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The functional cross-talk and 
structural interaction between the 
main and accessory olfactory bulbs 
is a central problem in mammalian 
sensory neurobiology. The early 
supposition that volatile substances 
and pheromones, most of them 
hydrosoluble molecules, are exclusively 
sensed and decoded by the main (MOS) 
and accessory olfactory systems (AOS), 
respectively, needs to be revised. In 
fact, a large number of structural and 
functional evidences accumulated 
during the last few decades, suggests 
that rather than separated entities, the 
MOS and AOS act synergically, bringing 
about physiological and behavioural 
responses. The goal of the present 
Research Topic was to gather original 
research studies and revision papers, 
performed by authoritative research 
groups that have recently contributed to 
the broad area of sensory neurobiology. 
Special attention should is given to 
contributions addressed to the MOB 
and AOB cross-talk, involving current 
developmental, neuroanatomical, and 
hodological techniques.
 

INTERACTIONS BETWEEN THE 
MAMMALIAN MAIN AND  
ACCESSORY OLFACTORY SYSTEMS

(A) Diagramatic representations of efferent fibers 
(arrows) from the main olfactory bulb following 
anterograde tracing injections (shaded in colors). (B) 
shows positions (dashed) in the lateral olfactory tract 
(lot) of bulbar efferents following tracer injections 
showed in (A).

Image taken from: Hintiryan H, Gou L, Zingg B, 
Yamashita S, Lyden HM, Song MY, Grewal AK, Zhang 
X, Toga AW and Dong H-W (2012) Comprehensive 
connectivity of the mouse main olfactory bulb: 
analysis and online digital atlas. Front. Neuroanat. 
6:30. doi: 10.3389/fnana.2012.00030 and 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

Topic Editors:  
Jorge A. Larriva-Sahd, Universidad Nacional Autónoma de México, Mexico
Micheal Baum, Boston University, USA

http://www.frontiersin.org/neuroanatomy
http://www.frontiersin.org/neuroanatomy/researchtopics/interactions_between_the_mamma/489


Frontiers in Neuroanatomy December 2014 | Interactions between the mammalian main and accessory olfactory systems | 3

Table of Contents

05 Interactions Between the Mammalian Main and Accessory Olfactory Systems
Micheal Baum and Jorge A. Larriva-Sahd

07 Postnatal Characterization of Cells in the Accessory Olfactory Bulb of Wild Type 
and Reeler Mice
Eduardo Martín-López, Rebeca Corona and Laura López-Mascaraque

15 Centrifugal Telencephalic Afferent Connections to the Main and Accessory 
Olfactory Bulbs
Alicia Mohedano-Moriano, Carlos de la Rosa-Prieto, Daniel Saiz-Sanchez,  
Isabel Ubeda-Bañon,Palma Pro-Sistiaga, Miguel de Moya-Pinilla and  
Alino Martinez-Marcos

25 One Nose, One Brain: Contribution of the Main and Accessory Olfactory System 
to Chemosensation
Carla Mucignat-Caretta, Marco Redaelli and Antonio Caretta

34 Contribution of Pheromones Processed by the Main Olfactory System to Mate 
Recognition in Female Mammals
Michael J. Baum

44 Sexual Activity Increases the Number of Newborn Cells in the Accessory 
Olfactory Bulb of Male Rats
Wendy Portillo, Nancy Unda, Francisco J. Camacho, María Sánchez, Rebeca Corona, 
Dulce Ma. Arzate, Néstor F. Díaz and Raúl G. Paredes

53 Comprehensive Connectivity of the Mouse Main Olfactory Bulb: Analysis and 
Online Digital Atlas
Houri Hintiryan, Lin Gou, Brian Zingg, Seita Yamashita, Hannah M. Lyden,  
Monica Y. Song, Arleen K. Grewal, Xinhai Zhang, Arthur W. Toga and Hong-Wei Dong

69 Hypothalamus-Olfactory System Crosstalk: Orexin a Immunostaining in Mice
Jean Gascuel, Aleth Lemoine, Caroline Rigault, Frédérique Datiche, Alexandre Benani, 
Luc Penicaud and Laura Lopez-Mascaraque

80 Differential Efferent Projections of the Anterior, Posteroventral, and 
Posterodorsal Subdivisions of the Medial Amygdala in Mice
Cecília Pardo-Bellver, Bernardita Cádiz-Moretti, Amparo Novejarque,  
Fernando Martínez-García and Enrique Lanuza

106 A Further Analysis of Olfactory Cortex Development
María Pedraza and Juan A. De Carlos

112 Cytological Organization of the Alpha Component of the Anterior Olfactory 
Nucleus and Olfactory Limbus
Jorge Larriva-Sahd

http://www.frontiersin.org/neuroanatomy
http://www.frontiersin.org/neuroanatomy/researchtopics/interactions_between_the_mamma/489


Frontiers in Neuroanatomy December 2014 | Interactions between the mammalian main and accessory olfactory systems | 4

134 Mutual Influences Between the Main Olfactory and Vomeronasal Systems in 
Development and Evolution
Rodrigo Suárez, Diego García-González and Fernando de Castro

148 The Main but not the Accessory Olfactory System is Involved in the Processing 
of Socially Relevant Chemosignals in Ungulates
Matthieu Keller and Frédéric Lévy

http://www.frontiersin.org/neuroanatomy
http://www.frontiersin.org/neuroanatomy/researchtopics/interactions_between_the_mamma/489


EDITORIAL
published: 13 June 2014

doi: 10.3389/fnana.2014.00045

Interactions between the mammalian main and accessory
olfactory systems
Michael Baum1 and Jorge A. Larriva-Sahd2*
1 Department of Biology, Boston University, Boston, MA, USA
2 Departmento de Neurobiología del Desarrollo y Neurofisiología, Instituto de Neurobiología, Universidad Nacional Autónoma de México, Querétaro, Mexico
*Correspondence: jlsneuro@unam.mx

Edited and reviewed by:
Javier DeFelipe, Cajal Institute, Spain

Keywords: accessory olfactory system, main olfactory system, ordor, pheromones, sensory interactions

The controversial issue on the independent versus synergic func-
tional role of the vomeronasal and main olfactory systems, moti-
vated the present Research Topic (Larriva-Sahd and Baum, 2014).
The resulting 11 studies fall into five broad categories: onto- and
phylogenetic, structural, connectional, and integrative or review
articles.

Two developmental works deal with the differentiation and
distribution of neurons and glia in the main- (MOB), accessory-
olfactory (AOB) bulbs, and primary olfactory cortex. The work
by Pedraza and De Carlos (2012) presents the pallial and sub-
pallial contributions to the primary olfactory cortex during
the prenatal development, whereas Martín-López et al. (2012)
describe the ontogenetic development of the MOB and AOB
from reeler and wilde mice, with special reference to their
laminar organization. In the latter study, cellular distribution
over the course of prenatal development is further illustrated
by both neuronal and glial markers. The cytological study
by Larriva-Sahd (2012) concerns two, poorly-understood bul-
bar structures: the site of intersection between the MOB and
AOB, or olfactory limbus (OL), and the alpha component of
the anterior olfactory nucleus (aAON) that underlies the AOB.
This work combines silver, and aniline stains, immunocyto-
chemistry, and electron microscopy to define broad cellular
organization, cellular types, and the neuropil of the OL and
aAON.

The initial dogma regarding VNS and MOS as independent
sensory modalities was supported by the dissimilar centripetal
distribution of their tributary fibers. However, with the refine-
ment of the tract-tracing techniques numerous sites of cen-
tral convergence between the two systems have emerged. Three
original studies performed in adult mice deal with the con-
nectivity of the MOS and VNS. The paper by Hintiryan et al.
(2012) provides a splendid atlas composed of colorful series
of sections from brains that had previously been injected with
antero-retrograde tracers. These unique specimens permit iden-
tification of the axonally linked areas that confirm previous
connectional studies. Furthermore, the high resolution afforded
by tiny sites of the tracer injections reveals novel interactions
between the MOB and AOB with an unexpected detail. The
connectional work by Mohedano-Moriano et al. (2012) is com-
plementary in several ways, as it defines the second and third
order targets of the MOB and AOB. Since non-sensory recipi-
ent areas, especially the nucleus of the diagonal band of Broca,

project to both AOB and MOB, the possibility of a simultaneous
supra-sensorial modulation of both systems is suggested. In this
context (Pardo-Bellver et al., 2012) define the projections of the
medial amygdaloid (MA) subdivisions, a nucleus that has been
implicated globally in both the behavioral and endocrinologi-
cal aspects of mammalian reproduction. The highly organized
projections to the anterior, posterodorsal, and posteroventral sub-
divisions of the MA to amygdaloid, bulbar, septal, hypothalamic
areas and nuclei, expand the notion that the MA itself is both
structurally and functionally compartmentalized. The study by
Gascuel et al. (2012) proposes the existence of a system of cells
and fibers positive Orexin A-immunoreactivity (O-I) within the
hypothalamus, basal forebrain and olfactory bulb itself. Since
O-I fibers distribute within and between the hypothalamus and
olfactory bulb, therefore author’s results support the existence
of an orexinergic system possibly associated with the olfactory
influences on the diencephalic control of food-intake.

