pituitary and,
consequently, the gonadal function (Gore, 2002; Foster et al.,
2006).

As discussed in detail in the following section, mating behavior
is dependent on chemosensory inputs from the MOS and VNS,
whose central pathways contain fibers and cell bodies of GnRH-
1 neurons. For instance, GnRH-1 can excite or inhibit neurons
at the medial preoptic area (Pan et al., 1988), facilitate or sup-
press chemosensory responses in the amygdala (Westberry and
Meredith, 2003); and stimulation of GnRH-1 receptors can cause
short-term facilitation of sexual behavior (Dorsa and Smith, 1980;
Sakuma and Pfaff, 1983). More recently, two independent tracer
studies have shown that GnRH-1 neurons integrate to both MOS
and VNS structures, primarily in the piriform cortex and the
olfactory and vomeronasal amygdala (Boehm et al., 2005; Yoon
et al., 2005). Consistent with this, some of these neurons in
the vomeronasal (medial) amygdala are activated when female
mice are exposed to the pheromone alpha-farnesene (produced
by males in urine), inducing oestrus (Novotny, 2003; Boehm
et al., 2005). Some neurons in the anterior cortical nucleus of
the olfactory amygdala, mainly innervated by OB projection neu-
rons (Dulac and Wagner, 2006) are activated by this pheromone,
which suggests the involvement of the MOS in the response to
pheromones, and raises the possibility that signals representing
the same chemical, but originated separately in the OE and the
VNO, may converge onto the same cortical neurons (Boehm et al.,
2005). The presence of feedback loops between the hypothalamus
and both the MOS and the VNS suggest that the neuroen-
docrine status of the animal may also modulate perception of
these substances. Despite the relatively low number of GnRH-1
neurons, they have been reported to receive synaptic input from
at least 10000 neurons in 26 different areas of the brain (including
both MOS and VNS, but also regions involved in sexual behav-
ior, arousal, reward, etc.) and send synaptic contacts to up to
50,000 neurons in 53 different brain areas involved in odor and
pheromone processing, hunger, sexual behavior, defensive behav-
ior, motility, etc. (Boehm et al., 2005). Altogether, these findings

may suggest a mechanism in which GnRH-1 neurons integrate
diverse information regarding the internal state of the animal and
its external environment, modulating reproductive physiology
and diverse functions to maximize reproductive success (Boehm
et al., 2005).

EARLY EXPOSURE TO SCENTS IN THE DEVELOPMENT OF
CHEMOSENSORY SYSTEMS
At birth, pups are exposed to a new and rich olfactory world
that signal the position of their siblings, their mother, and the
milk she provides. This chemical landscape is particularly rele-
vant for altricial species, such as mice and rats, which are born
with poorly developed visual and auditory senses and rely heav-
ily on olfactory cues. Olfactory lesions in newborn pups lead to
starvation by deficient nipple search and suckling behaviors, as at
least more than half intact functional OMP+-OSNs are required
to display these behaviors (Kawagishi et al., 2009). Suckling pups
whose mothers are scented with artificial odorants develop a
long-lasting preference for those scents (Hudson et al., 2002;
Sevelinges et al., 2009), suggesting that olfactory imprinting is
important for the development of adult olfactory preferences
(Moriceau and Sullivan, 2005). Interestingly, the formation of
early olfactory memories is associated with different emotional
values with increasing relevance of the environmental context
during the transition from full mother-dependence to weaning
(Moriceau and Sullivan, 2006).

Early olfactory experience, possibly even before birth, may
produce long-lasting effects in both the MOS and VNS (Garrosa
et al., 1998; Hovis et al., 2012). Indeed, urine-derived pheromones
applied to immature VSN in vitro induce proliferation and sur-
vival of progenitors, with the concurrent phosphorylation of Erk,
Ark, and Creb genes (Xia et al., 2010). Similarly, exposure of
young pups to mice urine of a different strain abolishes the
development of adult preference to their own strain and pro-
motes epigenetic alterations in vomeronasal receptor genes and
other proteins involved in chemosignaling. This suggests that the
early semiochemical landscape plays an instructive role in shap-
ing the receptive profile of maturing VSNs (Broad and Keverne,
2012). Similarly, early postnatal chemoreception affects the for-
mation of specific connections between OSN and OB glomeruli,
olfactory learning capabilities, and olfactory receptor turnover
(Zou et al., 2004; Kerr and Belluscio, 2006; Sawada et al., 2011).
Moreover, OSN maturation coincides with the development of
sensory selectivity during the first 2–3 weeks of age, and electrical
activity at the OB is required for OSN plasticity and maintenance
(Lee et al., 2011).

MUTUAL INTERACTIONS IN THE REGULATION OF SEXUAL BEHAVIOR
As previously discussed, the existence of a functional inde-
pendence between the olfactory and VNSs has been assumed
for many years. However, it has recently been contradicted by
new data providing evidence that the MOS is directly involved
in pheromone-evoked behavior and endocrine responses, while
the VNS regulates sex-specificity of the behavioral responses
(Dulac and Kimchi, 2007). Whereas total bulbectomy abolishes
both mating and aggressive behaviors, VNO surgical removal
or chemical-induced OE ablation alone provokes more specific
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effects, suggesting the direct involvement of both the MOS and
the VNS in the mediation of the neuroendocrine response to
predator odors (Masini et al., 2010). More recently, selective
genetic inactivation of OE has shown to be a useful tool to address
this question. The genetic ablation of a cyclic nucleotide-gated
channel (only expressed in most OSNs but not in VSNs) or
type III adenylyl-cyclase activity (which blocks OSN signaling)
in male mice leads to impaired sexual behavior and dimin-
ished aggressive responses toward intruders (Wong et al., 2000;
Mandiyan et al., 2005; Yoon et al., 2005; Wang et al., 2006).
Furthermore, in a different set of experiments, OB mitral cells in
female mice were activated by a pheromone compound of male
mouse urine (MTMT), suggesting the direct role of the MOS in
pheromone detection (Lin et al., 2005). In summary, these results
provide direct evidence that the MOS is required for the detection
of some pheromones involved in sexual and aggressive behaviors.