It is now clear that plasticity in the adult nervous system is
more common than originally suspected (see Merkle et al., 2014).
Notably, the adult MOB and AOB incorporate adult-born neu-
rons to their preexisting circuitry. Rather than a steady generation
and incorporation of prospective neurons to the bulbar cortex,
this process is highly influenced by the concurring local and envi-
ronmental demands. The investigation of Portillo et al. (2012)
provides cytological and behavioral evidences supporting the
notion that sexual experience in rodents enhances incorporation
of adult-born cells to the accessory olfactory bulb.

Four review articles present and analyze current concepts
of the MOS-AOS interaction. In this framework, the assays
by Suárez et al. (2012) and Mucignat-Caretta et al. (2012)
present parallel interactions between both systems as a func-
tion of species and phylogenetic evolution, respectively. Relevant
from the comparative functional perspective is the work by
Keller and Lévy (2012) providing direct evidence for the involve-
ment of the main olfactory system in decoding environmental
chemosignals from conspecifics. This decoding of socially rel-
evant clues has traditionally been attributed to the AOS, but
these authors offer a comprehensive analysis of species differ-
ences in this regard. Lastly, the detailed review by one of the
Associated Editors of this series (Baum, 2012) emphasizes the
structural, connectional and behavioral information relevant for
functional interactions between the main and accessory olfactory
systems.
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Olfaction is the most relevant chemosensory sense of the rodents. General odors are
primarily detected by the main olfactory system while most pheromonal signals are
received by the accessory olfactory system. The first relay in the brain occurs in the
olfactory bulb, which is subdivided in the main and accessory olfactory bulb (MOB/AOB).
Given that the cell generation time is different between AOB and MOB, and the cell
characterization of AOB remains limited, the goal of this work was first, the definition
of the layering of AOB/MOB and second, the determination of cellular phenotypes in the
AOB in a time window corresponding to the early postnatal development. Moreover, since
reelin (Reln) deficiency has been related to olfactory learning deficits, we analyzed reeler
mice. First, we compared the layering between AOB and MOB at early embryonic stages.
Then, cell phenotypes were established using specific neuronal and glial markers as well
as the Reln adaptor protein Dab1 to analyse differences in both genetic backgrounds.
There was no apparent difference in the cell phenotypes among AOB and MOB or
between wild type (wt) and reeler animals. However, a disruption in the granular cell layer
of reeler with respect to wt mice was observed. In conclusion, the AOB in Reln-deficient
mice showed similar neuronal and glial cell types being only affected the organization of
granular neurons.

Keywords: main olfactory bulb, reelin, granular cells layering, postnatal development, cell characterization

INTRODUCTION
A wide number of socio-sexual behaviors in mammals depend
upon the environment chemosensory signals. In rodents, the
olfactory system appears to be the most important for the per-
ception of chemical signals that allows the organism get the
information from the environment. Olfaction starts with the
direct interaction of the odorant molecules with the olfactory
receptors of the sensory neurons that send their axons up to the
olfactory bulb, step that constitutes the first relay of the olfac-
tory information to the central nervous system. Olfactory bulb
has been divided in two different but complementary systems,
the main and accessory olfactory systems. They differ in their
anatomy, projections, and function. Sensory receptors of the main
olfactory system are a large family of receptors located on the
olfactory sensory neurons (OSNs) sited in the main olfactory
epithelium and projecting into the main olfactory bulb (MOB).
For the accessory olfactory system, the receptors are located in
the vomeronasal organ and project to the accessory olfactory
bulb (AOB). Both MOB and AOB are an interface between the
OSN and higher olfactory centers, and their position in olfac-
tion is often compared to the thalamus in other sensory systems
(Shepherd, 2005). These two anatomically distinct olfactory sys-
tems were described as functionally distinct, with the main olfac-
tory epithelium detecting volatile odorants and the vomeronasal
organ detecting non-volatile pheromones through direct physical
contact with the source (Mori et al., 2000). However, OSNs are
also sensitive to pheromones present in mouse urine (Restrepo

et al., 2004) and the simultaneous presentation of odorants and
pheromones to the same animal provoke responses from both
MOB and AOB (Luo et al., 2003; Xu et al., 2005). This suggests
that these two systems might not be as functionally distinct as was
originally thought (Meredith, 1991; Baum and Kelliher, 2009).

Molecular and functional characteristics of these structures
have been described (Lopez-Mascaraque and De Castro, 2002; for
reviews Blanchart and Lopez-Mascaraque, 2011) but additional
information, particularly regarding the AOB development, is still
necessary to define the complete form and function of this sys-
tem. On other hand, it is widely known that layered structures in
the brain use Reelin (Reln) as a key molecule for proper neuronal
positioning (Honda et al., 2011) and it appears to be relevant
during the MOB layering (Wyss et al., 1980; Martin-Lopez et al.,
2011). Reln exerts its actions through the Dab1 intracellular adap-
tor protein (Howell et al., 1997; Rice et al., 1998), molecule which
is strongly expressed in the MOB (Martin-Lopez et al., 2011). In
addition, Reln acts as detachment signal for chain-migrating neu-
roblasts which promotes their radial migration into the olfactory
bulb (Hack et al., 2002). During OB development, Reln mRNA
begins to be expressed at E10 in the mitral cells and it is restricted
to mitral and periglomerular cells at postnatal ages (D’Arcangelo
et al., 1995; Schiffmann et al., 1997; Alcantara et al., 1998). In
the Reln deficient mice (reeler), despite alterations in MOB lay-
ering (Wyss et al., 1980; Hack et al., 2002), expression patterns
of Dab1 is undistinguishable between the MOB of wild type (wt)
and reeler mice (Martin-Lopez et al., 2011). Thus, regardless of
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Martín-López et al. Accessory olfactory bulb in reeler mice

the information known about Reln in the MOB, there is still a
lack of information on the effects of this protein on the precise
final layering of the AOB.

Consequently, the goals of this work were first, to clarify
the layering of AOB from early embryonic stages to late post-
natal development and then to compare the AOB/MOB layer-
ing. Second, we addressed the spatio-temporal, molecular, and
phenotypical characterization of AOB cells comparing wt with
reeler mice during early postnatal development. For this pur-
pose, we characterized the AOB cell populations by using specific
markers against mature neurons (MAP2a,b, and NeuN), some
periglomerular cells (CB and TH), radial glia (RC2), astrocytes
(GFAP), oligodendrocytes (RIP), and molecules involved in lay-
ering processes like Reln and its adaptor protein Dab1.

MATERIALS AND METHODS
Wild type C57 (wt) and Reln mutant (reeler) mice from postnatal
stages P0, P3, P7, and P15, were obtained from the Cajal Institute
mouse breeding facility. Genotyping of reeler mice was performed
by PCR analysis of genomic DNA. Experiments were performed
in accordance with procedures approved by the Spanish Research
Council Bioethics Committee. For animal experimentation,

we followed the ethical principles dictated by the European
Commission (Directive 2010/63/UE and 86/609/CEE) for use of
laboratory animals and Spanish regulation (RD 1201/2003 and
ley 32/2007).

NISSL STAINING
Embryonic Nissl staining sagittal sections were obtained from
fixed paraformaldehyde thionin-stained sections (Jimenez et al.,
2000). Postnatal sagittal sections at 20 µm (see below for
Procedure) were stained with acid thionin (pH 4.5) for 1 min and
washed with water. Sections were dehydrated with graded ethanol
and xylol, and coverslipped with DPX mountant.

IMMUNOHISTOCHEMISTRY
Mice (n = 5 per each age and strain) of either sex were deeply
anesthetized by hypothermia (P0 and P3) or with i.p. equithesin
at lethal dose (P7 and P15) and transcardially perfused with
heparinized saline followed by 4% of paraformaldehyde (1 ml/g)
in 0.1 M phosphate-buffered (PB). Brains were removed and
post-fixed in the same fixative, cryoprotected with 30% sucrose
in PB, and sagittally sectioned at 20 µm in a TC1900 cryostat
(Leica). Sections were frozen until their use in immunostaining.