Together with this, genetic ablation of the TRPC2 channel,
essential for VNO-mediated pheromone signaling, causes several
behavioral abnormalities in mice, consisting of indiscriminate
courtship and mounting of males toward both males and females,
and to the absence of aggression to male intruders (Leypold et al.,
2002; Stowers et al., 2002). However, these male mice are able
to display a normal mating behavior with females. These data
demonstrate that VNS activity is not obligatory for launching
mating behavior although it is necessary for sex discrimination
and aggression between males.

EVOLUTIONARY PERSPECTIVES: PHYLOGENETIC
INTERACTIONS UNDER CHANGING ECOLOGICAL
CONSTRAINTS
We have discussed that both chemosensory systems arise from
similar pools of immature cells in spatially segregated regions
of the developing nasal cavity, and that early developmental
interactions regulate their differentiation into anatomically and
functionally defined sensory systems with a partial overlap in
their responses to ligands and central projections. In this section,
we propose that the structure and function of these systems, as we
observe today in extant mammals, are the result of mutual inter-
actions under changing ecological scenarios, which can be traced
back to their origins in the evolution of vertebrates.

EVOLUTION OF VERTEBRATE OLFACTION: UNDERWATER SMELLING
Genomic analyses have shown the presence of intact olfac-
tory receptor genes in amphioxus, suggesting that vertebrate-like
olfaction was already present in early chordates, more than 500
million years ago (Churcher and Taylor, 2009; Grus and Zhang,
2009; Niimura, 2009), possibly having evolved from a group of
genes present in the ancestors of protostomates and deuterostom-
ates (Churcher and Taylor, 2011). Cyclostomes, such as hagfishes
and lampreys, are the earliest extant chordates to show a dis-
tinctive olfactory system (Eisthen and Polese, 2007). Adult lam-
preys rely on olfaction for finding prey and sexual partners (Van
Denbossche et al., 1997; Sorensen et al., 2005; Osório and Rétaux,
2008). However, it is not clear whether distinct neuronal struc-
tures are involved in distinct behaviors. The OSNs of lampreys
project to a well-defined OB (Thornhill, 1967; Laframboise et al.,
2007), and a subgroup of them, located at a structure termed

accessory olfactory organ, terminate in medial domains of the OB
(Ren et al., 2009). Interestingly, the lamprey genome has intact
V1R and TRPC2 genes (Grus and Zhang, 2009), suggesting the
evolution of alternative olfactory subsystems in early chordates
(Figure 6A).

Both main olfactory and vomeronasal components are
expressed in the OE of the teleost fishes in a structure known
as olfactory rosette, through which water flows from the ante-
rior and posterior nostrils. Distinct chemosensory neurons have
been found to express ORs (Ngai et al., 1993a,b), V2Rs (Cao
et al., 1998; Naito et al., 1998; Asano-Miyoshi et al., 2000; Pfister
and Rodriguez, 2005), and V1Rs (Pfister and Rodriguez, 2005).
Although fish do not present a compartimentalized VNO as
in tetrapods, both ORs- and V1R-expressing neurons are spa-
tially segregated in the OE (Hansen et al., 2004). Moreover, their
projections to the OB terminate in non-overlapping glomeru-
lar domains (Sato et al., 2005), from where projecting neurons
contacting each OE cell type project to the telencephalon in
segregated bundles (Hamdani and Døving, 2007).

SCENTS CARRIED BY THE WIND: THE EVOLUTION OF TETRAPOD
OLFACTION
Air breathing is thought to have evolved in early bony fish
(Sarcopterygii) with the ability of gulping air into primitive lungs,

FIGURE 6 | Evolution of the vertebrate MOS and VNS. Cladogram
showing the phylogenetic relationships of vertebrate species and relevant
events related to the evolution of the MOS and VNS (A) according to the
following numbers: 1, presence of a primitive olfactory system; 2, evolution
of the classical vertebrate olfactory receptor (OR) genes; 3, evolution of the
olfactory projections and origin of V1R and TRPC2 genes; 4, origin of V2R
genes; 5, expression of ORs, V2R, and V1R in the OE; 6, origin of a
distinctive VNS (VNO-AOB-MeA projection); 7, segregation of vomeronasal
pathways; shift in receptor ratios associated to land colonization; 8,
differential expression of G-proteins in aquatic vs. terrestrial species; 9,
reduction of OR gene repertoire in aquatic species; 10, loss of the VNS in
Archosauria; 11, expansion of vomeronasal structures in lepidosaurs; 12,
evolution of bird-specific OR genes; 13, expansion of OR gene repertoire in
terrestrial/nocturnal birds. (B) Evolution of the mammalian MOS and VNS.
Cladogram showing the phylogenetic relationships of mammalian species
and relevant events related to the evolution of the MOS and VNS. 1,
Two-pathway segregated VNS, AOB dorsal to the OB; 2, amplification of
V1R genes; 3, non-exclusive segregation of AOB glomeruli expressing Gαi2

and Gαo proteins; 4, loss of the V2R—Gαo pathway; 5, pseudogenization of
OR genes; 6, loss of the vomeronasal system; 7, loss of the OBs; 8, lateral
AOB innervation and cell indentation between AOB subdomains.
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possibly as an adaptation to drops in atmospheric oxygen dur-
ing the Middle and Late Devonian (Packard, 1974; Clack, 2007).
Later increases in atmospheric levels of oxygen, concurrent with
the colonization of land by plants, insects, and the evolution
of shallow and fresh water habitats, may have further fostered
aerial respiration in primitive lungfish and the diversification of
tetrapods (Graham et al., 1995; Holland, 2006). Airborne sub-
stances may have acquired behavioral relevance after the fusion
of the posterior nostrils into the mouth, forming the tetrapod-
characteristic choana, allowing the flux of air into the olfactory
cavity (Zhu and Ahlberg, 2004). This acquired ability may have
further fostered the specialization of both the main olfactory and
VNSs to distinct ecological contexts. In fact, lungfish (Protopterus
sp.) possess the most ancient form of distinctive segregation
between olfactory and vomeronasal pathways from the nose to
the brain (González et al., 2010; Nakamuta et al., 2012; Northcutt
and Rink, 2012). In accordance with this notion, Eisthen (1997)
proposed that the evolution of the VNS was not associated to
the evolution of terrestrial habits, as fully aquatic salamanders
have a functional VNS. We advance this idea by proposing that
the origin of vomeronasal components occurred in aquatic verte-
brates before the split of lungfish and amphibians, and that the
ability to take air into the nostrils may have allowed bimodal
olfactory functions and promoted further specializations in
both systems.

Amphibians display a rich diversity of behaviors involving the
concerted action of the MOS and VNS (Eisthen, 1992, 1997; Park
et al., 2004; Eisthen and Polese, 2007; Houck, 2009; Woodley,
2010). Evidence for a shift from fully aquatic to partially aerial
olfaction came from the studies of Freitag et al. (1995), who
described in Xenopus laevis three separate chemoreceptive cham-
bers: the VNO, and the lateral (LD) and medial diverticulum
(MD) of the OE. Both MOE diverticula are separated by a valve-
like structure that allows the entrance of water to the LD or air
to the MD for underwater and aerial olfaction, respectively. These
OE subdomains show expression of ORs associated to waterborne
(class I ORs) and airborne (class II ORs) chemoreception, respec-
tively. Furthermore, while fully aquatic teleost fish have mostly
class I ORs, coelacanths (Sarcopterygii) and amphibians have
both OR classes (Freitag et al., 1998; Mezler et al., 2001; Niimura
and Nei, 2005).

Thus far, the macroevolutionary transition from aquatic to
aerial respiration in tetrapods involved a change in the reper-
toire of chemosensory elements, influencing the specialization of
both olfactory and vomeronasal sensory systems. Evidence for
this comes from genomic studies reporting a shift in the expres-
sion of ORs and VRs, with different affinities for waterborne and
airborne molecules, during the evolution of terrestrial habits in
vertebrates (Shi and Zhang, 2007).

The evolution of the amniotic sac further prompted the col-
onization of land by vertebrates, resulting in an increased inde-
pendence to water resources for laying eggs. This allowed the
diversification of chemosensory systems associated to life on
land. Interestingly, species that returned to aquatic habits tend
to lose olfactory functions. This has been reported in aquatic
turtles, which show a reduction in functional OR genes as com-
pared with terrestrial species (Vieyra, 2011). Similarly, sea snakes

have less OR functional genes than terrestrial snakes; this genetic
deterioration is more pronounced in viviparous than oviparous
sea snakes, as laying eggs on land might rely more on a keen sense
of smell than underwater delivery of alive newborns (Kishida and
Hikida, 2010).

The interactions between the MOS and VNS are particularly
evident in olfactory behaviors of diapsid reptiles. For example,
the VNS of squamates (snakes and lizards) not only participates in
intraspecific socio-sexual interactions, but also plays a fundamen-
tal role in finding prey (Cooper, 1996). Actively foraging snakes
and lizards can follow the odorous trail of prey by performing
tongue flicks, which deliver semiochemicals to the VNO through
bilateral openings in the palate (Halpern and Kubie, 1980). In
garter snakes (Thamnophis sirtalis), tongue-flicking behavior is
often preceded by activation of the MOS, reflecting integration
of both chemosensory modalities in predatory contexts (Halpern
et al., 1997; Zuri and Halpern, 2003). The AOB projects to the
vomeronasal amygdala, whose size reaches up to one third of total
brain volume in some species, while the OB projects to the rostro-
medial pallium, septum medialis, and lateral cortex (Halpern and
Martinez-Marcos, 2003; Ubeda-Bañon et al., 2011).

Birds and their closest living relatives, crocodiles, lack a
VNS. It has been postulated that the loss of vomeronasal struc-
tures dates back to the common ancestor of archosaurs (Senter,
2002). The complete lack of vomeronasal receptors in the chick
genome (Shi and Zhang, 2007), further suggest an ancient loss
of vomeronasal function. On the other hand, the relative size of
the OBs in fossil and extant species suggests that olfaction has
played an important role in the evolution of non-avian thero-
pod dinosaurs and birds (Zelenitsky et al., 2011). Although the
proportion of intact OR genes in birds is lower than in lizards,
a recent expansion of a bird-specific OR gene family (Steiger
et al., 2008), in addition to higher rates of OR diversification
in nocturnal terrestrial birds (Steiger et al., 2009), suggest that
olfaction in birds is more important than commonly thought
(Figure 6A). In fact, olfaction in birds participates in recognition
of gender (Balthazart and Taziaux, 2009) and individual iden-
tity of conspecifics (Coffin et al., 2011), as well as in foraging
(Mardon et al., 2010) and navigation behavior (Gagliardo et al.,
2011).