Table 1 | List of antibodies.

Primary antibody Clone Product company Dilution Cell type marked

Calbindin (CB) 300 Swant 1:5000 Localizes D-28k CB which occur in a subset of neurons

Dab1 Polyclonal Sigma-Aldrich (D1569) 1:1000 A subset of cell types

GFAP GA5 Chemicon 1:1000 Glial fibrillary acidic protein expressed in astrocytes

Map2a,b AP20 Chemicon 1:1000 Microtubule associated protein-2 expressed in mature neurons

NeuN A60 Chemicon 1:1000 Neuronal nuclei protein

RC2 RC2 Hybridoma-Bank 1:500 A 295kDa intermediate filament protein present in radial glial cells

RIP NS-1 Chemicon 1:1000 Detects non-myelin and myelin oligodendrocytes

Reelin G10 Chemicon 1:1000 Detects reelin expressed in a subset of neurons

TH LNC1 Chemicon 1:1000 Detects tyrosine hydroxylase enzyme expressed by dopaminergic neurons

FIGURE 1 | Reproduction of an original Cajal drawing from a Golgi

stained horizontal section from 20-days-old mice, showing some

morphological features of the accessory and main olfactory bulb.

(A) Accessory olfactory bulb; (B) Main olfactory bulb; (C) Cortex;
(D) Vomeronasal nerve; (a) Glomerular layer; (b) mitral/tufted layer; (c) Plane
of the lateral olfactory tract; (d) granule cells [Ramon y Cajal (1901)].
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Frozen sections were air dried, permeabilized with saline PB
(PBS) plus 0.1% TritonX100 (PBST) (Sigma-Aldrich Co.) and
by microwave heating in 10 mM citrate buffer, pH 6, for three
boiling cycles of 5 min each to unmask the antigen. Unspecific
binding of antibodies was blocked with PBST supplemented with
10% normal goat serum (NGS) plus 0.1% bovine serum albumin
for 1 h at room temperature (RT) and then incubated overnight

at 4◦C using specific primary antibodies diluted in PBST plus
1% NGS (Table 1). Antibody binding was detected with the
following secondary antibodies, diluted 1:1000 in PBST: Alexa
488/568 goat anti-rabbit IgG and Alexa 568 goat anti-mouse IgG
(Molecular Probes-Invitrogen). The radial glia antibody (RC2)
was detected by incubating 2 h at RT with biotin conjugated goat
anti-mouse IgM (Jackson Immunoresearch) and then incubated

FIGURE 2 | Schematic diagram depicting the developmental layering

process in both main and accessory olfactory bulb. Nissl-stained
images show the layer disposition in in both AOB and MOB at different
embryonic and postnatal ages. VZ, ventricular zone; SEZ, subependimal
zone; IZ, intermediate zone; LOT, lateral olfactory tract; GCL,

granular cell layer; IPL, internal plexiform layer; MCL, mitral cell layer;
pMCL, primitive MCL; EPL, external plexiform layer; GL, glomerular
layer; ONL, olfactory nerve layer; VNNL, vomeronasal nerve layer;
pONL/pVNNL, primitive ONL/VNNL. (Scale bars: E10–P0: 50 µm;
P3–P15: 100 µm).
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1 h at RT with Alexa 568 conjugated streptavidin (Molecular
Probes-Invitrogen). Nuclei were counterstained with Hoechst
(1 µg/ml, Sigma-Aldrich Co). Staining was visualized using a
confocal microscope TS5 (Leica).

RESULTS
A BRIEF DESCRIPTION OF THE ACCESSORY OLFACTORY BULB
STRUCTURE AND ORGANIZATION
The AOB is a lens-shaped structure, much smaller than the
MOB, delimited rostrally and ventrally by the MOB, caudally
by the accessory olfactory nucleus and dorsally by the prefrontal
cortex. Figure 1 shows an original drawing by Cajal (Ramon y
Cajal, 1901) revealing the structure and layers of both the AOB
(Figure 1A) and a region of the MOB (Figure 1B) in a horizon-
tal section where is included the vomeronasal nerve (Figure 1D).
Cajal divided the AOB into four layers: the glomerular layer
(Figure 1Aa, GL), mitral/tufted (Figure 1Ab, M/T), lateral olfac-
tory tract (Figure 1Ac, LOT), and granule cell layer (Figure 1Ad,
GCL). This layered structure is similar to MOB although they
display some differences previously reviewed (Meisami and
Bhatnagar, 1998) and highlighted by Larriva-Sahd (2008).

DEVELOPMENTAL TIMING OF AOB vs. MOB LAYERING
During embryonic brain development, layering of the AOB is
slightly different from that of the MOB since cell differentiation
occurs at different ages in both structures. To address this issue,
we performed a cytoarchitectonic study to compare the formation
of the different layers in both AOB and MOB (Figure 2). Both
bulbs emerged from a neuroepithelium located in the rostral-
most part of the telencephalic vesicle (Figure 2, E10). One day
later (E11) the layering begins when an intermediate zone (IZ)

is segregated from the ventricular zone (VZ). Next, a new layer
intercalates between VZ and IZ forming the subependimal zone
(SP) in the prospective MOB while in the AOB it occurs at E13.
Although the first olfactory sensory axons reach the surface of
the prospective MOB at E12 (Blanchart et al., 2006, 2008), the
primitive olfactory (pONL) and vomeronasal nerve (pVNNL)
layers are visible at E13. At E14 in both structures emerges the
primitive mitral cell layer (pMCL, Figure 2). At E15/16 a prospec-
tive glomerular layer becomes evident in both AOB/MOB (pGL,
Figure 2). From E17 onwards the layering is completed and in the
first postnatal days (P0–P3) the granule cell layer becomes thicker
and visible in both bulbs. Complete refinement of layering orga-
nization is achieved at P7, although periglomerular and granule
cells are constantly added to these local circuits in adult brains
(Altman, 1969; Lois and Alvarez-Buylla, 1994; Peretto et al., 2001;
Oboti et al., 2009).

MOLECULAR CHARACTERIZATION OF THE AOB IN wt AND reeler
POSTNATAL MICE
Since the disabled 1 (Dab1) protein is essential for Reln signal-
ing during brain development and is expressed thorough all MOB
layers at early postnatal ages (Martin-Lopez et al., 2011), we ana-
lyzed the relationship between the expression of Reln and Dab1
in the AOB of both wt and reeler mice (Figure 3). In the AOB,
Reln was markedly expressed in the cytoplasm of mitral and some
periglomerular cells at each postnatal ages (Figures 3A,C,E,G) as
occurs in the MOB (Martin-Lopez et al., 2011). By contrast, Dab1
protein was expressed in most neuronal cells along the AOB layers
in both cytoplasm and nuclear cell compartments in both strains
(Figure 3), although the pattern of protein location changed from
P0 to P15. Thus, at P0, strong Dab1 labeling was detected in

FIGURE 3 | Expression of Reln and its adaptor protein Dab1 in

the accessory olfactory bulb of wild type and reeler mice. Reln
(red) is strongly expressed by mitral and periglomerular cells at P0,
P3, P7, and P15 (A,C,E,G). Dab1 expression (green) is mainly located
in the nuclei of the MCL and GL cells as well as in the fibers located

throughout GL, EPL, IPL, and GCL in both strains (A–H). Nuclei were
counterstained with Hoechst (blue). LOT, lateral olfactory tract; GCL,
granular cell layer; IPL, internal plexiform layer; MCL, mitral cell
layer; EPL, external plexiform layer; GL, glomerular layer (Scale bar:
200 µm).
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both nuclei of mitral/periglomerular cells and in thin cellular pro-
cesses throughout all AOB layers (Figures 3A,B). These cellular
processes lost the Dab1 expression at P3 (Figures 3C,D), while
it was maintained as a dotted pattern just in the cell bodies of
GCL, MCL, and EPL (Figures 3E–H). However, nuclear labeling
was intense along all postnatal ages in mitral and periglomeru-
lar cells. Dab1 expression pattern was similar between wt and
reeler mice.