OLFACTION IN MAMMALS: SENSORY CONVERGENCES TO SIMILAR
ECOTYPES
Fossil skull endocasts of basal mammaliforms from the Early
Jurassic of China suggest that the evolution of the mammalian
brain underwent a sequence of olfactory adaptations (Rowe et al.,
2011). Similarly, olfaction has been proposed to have played an
important role in the evolution of the isocortex of early mammals
(Aboitiz et al., 2003).

The constant interactions between the MOS and the AOS
during mammalian evolution are revealed by sharing similar pat-
terns of diversification, between systems and between species,
under similar ecological conditions. For example, the evolution
of trichromatic vision in apes, and the perceptual changes asso-
ciated to it, has been related to the sequential deterioration
of vomeronasal components (Liman and Innan, 2003; Zhang
and Webb, 2003). In some bats, the evolution of alternative
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Ungulates like sheep and goats have, like many other mammalian species, two
complementary olfactory systems. The relative role played by these two systems has long
been of interest regarding the sensory control of social behavior. The study of ungulate
social behavior could represent a complimentary alternative to rodent studies because
they live in a more natural environment and their social behaviors depend heavily on
olfaction. In addition, the relative size of the main olfactory bulb (MOB) [in comparison to
the accessory olfactory bulb (AOB)] is more developed than in many other lissencephalic
species like rodents. In this review, we present data showing a clear involvement of the
main olfactory system in two well-characterized social situations under olfactory control in
ungulates, namely maternal behavior and offspring recognition at birth and the reactivation
of the gonadotropic axis of females exposed to males during the anestrous season. In
conclusion, we discuss the apparent discrepancy between the absence of evidence for
a role of the vomeronasal system in ungulate social behavior and the existence of a
developed accessory olfactory system in these species.

Keywords: maternal behavior, sociosexual interactions, olfactory systems, male effect, olfactory learning,

vomeronasal organ

INTRODUCTION
The sense of smell is of primary importance for social recognition
among mammals and is mediated by the main and the acces-
sory olfactory systems. These olfactory systems differ both in their
organization and in their function. The main olfactory system is
involved in the processing of volatile odors detected at the level of
the main olfactory epithelium in the nasal cavity. Sensory neu-
rons send axons to glomerular cell layer of the main olfactory
bulb (MOB) where they synapse with dendrites of mitral and
tufted cells. The olfactory information is then conveyed to sev-
eral primary olfactory structures including the anterior olfactory
nucleus, the olfactory tubercle, the piriform cortex, the postero-
lateral cortical amygdala, or the entorhinal cortex (Petrulis, 2009).
By contrast, the accessory olfactory system is involved in the
detection of non-volatile odors through receptors localized in the
epithelium of the vomeronasal organ (VNO). These receptors
synapse onto mitral cells of the accessory olfactory bulb (AOB)
which then project mainly to the medial amygdala (Halpern and
Martínez-Marcos, 2003). The olfactory information then reaches
the hypothalamus at the level of various structures including the
medial preoptic area or the bed nucleus of the stria terminalis
(Scalia and Winans, 1975).

Although the processing of olfactory information between
both systems is largely independent, many levels of convergence
are found between them, for example, directly at the level of
the olfactory bulb (Larriva-Sahd, 2008) or more downstream

at the level of the amygdala (Licht and Meredith, 1987; Kang
et al., 2009). Therefore, a recurrent problem in olfactory func-
tional studies is to elucidate the role played by each olfactory
system, as well as their interactions, in the detection of olfac-
tory information and in the regulation of social behavior (Keller
et al., 2009). For example in mice, the main olfactory system
can respond to 2-heptanone, a molecule known to participate
to mouse social communication, but this chemosignal also acti-
vates the accessory olfactory system (Xu et al., 2005). Conversely,
volatile pheromones like farnesene or dimethylpyrazine, known
to be detected by the main olfactory system can also trigger
cellular activation in the mice vomeronasal epithelium (Leinders-
Zufall et al., 2000).

Most of our current knowledge on the involvement of the
main and the accessory olfactory systems in the regulation of
behavior comes from studies using very few species, mostly mice
and rats living in artificial laboratory environment. However,
given the wide variety of organization of both olfactory systems
(Mesiami and Bhatnagar, 1998), it is likely that the respective
roles played by both olfactory systems vary across mammalian
species. Studying the olfactory control of social behavior in ungu-
lates (especially sheep and goat) could represent a complimentary
alternative to rodent studies because ungulates, even farm ani-
mals like sheep, live in a more natural environment and their
social behaviors depend heavily on olfaction (Gelez and Fabre-
Nys, 2004; Lévy et al., 2004). In addition, ungulates constitute an

Frontiers in Neuroanatomy www.frontiersin.org September 2012 | Volume 6 | Article 39 |

NEUROANATOMY

148

http://www.frontiersin.org/Neuroanatomy/editorialboard
http://www.frontiersin.org/Neuroanatomy/editorialboard
http://www.frontiersin.org/Neuroanatomy/editorialboard
http://www.frontiersin.org/Neuroanatomy/about
http://www.frontiersin.org/Neuroanatomy
http://www.frontiersin.org/Neuroanatomy/10.3389/fnana.2012.00039/abstract
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=MatthieuKELLER&UID=1336
http://community.frontiersin.org/people/LevyFrederic/29112
http://www.frontiersin.org/Neuroanatomy
http://www.frontiersin.org
http://www.frontiersin.org/Neuroanatomy/archive


Keller and Lévy Olfactory systems and social behavior in ungulates

additional interesting model because the relative size of the MOB
(in comparison to the AOB) is also more developed than in many
other lissencephalic species like rodents.

In this review, we highlight the role of both olfactory systems
in two well-studied social situations in sheep and goats, mater-
nal behavior and sexual behavior (the so called “male effect”)
and we then discuss the general involvement of both systems in
the regulation of ungulates social behavior and in comparison to
rodents.

OLFACTORY SYSTEMS INVOLVED IN MATERNAL BEHAVIOR
In sheep, the establishment of maternal behavior is under the
major influence of amniotic fluids which cover the lamb at
birth. An important shift toward amniotic fluid is observed
across pregnancy and parturition: while repelled by amniotic
fluid throughout pregnancy, ewes become highly attracted to
amniotic fluid around parturition (Lévy et al., 1983). This attrac-
tion mediates the attraction to the newborn because parturient
ewes are more attracted to a model lamb smeared with amni-
otic fluid than the same model without amniotic fluid (Vince
et al., 1985). In addition, when newborn lambs are washed to
eliminate amniotic fluids at birth, maternal behavior is often dis-
rupted, especially in inexperienced females (Lévy and Poindron,
1987). This rapid shift toward amniotic fluid is mediated by
chemosensory stimuli. Indeed, when testing females in a context
where the attraction/repulsion to amniotic fluid was not depen-
dent on the presence of the lamb (test of food choice between
two troughs containing food where one troughs where one trough
was contaminated with amniotic fluid), it has been shown that
females receiving an injection of zinc sulfate in the main olfactory
cavity which destroys the main olfactory epithelium are neither
repelled by nor clearly attracted to amniotic fluid (Lévy et al.,
1983). By contrast, vomeronasal nerve section does not affect
these attraction–repulsion responses to amniotic fluid (Lévy et al.,
1995).

In sheep, the respective roles of the main and accessory olfac-
tory systems to the display of maternal behavior were investigated
in primiparous females. Anosmic mothers spent less time lick-
ing their neonates and emitted fewer maternal bleats (Lévy et al.,
1995). On the other hand, mothers with only lesions of the VNO
showed little disturbance of maternal care, thus underlying the
importance of the main olfactory system in the establishment of
maternal behavior at parturition.

In addition to the strict expression of maternal care, the estab-
lishment of a selective bond within the first few hours after par-
turition represents one of the essential characteristics of maternal
behavior in precocial species such as ungulates. Numerous stud-
ies consistently indicate that olfaction plays a primary role in
ewes’ selective acceptance of lambs for nursing (Poindron and Le
Neindre, 1980; Poindron et al., 1993). When females were ren-
dered hyposmic through the use of zinc sulfate to destroy the
olfactory epithelium, (Poindron, 1976; Romeyer et al., 1994; Lévy
et al., 1995) or by sectioning the olfactory nerves (Morgan et al.,
1975), females show no selective preference for their own young
and nursed alien young indiscriminately. Similar results have been
obtained in goats (Romeyer et al., 1994; Poindron et al., 2007).
By contrast, the accessory olfactory system appears not to be

involved in offspring recognition since the section of the accessory
olfactory nerves does not induce deficits on the establishment of
maternal selectivity in sheep (Lévy et al., 1995).

Ewes develop a selective bond with their newborn offspring,
even when direct physical contact is prevented, providing that
they have access to the lamb’s salient odor (Poindron and Le
Neindre, 1980; Romeyer et al., 1993; Otal et al., 2009), thus
suggesting that lamb’s olfactory signature is partly volatile. The
recognizable odor profile of a lamb reflects a complex mosaic
of chemical by-products of bodily processes. Indeed, a list of
133 volatile organic compounds associated with the wool of
Döhne Merino lambs that are presumably involved in offspring
recognition has been recently identified (Burger et al., 2011).
Quantitative analysis and comparison of odor profiles reveal
that the wool volatiles of twins are remarkably similar but
that they differ from those of other twins or non-twin lambs.
Unfortunately, when alien lambs are dressed in jackets sprayed
with synthetic mixtures formulated to match the chemical com-
position of the scents of the ewes’ own lambs, ewes reject these
alien lambs (Burger et al., 2011).

The functional role of the MOB has been confirmed using
various pharmacological, neurochemical, and electrophysiologi-
cal approaches. Electrophysiological recordings from MOB mitral
cells were first performed in awake ewes before and after birth
(Kendrick et al., 1992). During pregnancy, none of the MOB
mitral cells respond to lamb related odors (lamb, amniotic
fluids. . . ), but they respond to food odors. After birth, there is
a noticeable increase in the number of mitral cells that responded
to lamb odors, suggesting that the change in salience of the lamb
odor that occurs at parturition is mediated by a shift in olfactory
cell responsivity. Interestingly, among these MOB mitral cells, a
small propotion responded preferentially to the odor of the famil-
iar lamb, showing that already at the level of the MOB, a coding
for the familiar lamb odor takes place.

Microdialysis analyses reveal that these changes in electrical
properties of MOB mitral cells at parturition are the conse-
quences of changes in the release of two neurotransmitters, the
inhibitory gamma-amino-butyric-acid (GABA) and the excita-
tory glutamate within the MOB. Once ewes establish a selective
bond with their lambs after parturition, the odors of familiar
lambs, but not those of unfamiliar ones, increase the release
of both transmitters. Infusion of the GABAa receptor antago-
nist bicuculline in the MOB prevents lamb recognition once it
has been formed. Therefore, it is hypothesized that the general
increase of GABA refines the olfactory signal by inhibiting MOB
mitral cells with the exception of those processing the odor of the
familiar lamb.