Further, we analyzed the neuronal and glial AOB phenotypes
and whether the absence of Reln (reeler) produced a change
in the neurochemical phenotype of those cells. First, we char-
acterized the AOB neuronal phenotypes at different postnatal
ages (P0, P3, P7, and P15) by using Map2a,b and NeuN as
markers for mature neurons and CB and TH as markers for
periglomerular cells (Figure 4). Map2a,b protein was strongly
expressed in cell bodies and fibers of mature neurons in the GL,
EPL, and MCL at all selected ages (Figures 4A,B,G,H,M,N,S,T).
On the other hand, NeuN was mainly expressed in granu-
lar cells in all ages and in many periglomerular cells from P7

(Figure 4, NeuN). Thus, at P0–P7, NeuN is expressed in some
granular cells, which appeared scattered throughout the GCL
in both strains (Figures 4C,D,I,J,O,P). At P15, NeuN labeling
increases in granular cells that were clustered together in small
groups. Those groups were aligned and parallel to the lat-
eral olfactory tract (LOT) in the wt (Figure 4U, arrows) while
this arrangement was disrupted in reeler (Figure 4V, arrows).
Periglomerular cells expressing TH were confined to the edges
of the AOB glomeruli at all postnatal ages (Figure 4, TH) and
no differences were detected between wt (Figures 4E,K,Q,W) and
reeler mice (Figures 4F,L,R,X). With respect to CB cells just a low
expression was present in the AOB (data not shown).

The AOB glial phenotypes were studied using markers for
radial glial cells (RC2), astrocytes (GFAP) and oligodendro-
cytes (RIP). A large number of processes positive for RC2
were observed at P0 along the AOB (Figures 5A,B), and
then decreased at P3 (Figures 5G,H) to be absent at P7–P15
(Figures 5M,N,S,T). Moreover, from P3 onwards RC2 protein
was also located in stellate shaped-cell bodies throughout all

FIGURE 4 | Expression of neuronal markers in the accessory olfactory

bulb at P0, P3, P7, and P15. Map2a,b protein is located both in mature
neuronal somata and fibers located along the AOB layers (A,B,G,H,M,N,S,T).
In the GCL, NeuN is confined to neuronal nuclei and some periglomerular
cells (C,D,I,J,O,P,U,V). This labeling reveals a disorganization of granular cells
of the AOB in reeler mice respect to wt, most evident at P15 (U,V and high

magnification images). TH expression is confined to a group of periglomerular
cells located around of the glomeruli (E,F,K,L,Q,R,W,X). LOT, lateral olfactory
tract; GCL, granular cell layer; IPL, internal plexiform layer; MCL, mitral cell
layer; EPL, external plexiform layer; GL, glomerular layer. Images taken from
Alexa-568 signal were pseudo-colored in green to enhance the labeling
visibility (Scale bar: 200 µm).
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AOB layers (Figures 5G,H,M,N), although mainly confined to
the periglomerular regions at P15 (Figures 5S,T). The absence
of Reln did not affect the RC2 expression. In relation to the
astrocyte marker, in both strains, GFAP expression appeared
restricted to the glia limitans at P0–P3 (Figures 5C,D,I,J).
From P7, GFAP labeling extended to the rest of the AOB
layers (Figures 5O,P) and it was expressed throughout AOB
parenchyma at P15 (Figures 5U,V). RIP, antibody that recognizes
a CNPase specific of oligodendrocytes, showed weak staining in
the non-myelin oligodendrocytes at P0–P3 mostly in the LOT
region (Figures 5E,F,K,L). From P7 the labeling was restricted to
both myelin sheets of the LOT (Figures 5Q,R) and some myelin
fibers crossing the GCL at P15 (Figures 5W,X arrows). Labeling of
GFAP and RIP was indistinguishable between wt and reeler mice.

DISCUSSION
The AOB is the CNS structure that receives and integrates
the olfactory information from vomeronasal sensory neurons.

Since only scattered information is available regarding AOB layer-
ing, and because some of it is controversial (Hinds, 1968; Jimenez
et al., 2000; Salazar et al., 2006), we first established the prenatal
sequence of this process. Then we compared this developmental
layer arrangement with that occurring in the MOB. Moreover, we
analyzed some molecular features of the AOB as well as the effect
of the lack of Reln, defined as a key molecule involved in several
developmental processes of the CNS. To study how Reln affects
the anatomical characteristics of the AOB, we used reeler mutants
to study the effects of its functional absence.

In the present study, we schematized the layer development
of AOB over the course of the embryonic mouse development.
Although the mitral/tufted cell generation in the AOB begins
earlier than in MOB (Hinds, 1968; Jimenez et al., 2000), in
both structures a homogeneous population of cells surround-
ing a thick ventricular layer (VZ) was present at E10–E11.
However, layer segregation occurs earlier in the MOB than in the
AOB (E12–E15). Subsequent developmental changes occurred

FIGURE 5 | Expression of glial markers in the accessory olfactory bulb at

P0, P3, P7, and P15. RC2 immunolabeling is located in radial glia fibers
throughout AOB layers at P0–P3 and in few cells with large and thin cellular
processes (A,B,G,H). From P7, the labeling is restricted to glial cells without
radial process (M,N,S,T). GFAP antibody labels astrocytes restricted to glia
limitans at P0 and P3 (C,D,I,J). From P7 to P15, GFAP labeling extends to the
rest of the AOB layers (O,P,U,V). RIP, an enzyme located in non-myelin

oligodendrocytes, is mainly expressed in the LOT regions at P0–P3 (E,F,K,L).
From P7 to P15, RIP labeling is restricted to myelin sheaths in the LOT
(Q,R,W,X) and in some myelin fibers crossing the GCL (W,X arrowsheads).
LOT, lateral olfactory tract; GCL, granular cell layer; IPL, internal plexiform
layer; MCL, mitral cell layer; EPL, external plexiform layer; GL, glomerular
layer. Images taken from Alexa-568 signal were pseudo-colored in green to
enhance the labeling visibility (Scale bar: 200 µm).

Frontiers in Neuroanatomy www.frontiersin.org May 2012 | Volume 6 | Article 15 | 12

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


Martín-López et al. Accessory olfactory bulb in reeler mice

concurrently in both bulbs (Salazar et al., 2006), from poorly
defined strata to well-defined layers. Although an external,
mitral/tufted cell, internal plexiform, and granule cell layers are
evident in the AOB, they are less distinct than in the MOB. These
layers were grouped into the external and internal cell layers by
Larriva-Sahd (Larriva-Sahd, 2008).

On other hand, Reln is highly expressed in the olfactory
system, including the olfactory bulb, vomeronasal organ, and
vomeronasal nerves (Ikeda and Terashima, 1997; Alcantara et al.,
1998; Teillon et al., 2003). In the OB, the absence of Reln affects
the migration of neuroblasts from the rostral migratory stream
and the layering of granular cells in the MOB (Hack et al., 2002;
Martin-Lopez et al., 2011). This protein is a secreted extracel-
lular matrix component that plays a crucial role in neuroblasts
migration and cell settling in the developing brain, particularly
for proper formation of laminar structures of mammalian brain
(Caviness, Jr., 1976; Hack et al., 2002; Zhao et al., 2004). Our
results showed that mice lacking functional Reln did not dis-
play significant alteration in the AOB cytoarchitecture, even when
the GFAP expression in the hippocampus is altered in reeler
animals (Zhao et al., 2004). However, we reported a disorga-
nization of granular cells in reeler, as occurred in the MOB
(Hack et al., 2002; Martin-Lopez et al., 2011), which proba-
bly indicates a role of Reln in the organization of the GCL.

Similarly, although the AOB and vomeronasal organ showed a
high expression of Reln (Teillon et al., 2003) it appears that Reln
does not have an axon guidance role in this connection, since
there were none differences in the external layers of the AOB
between wt and reeler animals. As a whole, this strongly sug-
gests that Reln does not provide guidance cues to targeting of the
vomeronasal axons.

Furthermore, we described some anatomical features of the
AOB using several neuronal and glial markers, which showed sim-
ilar phenotypes to that observed in the MOB (Martin-Lopez et al.,
2011). Among the neuronal markers, the expression of calbindin
revealed few cells in the postnatal AOB as previously reported (Jia
and Halpern, 2003; Kosaka and Kosaka, 2010).