A dramatic increase of noradrenaline release also occurs dur-
ing the learning of lamb odor (Lévy et al., 1993). Lesions of
noradrenergic projections to the MOB or direct infusions of
ß-adrenergic antagonist reduce the number of ewes developing
the olfactory memory, without disrupting maternal care to the
lamb (Pissonnier et al., 1985; Lévy et al., 1990). Contrary to the
inhibitory effects of GABA on MOB mitral cell activity, the release
of noradrenaline at birth induces the disinhibition of MOB mitral
cells, thus allowing potentiation of the glutamatergic system by
the retrograde messenger, nitric oxide (Kendrick et al., 1997).
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In addition to these neurochemical changes, olfactory neuro-
genesis could provide another mechanism through which olfac-
tion can contribute to lamb recognition. The olfactory bulb is
a brain region where new neurons are continuously added dur-
ing adult life. Production of new cells occurs at the level of
the sub-ventricular zone (SVZ; Lois and Alvarez-Buylla, 1994;
Doetsch et al., 1997, 1999) which contains neuronal stem cells
that generate neuroblasts which then migrate through the rostral
migratory stream toward the MOB. Once in the MOB, neurob-
lasts migrate radially in the different layers of the MOB, especially
in the granular cell layer and to a lower extent in the periglomeru-
lar cell layer where these cells start to differentiate into mature
GABAergic neurons expressing specific phenotypic markers such
as NeuN (Lledo et al., 2006). During maturation, it is noticeable
that around 50% of new cells die while the remaining half sur-
vives and is integrated into the olfactory network. This survival
is highly regulated by both external and internal factors (Lledo
and Saghatelyan, 2005). In sheep, as in rodents, neural stem cells
proliferate on the margins of the SVZ and a rostral migratory
stream is evidenced from the SVZ up to the MOB consisting
of neuroblasts which form chain-like structures. The neuroblasts
differentiate into mainly granular neurons once they have reached
the MOB (Brus et al., 2010, 2012). Unlike the SVZ of rodents,
the SVZ of sheep is particularly expanded to the open olfactory
ventricle in the MOB (Luzzati et al., 2003; Brus et al., 2010), sug-
gesting that the migration pathway of adult-born cells follows this
ventricle up the MOB. In addition, the time required for matura-
tion of adult-born cells in the sheep MOB is around four months,
much longer than that of rodents (Brus et al., 2012).

The capacity of the olfactory system to generate new interneu-
rons is thought to play an important function in social situations
where olfaction plays a pivotal role (Gheusi et al., 2009; Lévy et al.,
2011a). In the context of maternal behavior in sheep, regulation
of neurogenesis has been reported at the time of parturition and
according to mother-young interactions. Mothers having inter-
actions with their lamb for 2 days exhibit less cell proliferation in
the SVZ and fewer neuroblasts in the MOB in comparison to non-
pregnant females (Brus et al., 2010; Lévy et al., 2011b). Although
these results are correlational by nature, we hypothesize that this
down-regulation of neurogenesis could facilitate learning of lamb
odor by decreasing cell competition and favoring maturation of
surviving new neurons. Future work should validate this hypoth-
esis by using more functional approaches including for example
the use of anti-mitotic drugs such as Arabinofuranosyl Cytidine
(ara-C) and examine the behavioral consequences of the blockade
of adult olfactory neurogenesis.

Downstream to the level of the MOB, the identification of
activated brain regions during olfactory bonding confirms the
importance of the main olfactory system. Indeed, a comparison
of the c-fos mRNA expression in mothers exposed to a lamb
after parturition to non-gestant females receiving an artificial
vaginocervical stimulation (mimicking the expulsion of the fetus)
without being in contact with a lamb has been performed. It
showed an increase in Fos expression that was mainly restricted to
the main olfactory processing regions, i.e., the MOB, the piriform
cortex, the frontal medial cortex and the orbitofrontal cortex in
females exposed to lambs (Da Costa et al., 1997). Similar results

were obtained using Fos immunocytochemistry after exposing
intact selective mothers to their lamb and comparing them to
anosmic mothers showing no sign of individual lamb recognition
(Keller et al., 2004a).

Because the quantification of Fos expression is only a cor-
relational method, the functional role of some brain struc-
tures showing Fos activation during the formation of olfactory
lamb memory, were explored by using reversible pharmaco-
logical manipulation, revealing an important role for both the
medial and the cortical nuclei of the amygdala (Keller et al.,
2004b; Figure 1), which receive olfactory inputs from the MOB
(Meurisse et al., 2009). Infusion of the anaesthetic lidocaïne, dur-
ing the first 8 h post-partum, in either of these nuclei prevents
animals from learning to discriminate their own lamb from an
alien lamb and hence, both are permitted to suckle. This effect
does not result from a disturbance of maternal acceptance or from
an inability of memory retrieval.

Taken together, these results lead to the conclusion that the
main olfactory system is involved in the control of lamb recogni-
tion at parturition. However, results showing that the AOB shows
zif268 (an immediate early gene used as a marker of cellular acti-
vation) activation around parturition (Keller, 2003) and that the
cauterization of the VNO entrance impairs maternal selectivity
(Booth and Katz, 2000) raise the question of a possible involve-
ment of the accessory olfactory system in offspring recognition.
Because activation of AOB neurons requires a direct contact with
the odorant source (Luo et al., 2003), and ewes exposed to olfac-
tory cues but without any physical contact with the lamb develop
a selective bond, the involvement of AOB in maternal selectiv-
ity is unlikely. The fact that the VNO can be activated by small
volatile chemosignals (Leinders-Zufall et al., 2000; Trinh and
Storm, 2003) prompts a more precise comparison of the effects
of vomeronasal nerves section (Lévy et al., 1995) to those of cau-
terization of the vomeronasal duct (Booth and Katz, 2000). These
authors also report that zinc sulfate infusion is ineffective in dis-
rupting selectivity (Booth and Katz, 2000). However, regarding
the main olfactory system, this discrepancy is probably due to
methodological differences and to the small amounts of zinc sul-
fate solution used by Booth and Katz. Indeed, the application of
around 2 mL of 1.5% ZnSO4 solution per nostril induces incom-
plete lesions of the main olfactory epithelium in many animals
(in comparison with 50 mL of 1.5% ZnSO4 used by Poindron
et al.), therefore failing to induce anosmia in an reliable way. This
is, however, no longer the case when using a higher concentration
of zinc sulfate (2.5%, Poindron et al., 2003).

OLFACTORY SYSTEMS INVOLVED IN THE MALE EFFECT
In ungulates, the introduction of a male among seasonally anoe-
strous females results in activation of LH secretion (short-term
response) leading later to ovulation and sexual receptivity (long-
term response; Delgadillo et al., 2009). This phenomenon is
commonly known as the “male effect” and is frequently used
to advance and synchronize reproduction in sheep and goats.
Contact with the male is not necessary to observe the reactiva-
tion of the gonadotropic axis since the short-term response can be
fully mimicked by exposing the females to the male odor (Knight
and Lynch, 1980).
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FIGURE 1 | Simplified representation of the processing of olfactory

information in the case of both offspring recognition and male effect

in sheep. (A) In the case of offspring recognition, lamb odor is processed by
the main olfactory bulb and then by both the medial and cortical nuclei of the
amygdala, before to reach the medial preoptic area, which is involved in the
expression of maternal care and offspring acceptance at suckling. (B) In the

case of the male effect, the main olfactory bulb is also involved but then only
the cortical amygdala seems to be in charge of the processing of male odor.
The final output is the GnRH pulse generator at least partly localized in the
arcuate nucleus which controls LH pulsatility and the reactivation of the
gonadotrope axis. Arc, arcuate nucleus; CoA, cortical amygdala; MeA, medial
amygdala; MOB, main olfactory bulb; MPOA, medial preoptic area.

The chemosignal responsible for the reactivation of the female
gonadotropic axis seems to be a mixture of various compounds
which have only been partially identified. It has been shown that
the biological activity of the chemosignal requires the simultane-
ous presence of compound retained in both acid and neutral frac-
tions (Cohen-Tannoudji et al., 1994). Recent work has focused on
identification of the male odor in goats using changes in multiple
unit activity as a “real-time” bioassay of neural activity in female
goats (Hamada et al., 1996). This approach has yielded impor-
tant perspectives on the nature of the male odor in this species:
(1) odor production is dependent upon testosterone and is local-
ized to the head, neck, and shoulders of the male (Hamada et al.,
1996; Iwata et al., 2000; Wakabayashi et al., 2000); (2) the odor-
ant activity resides in the lipid fraction of fleece extract (Okamura
and Mori, 2005); (3) fleece odor from male sheep induces multi-
ple unit electrophysiological activity and an associated increase in
LH secretion in female goats (Ichimaru et al., 2008); and (4) 4
ethyloctanoic acid, the chemical responsible for the strong odor
of male goats, elicit LH activity only when left for several months
at room temperature (Iwata et al., 2003), suggesting a bacterial
fermentation of precursors.

The role of the main and the accessory olfactory systems have
been evaluated through lesioning or inactivating different regions
of the main or the accessory olfactory pathways. Destruction of

the main olfactory epithelium through intranasal administration
of zinc sulfate or inactivation of the cortical nucleus of the amyg-
dala by infusion of the anaesthetic lidocaine completely blocks
the neuroendocrine response to ram odor (Gelez and Fabre-Nys,
2004, 2006b; Gelez et al., 2004; Figure 1). By contrast, lesion of
the VNO or inactivation of the medial nucleus of the amygdala
does not disrupt the response of females (Cohen-Tannoudji et al.,
1989; Gelez and Fabre-Nys, 2006b).

Correlational studies using Fos immunocytochemistry to
reveal central activations triggered by male odors support the
view that the main olfactory system primarily conveys the male
odor. In sheep, when comparing groups exposed to a male, male
fleece, female fleece or no odor, the male or its odor significantly
increases Fos expression in the main olfactory system, espe-
cially the MOB and the cortical nucleus of the amygdala (Gelez
and Fabre-Nys, 2006a). However, the AOB, but no downstream
structures, express Fos immunoreactivity following exposure to
the ram odor. The AOB could play a minor role in the detec-
tion of the ram odor by activating the cortical nucleus of the
amygdala through their reciprocal connections (Meurisse et al.,
2009).

In goats, neuroendocrine activations by male odor involve the
kisspeptin system in the arcuate nucleus of the hypothalamus
(Hamada et al., 1996; Murata et al., 2009, 2011; Okamura et al.,
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2010). These kisspeptin cells are thought to be the intrinsic source
of the GnRH pulse generator which consequently leads to LH
release and ovulation. However, the olfactory system involved in
the modulation of kisspeptin neurons has not been explored in
the goat. The activation of the gonadotrope axis by male odor
is confirmed by the fact that at the downstream stage, exposure
to male odor is correlated with Fos activation of GnRH neurons
in sheep (Gelez and Fabre-Nys, 2006a).