In summary, our data provides new insights into the layering,
organization, and the different cellular phenotypes in the AOB.
Similar cytoarchitectonic features in the AOB were detected in the
AOB and the MOB. Additionally, analysis of Reln mutants (reeler)
mice revealed a disruption in the organization of granular cells.
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Parallel to the olfactory system, most mammals possess an accessory olfactory
or vomeronasal system. The olfactory and vomeronasal epithelia project to the
main and accessory olfactory bulbs, which in turn project to adjacent areas of the
telencephalon, respectively. New data indicate that projections arising from the main
and accessory olfactory bulbs partially converge in the rostral telencephalon and
are non-overlapping at caudal telencephalic levels. Therefore, the basal telencephalon
should be reclassified in olfactory, vomeronasal, and mixed areas. On the other
hand, it has been demonstrated that virtually all olfactory- and vomeronasal-recipient
structures send reciprocal projections to the main and accessory olfactory bulbs,
respectively. Further, non-chemosensory recipient structures also projects centrifugally
to the olfactory bulbs. These feed-back projections appear to be essential modulating
processing of chemosensory information. The present work aims at characterizing
centrifugal projections to the main and accessory olfactory bulbs arising from olfactory,
vomeronasal, mixed, and non-chemosensory recipient telencephalic areas. This issue
has been addressed by using tracer injections in the rat and mouse brain. Tracer
injections were delivered into the main and accessory olfactory bulbs as well as in
olfactory, vomeronasal, mixed, and non-chemosensory recipient telencephalic structures.
The results confirm that olfactory- and vomeronasal-recipient structures project to the
main and accessory olfactory bulbs, respectively. Interestingly, olfactory (e.g., piriform
cortex), vomeronasal (e.g., posteromedial cortical amygdala), mixed (e.g., the anterior
medial amygdaloid nucleus), and non-chemosensory-recipient (e.g., the nucleus of the
diagonal band) structures project to the main and to the accessory olfactory bulbs thus
providing the possibility of simultaneous modulation and interaction of both systems at
different stages of chemosensory processing.

Keywords: chemical senses, olfactory system, tract-tracing, vomeronasal system

INTRODUCTION
Two main nasal chemical senses, the olfactory and the vomero-
nasal systems, have evolved in most vertebrates to detect chem-
ical substances (Taniguchi and Saito, 2011; Ubeda-Banon et al.,
2011). In mammals, these systems begin in the olfactory and
vomeronasal epithelia that project to the main and accessory
olfactory bulbs which in turn send projections to the olfactory
and vomeronasal cortices, respectively (Devor, 1976; Skeen and
Hall, 1977; Turner et al., 1978; Scott et al., 1980; Kosel et al., 1981;
Meyer, 1981; Shammah-Lagnado and Negrao, 1981; Carmichael
et al., 1994; Jansen et al., 1998; Mohedano-Moriano et al., 2005;
Martinez-Marcos and Halpern, 2006; Gutierrez-Castellanos et al.,
2010).

In the 1970’s, the observation that secondary olfactory and
vomeronasal projections were parallel led to the dual olfactory

hypothesis, according to which the olfactory and vomeronasal
systems constituted two different parallel anatomical and func-
tional pathways (Winans and Scalia, 1970; Raisman, 1972; Scalia
and Winans, 1975). The main olfactory system would be devoted
to the perception of airborne chemicals such as odorants, whereas
the vomeronasal system would be specialized for the detection
of biologically relevant molecules of high molecular weight such
as pheromones, which evoke species-specific behavioral and/or
physiological responses (Halpern, 1987). The data, however,
have demonstrated that this hypothesis is an oversimplification
(Halpern and Martinez-Marcos, 2003; Restrepo et al., 2004; Spehr
et al., 2006b) since the olfactory and vomeronasal system inter-
act both physiologically (Licht and Meredith, 1987; Peele et al.,
2003; Lin et al., 2004; Trinh and Storm, 2004; Xu et al., 2005;
Spehr et al., 2006a; Wang et al., 2006; Keller et al., 2009) and
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anatomically (Pro-Sistiaga et al., 2007, 2008; Kang et al., 2009,
2011a; Mucignat-Caretta, 2010).

Apart from olfactory- and vomeronasal-recipient areas in
the telencephalon, olfactory, and vomeronasal inputs converge
in areas classically considered olfactory-recipient (nucleus of
the lateral olfactory tract, anterior cortical amygdaloid nucleus,
and cortex-amygdala transition zone) or vomeronasal-recipient
(ventral anterior amygdala, bed nucleus of the accessory
olfactory tract, and anteroventral medial amygdaloid nucleus)
(Pro-Sistiaga et al., 2007; Kang et al., 2009, 2011b; Martinez-
Marcos, 2009). Further, tertiary olfactory (Ubeda-Banon et al.,
2007) and vomeronasal (Ubeda-Banon et al., 2008) projections
also converge in the ventral striatum.

In many mammals, the vomeronasal system, in turn, has been
demonstrated to be anatomically and functionally dichotomous
(Halpern et al., 1998a,b). Two classes of vomeronasal recep-
tor neurons, apically and basally placed in the sensory epithe-
lium, express Gi2α and Goα proteins (Berghard and Buck, 1996;
Jia and Halpern, 1996), V1R and V2R vomeronasal receptors
(Dulac and Axel, 1995; Herrada and Dulac, 1997; Matsunami
and Buck, 1997; Ryba and Tirindelli, 1997), respond to differ-
ent stimuli (Leinders-Zufall et al., 2000, 2004) and project to
the anterior and posterior accessory olfactory bulb (Belluscio
et al., 1999; Rodriguez et al., 1999), respectively. The two por-
tions of the accessory olfactory bulb have been demonstrated
to show not only convergent (Von Campenhausen and Mori,
2000; Salazar and Brennan, 2001) but differential projections
to the vomeronasal amygdala (Martinez-Marcos and Halpern,
1999b; Mohedano-Moriano et al., 2007), which in turn are sepa-
rately preserved to the hypothalamus (Mohedano-Moriano et al.,
2008).

Common traits to all olfactory- and vomeronasal-recipient
structures are reciprocal centrifugal projections to the main
and accessory olfactory bulbs, respectively. The main olfac-
tory bulb receives afferent connections from a number of
olfactory-recipient structures (anterior olfactory nucleus, olfac-
tory tubercle, piriform cortex, nucleus of the lateral olfactory
tract, anterior cortical amygdala, posterolateral cortical amyg-
dala, and lateral entorhinal cortex), hippocampus (ventral CA1)
as well as from neuromodulatory centers (nucleus of the diago-
nal band, locus coeruleus, and dorsal raphe nucleus) (Price and
Powell, 1970; Raisman, 1972; Barber and Field, 1975; Broadwell
and Jacobowitz, 1976; Davis et al., 1978; de Olmos et al.,
1978; Macrides et al., 1981; Barber, 1982; Luskin and Price,
1983; Shipley and Adamek, 1984; Zheng et al., 1987; Cenquizca
and Swanson, 2007; Matsutani and Yamamoto, 2008; Fletcher
and Chen, 2010). Centrifugal inputs have been demonstrated
to be essential in the formation of odor-reward associations
(Kiselycznyk et al., 2006) as well as to provide inputs to new born
cells arriving to the main olfactory bulb (Mouret et al., 2009).

Afferents to the accessory olfactory bulb arise from the
vomeronasal-recipient structures (medial amygdaloid nucleus,
posteromedial cortical amygdaloid nucleus, bed nucleus of the
accessory olfactory tract, and bed nucleus of the stria termi-
nalis), hippocampal formation (ventral subiculum and CA1) as
well as from the brainstem (locus coeruleus and dorsal raphe
nucleus) (Raisman, 1972; Barber and Field, 1975; Broadwell and

Jacobowitz, 1976; Davis et al., 1978; de Olmos et al., 1978;
Barber, 1982; Martinez-Marcos and Halpern, 1999a; Cenquizca
and Swanson, 2007; de la Rosa-Prieto et al., 2009). Some of these
centrifugal afferents (Brennan et al., 1990; Keverne and Brennan,
1996) as well as the addition of new neurons to the accessory
olfactory bulb (Oboti et al., 2011) have been demonstrated to be
critical for pregnancy block olfactory memory.

As far as we know, the possibility that olfactory-recipient struc-
tures project to the accessory olfactory bulb; that vomeronasal-
recipient structures project to the main olfactory bulb; or that
mixed chemosensory or non-chemosensory structures project to
both the main and accessory olfactory bulbs have been not specif-
ically addressed. The aim of this work has been, therefore, to
investigate potential interactions between the main and accessory
olfactory systems regarding their centrifugal inputs. Further, since
most of these projections have been separately investigated in dif-
ferent species in previous reports, we have used both rats and
mice in order to have a more complete panorama of centrifugal
afferents in rodents.

MATERIALS AND METHODS
EXPERIMENTAL ANIMALS
Adult animals of both sexes were used in the present study: 26
Sprague–Dawley rats and 20 swiss (C57BL) mice. Animals were
maintained under veterinary supervision on a 12-h light/dark
cycle at 21 ± 2◦C with food and drink ad libitum. Experimental
procedures were carried out according to the guidelines of
the European Community Directive 86/609/CEE for the use
of laboratory animals and with Spanish law (Real Decreto
1201/2005) under the supervision of the Ethical Committee of
Animal Research of the University of Castilla-La Mancha (grant
BFU2010-15729).

TRACER INJECTIONS
Animals were anesthetized by an intraperitoneal injection of
a combined dose of ketamine hydrochloride (Ketolar, Parke-
Davis, Madrid, 1.5 mL/kg, 75 mg/kg) and xylazine (Xilagesic,
Calier, Barcelona, 0.5 mL/kg, 10 mg/kg). Eye drops (Lacryvisc,
Alcon, Barcelona) were applied to prevent eye ulceration dur-
ing surgery. The animals were placed in a Kopf (Tujunga, CA)
stereotaxic apparatus and the skull trepanned at the intended
injection site. Ionophoretic injections of dextran amines con-
jugated to biotin (BDA), fluorescein (FDA) or tetramethylrho-
damine (RDA) (10,000 MW, lysine fixable, Molecular Probes,
Eugene, OR) as well as injections of FluoroGold (FG, methanesul-
fonate hydroxystilbamidine, Biotium, Hayward, CA) were placed
in target structures: main olfactory bulb (four rats and two mice),
accessory olfactory bulb (eight rats and four mice), piriform cor-
tex (two rats and ten mice), posteromedial cortical amygdaloid
nucleus (four rats), medial amygdala (four rats) and ventral CA1
(four rats), and simultaneous injections of dextran amines con-
jugated to RDA and FDA into the main and accessory olfactory
bulbs, respectively (four mice). Only injections centered at the
intended injection site and no contaminating neighboring struc-
tures were considered. The atlases of rat (Paxinos and Watson,
2007) and mouse (Franklin and Paxinos, 2008) brain were used
for this study. Dextran amines (10% in phosphate buffered saline)
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and FG (2% saline solution) were delivered from micropipettes
(30–80 μm diameter tip) by means of positive current pulses
(7/7 s, 2–7 μA, 8–20 min).

PERFUSION, CUTTING, AND TRACER DETECTION
Five to seven days later, animals were anesthetized (as above) and
perfused through the ventricle with saline solution followed by
4% paraformaldehyde. The brains were postfixed overnight and
cryoprotected with 30% buffered sucrose. Parasagittal (olfactory
bulbs) or frontal sections (50 μm) were obtained using a freezing
microtome.

For biotinylated dextran-amine detection, endogenous perox-
idase activity was quenched by means of 1% H2O2 (in 0.05 M Tris
buffer saline, pH 7.6, for 30 min). Sections were incubated for 2 h
in avidin-biotin complex (ABC elite kit, Vector, Burlingame, CA;
diluted at 2% in 0.05 M Tris buffer saline, pH 7.6) and visual-
ized with 0.02% 3,3′-diaminobenzidine (Sigma, St. Louis, MO)
diluted in 0.05 M Tris buffer (pH 8.0) with 0.1% ammonium
nickel sulfate and 0.01% H2O2. Sections were mounted, dried,
stained with thionin (Panreac, Barcelona) and coverslipped with
DPX (BDH Laboratory, Poole, UK).

For fluorescent tracers, sections were mounted and cov-
erslipped with 30% glycerin in 0.4 M potassium bicarbonate.
Analysis was performed under bright-field and epifluorescence
microscopy. Contrast and brightness of images were adjusted
using Adobe Photoshop (San Jose, CA) 8.0.1 software and
arranged and lettered using Canvas 11.0 (Deneba, Miami, FL).

RESULTS
INJECTIONS INTO THE MAIN OLFACTORY BULB
In order to analyze afferent connections to the main olfactory
bulb in our own material experiments using FG and dextran
amine-labeled RDA were carried out. The pattern of labeling was
consistent in the different experiments performed.

Injections of FG yielded a large, poorly defined injection site in
the granule cell layer of the main olfactory bulb of rats (as example
see case R0207, 7.5 mm from Bregma, Figure 1A). As expected,
a number of retrogradely labeled cells were observed in the
anterior olfactory nucleus (Figure 1B), nucleus of the diagonal
band (Figure 1C), layers 2 and 3 of the rostral piriform cor-
tex (Figure 1D), olfactory tubercle (Figure 1E), anterior amyg-
daloid area, and faintly labeled neurons in layers 2 and 3 of the
nucleus of the lateral olfactory tract, anterior cortical amygdaloid
nucleus, cortex-amygdala transition area, and caudal piriform
cortex (Figure 1F). Labeled cells were present in the anterodorsal
medial amygdaloid nucleus (−1.8 mm from Bregma, Figure 1G)
and slightly labeled cells were also observed in the posterolateral
cortical amygdaloid nucleus (not shown) and lateral entorhinal
cortex (Figure 1H).

Injections of dextran amine-labeled RDA into the granule cell
layer of the main olfactory bulb of rats gave rise a similar pattern
of labeling, but a considerably reduced injection site (as exam-
ple see case R4505, 6.6 mm from Bregma, Figure 2A, 7.5 mm
from Bregma) and consequently to a scarcer retrograde labeling
as compared to FG injections. As in the previous case, labeled cells
could be observed in the anterior olfactory nucleus (not shown),
nucleus of the diagonal band (Figure 2B), rostral piriform cortex

FIGURE 1 | Sagittal (A,B) and coronal sections (C–H) from rostral to

caudal levels of the telencephalic hemisphere showing the resulting

labeling (B–H) after a FluoroGold injection in the rat main olfactory

bulb (A). Abbreviations: AA, anterior amygdala; ACO, anterior cortical
amygdala; AON, anterior olfactory nucleus; CXA, cortex-amygdala transition
zone; DB, nucleus of the diagonal band; LE, lateral entorhinal cortex; LOT,
nucleus of the lateral olfactory tract; ME, medial amygdala; MOB, main
olfactory bulb; PIR, piriform cortex; PLCO, posterolateral cortical amygdala;
TU, olfactory tubercle. Scale bar for A: 1000 μm, B–H: 400 μm.

(Figure 2C), olfactory tubercle (not shown), anterior amygdaloid
area, nucleus of the lateral olfactory tract, anterior cortical amyg-
daloid nucleus, cortex-amygdala transition zone (Figures 2D,E),
caudal piriform cortex (Figure 2F), anterodorsal medial amyg-
daloid nucleus (−2.0 mm from Bregma, Figure 2G), posterolat-
eral cortical amygdaloid nucleus (not show) and lateral entorhinal
cortex (Figure 2H).

INJECTIONS INTO THE ACCESSORY OLFACTORY BULB
Given the small size of the accessory olfactory bulb, dextran-
amines were used as neural tracers. All cases with injections in
the accessory olfactory bulb yielded a similar pattern of labeling.

Injections of dextran amine-labeled RDA involving the mitral
and granule cell layer of the accessory olfactory bulb of rats
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FIGURE 2 | Sagittal (A) and coronal sections (B–H) from rostral to

caudal levels of the telencephalic hemisphere showing the resulting

labeling (B–H) after a dextran-amine labeled tetramethylrhodamine

injection in the rat main olfactory bulb (A). Abbreviations: AA, anterior
amygdala; ACO, anterior cortical amygdala; AON, anterior olfactory nucleus;
CXA, cortex-amygdala transition zone; DB, nucleus of the diagonal band;
LE, lateral entorhinal cortex; LOT, nucleus of the lateral olfactory tract; ME,
medial amygdala; MOB, main olfactory bulb; PIR, piriform cortex; PLCO,
posterolateral cortical amygdala. Scale bar for A: 800 μm, B–H: 400 μm.

(as example see case R8205, 6.2 mm from Bregma, Figure 3A)
gave rise to scarce retrograde labeled neurons in the nucleus of the
diagonal band (Figure 3B), rostral pirirform cortex (Figure 3C),
bed nuclei of the stria terminalis (Figure 3D) and accessory
olfactory tract (Figure 3E), anterodorsal medial amgydaloid
nucleus (−1.8 mm from Bregma, Figure 3F), posteromedial cor-
tical amygdaloid nucleus (Figure 3G), and the ventral portion of
the subiculum and CA1 (Figure 3H).