In summary, it has been shown that in sheep, contrary to many
other species, the main olfactory system is primarily involved in
the processing of the olfactory signal emanating from the male
and that mediates a physiological response, while the accessory
olfactory system seems to be less engaged. This is in contrast
to rodents, where pheromonal cues are usually processed by the
vomeronasal system (Keller et al., 2009). For example, sexual
partner odor induces Fos activation in the AOB rather than the
MOB in mice (Halem et al., 2001). In the female rat, removal of
the VNO blocks the neuroendocrine response induced by male
urine (Beltramino and Taleisnik, 1983). To the best of our knowl-
edge, the few examples in which mammalian pheromonal signals
are detected and processed by the main olfactory system relates
to behavioral responses rather than physiological effects. This is
the case for the rabbit mammary pheromone that induces the
nipple search behavior (Hudson and Distel, 1983; Charra et al.,
2012) and for the chemosignals contained in boar saliva that elicit
receptivity posture in female pigs (Dorries et al., 1997).

A ROLE FOR VOMERONASAL OLFACTION IN UNGULATES?
The data presented in the context of maternal behavior as well
as those related to the male effect clearly support a key role for
the main olfactory system in ungulate social behavior. Evidence
showing an involvement of the vomeronasal system is scarce and
the only experiment claiming a role of the VNO in sheep offspring
recognition has raised methodological concerns.

However, ungulates are one of the animal taxa where a spe-
cific olfactory behavior that is thought to be dependent upon
the vomeronasal system, namely flehmen response, is widely
reported (Melese-d’Hospital and Hart, 1985). This behavior is
highly expressed at the time of mother–young interactions at
birth and during sexual encounters. Indeed, flehmen behavior is
evoked most readily by olfactory investigation of urine, vaginal,
or amniotic fluid secretions, and is believed to be involved in the
transport of fluid-borne chemical stimuli, such as sexual odors,
from the oral cavity to the VNO (Melese-d’Hospital and Hart,
1985).

At the neuroanatomical level, the VNO, the AOB, and the
“vomeronasal” amygdala have been identified and are quite well
developed in many wild and farm ungulate species (Kratzing,
1971; Salazar et al., 2007; Vedin et al., 2010). Both VNO and
AOB complete their morphological development around the last
third of the gestation period (Salazar et al., 2003), and a spe-
cific lectin for oligomeric N-acetylglucosamine labels the sensory
epithelium of the VNO, the vomeronasal nerves, and the nervous
and glomerular layers of the AOB before birth, thus suggesting
that the vomeronasal system may be able to function at or even
before birth (whereas in rodents this is precluded by the AOB not
completing its development before birth).

As in other species, in sheep the chemosignals are thought to
contact vomeronasal receptors in the VNO epithelium through
a pumping mechanism (Meredith et al., 1980; Melese-d’Hospital
and Hart, 1985). The morphological features of the vomeronasal
arteries and veins together with the existence of large autonomic
and sensory innervations suggest that these vessels function sim-
ilarly to erectile tissue (Salazar et al., 1998). The VNO sensory
epithelium of sheep was studied at the morphological level using
both optical and electronic microscopy (Kratzing, 1971) and
showed only slight differences to that of rodents. However, if
the vomeronasal system of ungulates seems to be perfectly func-
tional, it is striking to notice that at the molecular level its
importance seems to be quite reduced. Indeed, the ratio of the
volume of the vomeronasal epithelium to that of the whole VNO
in the goat is 8% in comparison to that found in the mouse
(Wakabayashi et al., 2002). The size of goat V1R gene family is
also smaller than that of rodent V1R gene families (Wakabayashi
et al., 2002). In addition, most goat V2R gene products may
not function as receptors since the V2R genes have multiple ter-
mination codons within their coding sequences (Wakabayashi
et al., 2002). As a whole, the possibility exists that the VNO
has evolved so that it has lost part of its role in the detection
of social odors in ungulates and therefore the main olfactory
system contributes mainly to the discrimination of these odors.
Interestingly, the expression of one gene receptor (gV1ra1) of the
V1R receptor family, a family of genes which is usually expressed
in the VNO of rodents, has been found to be expressed in the
main olfactory epithelium in goat (Wakabayashi et al., 2002,
2007).

The downstream organization of the vomeronasal system also
seems to be perfectly functional, even if some slight differences
with rodents can be noticed. First, the respective zone to zone
projection from the apical and basal sensory epithelium of the
VNO to the anterior and posterior part of the AOB, typical in
rodents, is not present in adult sheep (Salazar et al., 2007) and
goats (Takigami et al., 2000). With regard to the sheep AOB,
its size seems to be relatively small in comparison to the MOB
(Mesiami and Bhatnagar, 1998), and one of the AOB most promi-
nent anatomical features is the scarce population of mitral/tufted
cells and their dispersion (Salazar et al., 2007). A morphologi-
cal consequence is that there is no clear presence of a classical
plexiform layer in the stratification of the sheep AOB.

Finally, at the level of the central projections of the
vomeronasal system, it seems that the vomeronasal amygdala of
the sheep is as extensive as that of rodents (Jansen et al., 1998;
Lévy et al., 1999) and the existence of vomeronasal projections
to the medial amygdala has been documented (Jansen et al., 1998;
Meurisse et al., 2009) and suggest a role of the vomeronasal system
in ungulate social behavior.

In conclusion, the current knowledge on the regulation of
social behavior by the accessory olfactory system leads to an
apparent contradiction. Indeed, neuroanatomical characteriza-
tions suggest that despite a reduced relative size, the vomeronasal
system seems to be perfectly functional. By contrast, the behav-
ioral evidence regarding its function in social olfaction is scarce,
therefore advocating for further investigations in this area.
Particularly, the use of other behavioral situations than the ones
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explored so far could lead to a re-evaluation of the role of the
vomeronasal olfaction in the control of social behavior in ungu-
lates. For example, it is likely that vomeronasal olfaction could
play a more developed role in wild ungulates such as antelopes
or moose than in domesticated species (Deutsch and Nefdt, 1992;
Vedin et al., 2010).
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