It has also to be noted that the dorsal portion of the olfactory
tract, through which course centripetal and centrifugal axons to
the main olfactory bulb, is situated between the mitral and gran-
ule cell layer of the accessory olfactory bulb (Larriva-Sahd, 2008).
Accordingly, it cannot rule out the possibility that injections
into the accessory olfactory bulb involve these axons. Therefore,
anterograde tracing experiments (sections “Injections in the pir-
iform cortex, Injections in the posteromedial cortical amygdala,

FIGURE 3 | Sagittal (A) and coronal sections (B–H) from rostral to

caudal levels of the telencephalic hemisphere showing the resulting

labeling (B–H) after a dextran-amine labeled tetramethylrhodamine

injection in the rat accessory olfactory bulb (A). Abbreviations: BAOT,
bed nucleus of the accessory olfactory tract; BST, bed nucleus of the stria
terminalis; CA1, CA1 field of the hippocampus; DB, nucleus of the diagonal
band; ME, medial amygdala; PIR, piriform cortex; PMCO, posteromedial
cortical amygdala; VS, ventral subiculum. Scale bar for A: 800 μm, B–H:
400 μm.

Injections in the anterodorsal medial amygdaloid nucleus, and
Injections in the hippocampal formation”) should confirm ret-
rograde tracing results in order to fully discriminate afferent
connections either to the main bulb, accessory bulb or both.

INJECTIONS IN THE MAIN AND ACCESSORY OLFACTORY BULBS
In order to compare the centrifugal afferent connections to the
main and accessory olfactory bulb, four mice were simultane-
ously injected with dextran amine-labeled RDA into the main
olfactory bulb and dextran amine-labeled FDA into the accessory
olfactory bulb. However, these latter injections were not exclu-
sively restricted to the accessory olfactory bulb or affected the
dorsal portion of the olfactory tract running through the acces-
sory olfactory bulb. Labeling was consistent to that observed after
injections into the main or accessory olfactory bulb in previous
experiments.
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FIGURE 4 | Coronal sections from rostral to caudal levels of the

telencephalic hemisphere showing the resulting labeling (C,E,G and

D,F,H) after a dextran-amine labeled tetramethylrhodamine injection in

the mouse main olfactory bulb (A) and a dextran-amine labeled

fluorescein injection in the mouse main and accessory olfactory bulbs

(B), respectively. Abbreviations: AOB, accessory olfactory bulb; AON,
anterior olfactory nucleus; ME, medial amygdala; MOB, main olfactory bulb;
PIR, piriform cortex. Scale bar for A, B: 800 μm, C–H: 400 μm.

As example, case RN21312 showed a dextran amine-labeled
RDA injection in the main olfactory bulb (4.3 mm from Bregma,
Figure 4A) and a dextran amine-labeled FDA injection in
the accessory olfactory bulb, but that also contaminated the
main olfactory bulb (3.5 mm from Bregma, Figure 4B). As
expected, labeling was present in olfactory and vomeronasal
structures such as the anterior olfactory nucleus (Figures 4C,D),
anterodorsal medial amygdaloid nuelus (−1.0 mm from Bregma,
Figures 4E,F), and piriform cortex (Figures 4G,H).

INJECTIONS IN THE PIRIFORM CORTEX
Injections of biotinylated dextran-amine in the rat piriform cor-
tex gave rise to a similar pattern of labeling (as example see case
R10307, −0.2 mm from Bregma, Figure 5A) including antero-
gradely labeled fibers in the ventral and dorsal portions of
the lateral olfactory tract (Figure 5B). Labeled fibers showing
varicosities could be observed throughout the granule cell layer

FIGURE 5 | Coronal (A) and sagittal (B–D) sections of the telencephalic

hemisphere showing the resulting labeling (B–D) after a biotinylated

dextran-amine injection in the rat piriform cortex (A). Asterisks in B

indicate the approximate location of panels C and D. Abbreviations: AOB,
accessory olfactory bulb; AON, anterior olfactory nucleus; dlo, dorsal lateral
olfactory tract; lo, lateral olfactory tract; MOB, main olfactory bulb; PIR,
piriform cortex. Scale bar for A: 800 μm, B: 400 μm, C,D: 40 μm.

of the main olfactory bulb (Figure 5C). A number of labeled
fibers were also present in the granule cell layer of the accessory
olfactory bulb (Figure 5D).

INJECTIONS IN THE POSTEROMEDIAL CORTICAL AMYGDALA
Injections of biotinylated dextran-amine in the rat posteromedial
cortical amygdala gave rise to a consistent labeling (as example
see case R9207, −4.4 mm from Bregma, Figure 6A) with fibers
reaching the accessory olfactory bulb where they form a dense
plexus of labeled axons showing varicosities in the granule cell
layer (Figure 6B). A number of labeled beaded axons could also
be observed in the granule cell layer of the main olfactory bulb
(Figure 6C). Labeling was observed in both anterior and posterior
portions of the accessory olfactory bulb.

INJECTIONS IN THE ANTERODORSAL MEDIAL AMYGDALOID NUCLEUS
Injections of biotinylated dextran-amine in the rat anterodorsal
medial amygdaloid nucleus yielded a similar labeling (as exam-
ple see case R8305, −1.8 mm from Bregma, Figure 7A) including
labeled fibers reaching the accessory olfactory bulb where smooth
axons could be observed in the mitral cell layer of the accessory
olfactory bulb (Figure 7B). Labeled fibers were not observed in
the granule cell layer of the accessory olfactory bulb or main
olfactory bulb.

INJECTIONS IN THE HIPPOCAMPAL FORMATION
Injections of biotinylated dextran-amine in the rat ventral subicu-
lum gave rise to comparable labeling (as example see case
R10207, −4.8 mm from Bregma, Figure 7C) with labeled fibers
reaching the accessory olfactory bulb where fine, beaded axons
could be observed in the granule cell layer (Figure 7D). Labeled
fibers were not observed in the granule cell layer of the main
olfactory bulb.
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FIGURE 6 | Coronal (A) and sagittal (B,C) sections of the telencephalic

hemisphere showing the resulting labeling (B,C) after a biotinylated

dextran-amine injection in the rat posteromedial cortical amygdala (A).

Abbreviations: AOB, accessory olfactory bulb; AON, anterior olfactory
nucleus; MOB, main olfactory bulb; PMCO, posteromedial cortical
amygdala. Scale bar for A: 800 μm, B,C: 40 μm.

DISCUSSION
The aim of this work has been to investigate the possibility
that olfactory and vomeronasal system can interact anatomically
regarding their centrifugal telencephalic afferent connections.
Namely, the possibility that olfactory-recipient structures project
to the accessory olfactory bulb; that vomeronasal-recipient
structures project to the main olfactory bulb; or, that mixed
chemosensory or non-chemosensory structures project to both
the main and accessory olfactory bulbs.

Our results after retrograde tracing experiments in the main
and accessory olfactory bulbs and confirmation anterograde
tracing experiments show that, as already reported, olfactory-
recipient structures (the anterior olfactory nucleus, the piriform
cortex, the cortex-amygdala transition zone, the olfactory tuber-
cle, the nucleus of the lateral olfactory tract, the anterior, ante-
rior cortial and posterolateral cortical amygdalae, and the lateral
entorhinal cortex) project back to the main olfactory bulb; and
that vomeronasal-recipient structures (the bed nuclei of the stria
terminalis and of the accessory olfactory tract and the anterior
medial and posteromedial cortical amygdalae) project back to the
accessory olfactory bulb. In addition, a pure olfactory-recipient
such as the piriform cortex structure also projects to the accessory
olfactory bulb; a pure vomeronasal-recipient structure such as the

FIGURE 7 | Coronal (A,C) and sagittal (B,D) sections of the

telencephalic hemisphere showing the resulting labeling (B,D) after

biotinylated dextran-amine injections in the rat anterodorsal medial

amygdaloid nucleus (A) and ventral subiculium (C), respectively.

Abbreviations: AOB, accessory olfactory bulb; CA1, field CA1 of the
hippocampus; dlo, dorsal lateral olfactory tract; ME, medial amygdala;
VS, ventral subiculum. Scale bar for A: 800 μm, B,C: 40 μm.

posteromedial cortical amygdaloid nucleus could also project to
the main olfactory bulb; a mixed chemosensory-recipient struc-
ture such as the anterodorsal medial amygdaloid nucleus project
to both the main and accessory olfactory bulb; and, finally, non-
chemosensory structures such as the nucleus of the diagonal band
project to both bulbs and the ventral subiculum and CA1 project
to the accessory olfactory bulb (Table 1).

NEUROANATOMICAL REMARKS
In general, our data are in agreement with previous studies
regarding the centrifugal telencephalic afferent connections to the
main olfactory bulb arising from the anterior olfactory nucleus,
piriform cortex, nucleus of the diagonal band, the olfactory
tubercle, the nucleus of the lateral olfactory tract, the anterior
and posterolateral cortical amygdalae, and the lateral entorhinal
cortex (Price and Powell, 1970; Raisman, 1972; Broadwell and
Jacobowitz, 1976; Davis et al., 1978; de Olmos et al., 1978;
Macrides et al., 1981; Luskin and Price, 1983; Shipley and
Adamek, 1984; Matsutani and Yamamoto, 2008).

Similarly, our results confirm previous results in the literature
regarding telencephalic centrifugal afferent connections to the
accessory olfactory bulb arising from the nucleus of the accessory
olfactory tract, bed nucleus of the stria terminalis, and medial
and posteromedial cortical amygdalae (Raisman, 1972; Barber
and Field, 1975; Broadwell and Jacobowitz, 1976; Davis et al.,
1978; de Olmos et al., 1978; Barber, 1982; Martinez-Marcos and
Halpern, 1999a; Fan and Luo, 2009). Early reports showed a lami-
nar pattern of afferent connections to the accessory olfactory bulb
ending in the granule or internal plexiform layers and originat-
ing either in the posteromedial cortical amygdala—and coursing
through the stria terminalis—or originating in medial amygdala
and bed nucleus of the accessory olfactory tract—and traveling
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Table 1 | Summary chart of main results.

Injection site Retrograde labeling Anterograde labeling

Main olfactory bulb Anterior olfactory nucleus
Nucleus of the diagonal band
Piriform cortex
Olfactory tubercle
Anterior amygdaloid area
Nucleus of the lateral olfactory tract
Anterior cortical amygdaloid nucleus
Cortex-amygdala transition area
Anterodorsal medial amygdaloid nucleus
Posterolateral cortical amygdaloid nucleus
Lateral entorhinal cortex

Accessory olfactory bulb Nucleus of the diagonal band
Piriform cortex
Bed nucleus of the stria terminalis
Bed nucleus of the accessory olfactory tract
Anterodorsal medial amygdaloid nucleus
Posteromedial cortical amygdaloid nucleus
Ventral subiculum and CA1

Piriform cortex Granule cell layer of the main olfactory bulb
Granule cell layer of the accessory olfactory bulb

Posteromedial cortical amygdaloid nucleus Granule cell layer of the accessory olfactory bulb
Granule cell layer of the main olfactory bulb

Anterodorsal medial amygaloid nucleus Mitral cell layer of the accessory olfactory bulb

Ventral subiculum Granule cell layer of the accessory olfactory bulb

through the accessory olfactory tract—respectively (Barber and
Field, 1975; Barber, 1982). Later, it has been reported a centrifugal
GABAergic projection from the bed nucleus of the stria terminalis
to the mitral cell layer and another centrifugal glutamatergic pro-
jection from the vomeronasal amygdala to the granule cell layer
of the accessory olfactory bulb (Fan and Luo, 2009). Our results
are in agreement with previous studies and there are likely at least
two centrifugal pathways to the accessory olfactory bulb originat-
ing from the bed nucleus of the stria terminalis, bed nucleus of the
accessory olfactory bulb and anterodorsal medial amygdala and
from the rest of the medial amygdala and posteromedial cortical
amygdala.

In addition, our retrograde (Figures 1, 2 and 3) and antero-
grade (Figure 5) tracing experiments demonstrate that the pir-
iform cortex, a pure olfactory-recipient structure, project back
to both the main and accessory olfactory bulbs. Since the dor-
sal portion of the olfactory tract courses between the mitral and
granule cell layers of the accessory olfactory bulb, the possibil-
ity that axons traveling to the main olfactory bulb were affected
in retrograde tracing experiments aimed at the accessory olfac-
tory bulb cannot be discarded (Martinez-Marcos and Halpern,
1999a) (Figure 3). Anterograde experiments, however, confirm a
projection from the pirifrom cortex to the granule cell layer of the
accessory olfactory bulb (Figure 5).

Our results after injection centered in the posteromedial cor-
tical amygdaloid nucleus suggest a possible projection from this
vomeronasal structure to the main olfactory bulb (Figure 6). The
fact that retrograde tracing experiments in the main olfactory

bulb do not confirm this projection (Figures 1 and 2) indicate
that further experiments are needed prior to ratify it.

Interestingly, our data after retrograde tracing experiments
show that the anterior medial amygdaloid nucleus, which has
been reported to be a mixed chemosensory structure (anteroven-
tral division) since it receives both olfactory and vomeronasal
inputs (Pro-Sistiaga et al., 2007) critical for sexual behaviors
(Kang et al., 2009, 2011b), project back (anterodorsal division)
to both the main and accessory olfactory bulbs (Figures 1, 2, 3
and 4). Our anterograde tracing experiments, however, do not
confirm this projection (Figure 7). Our interpretation is that this
discrepancy is probably due to the fact that the injections in the
anterodorsal medial amygdaloid nucleus are not massive enough
to fill up the small number of cells in this structure projecting
to the bulbs. Therefore, the anterior medial amgydaloid nucleus
could be a mixed chemosensory structure not only regarding the
afferent but also the efferent connections to the bulbs. The impor-
tance of this pathway is supported by behavioral data (Martel and
Baum, 2009).

The olfactory bulbs receive a number of non-chemosensory,
modulatory centrifugal inputs (Matsutani and Yamamoto, 2008).
Namely, our results show a minor telencephalic projection aris-
ing from the nucleus of the diagonal band to the main (Figures 1
and 2) and accessory (Figure 3) bulbs. This projection appears
to be cholinergic (Macrides et al., 1981; Zaborszky et al., 1986;
Zheng et al., 1987; Kunze et al., 1992) and it has a critical role in
olfactory learning (Fletcher and Chen, 2010). In fact, cholinergic
inputs from the nucleus of the diagonal band are established
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onto dendrites of newly-born granule cells in the olfactory bulbs
and are essential for survival of new neurons and olfactory pro-
cessing (Kiselycznyk et al., 2006; Whitman and Greer, 2007;
Mouret et al., 2009).

Finally, our present results (Figures 3 and 7) and previous
reports (Cenquizca and Swanson, 2007; de la Rosa-Prieto et al.,
2009) confirm a projection from the ventral subiculum and CA1
to the granule cell layer of the accessory olfactory bulb. The
functional significance of this projection is currently unknown.

CONCLUSION
Our results show an extent anatomical interaction between the
olfactory and vomeronasal system regarding their centrifugal

connections. Apart from feed-back projections from olfactory-
and vomeronasal-recipient structures to the main and accessory
olfactory bulbs, respectively, a number of dual connections to
both bulbs are presented from olfactory, vomeronasal, mixed,
and non-chemosensory structures. Globally, these results further
stress the idea of mutual interactions between the olfactory and
the vomeronasal systems.
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The accessory olfactory system is present in most tetrapods. It is involved in the
perception of chemical stimuli, being implicated also in the detection of pheromones.
However, it is sensitive also to some common odorant molecules, which have no clear
implication in intraspecific chemical communication. The accessory olfactory system may
complement the main olfactory system and may contribute different perceptual features
to the construction of a unitary representation, which merges the different chemosensory
qualities. Crosstalk between the main and accessory olfactory systems occurs at different
levels of central processing, in brain areas where the inputs from the two systems
converge. Interestingly, centrifugal projections from more caudal brain areas are deeply
involved in modulating both main and accessory sensory processing. A high degree of
interaction between the two systems may be conceived and partial overlapping appears
to occur in many functions. Therefore, the central chemosensory projections merge inputs
from different organs to obtain a complex chemosensory picture.

Keywords: vomeronasal organ, nose, olfaction, pheromones

INTRODUCTION
Chemical substances originating from the environment stim-
ulate a variety of receptors hosted in the nasobuccal cavity.
While taste and trigeminal sensitivity of the mouth are mainly
related to evaluation of food, chemical senses of the nose are
devoted to evaluation of external stimuli, related to different
environmental aspects, including the detection of dangerous sub-
stances, food retrieval, and social interactions (Ma, 2007). The
chemical senses of mammalian nose include the main olfactory
epithelium and the vomeronasal organ (VNO), that are com-
plemented in their functions by the trigeminal afferents and the
receptors located in the organ of Masera and in the ganglion
of Gruenenberg (Figure 1); the function of the last three sup-
ports olfaction in detection of molecules (Breer et al., 2006).
Complex interactions are now emerging between the main and
accessory olfactory systems, both at anatomical and at functional
level.

The main olfactory system originates from the olfactory
mucosa and projects to the main olfactory bulb (MOB), while the
VNO, described by Jacobson in 1813 (Trotier and Doving, 1998)
projects to the accessory olfactory bulb (AOB, see Figure 2).

The VNO appears as a derived character in tetrapods
(Eisthen, 1992): it is present already in aquatic species from
the Devonian period, before transition to land (Swaney and
Keverne, 2009). Later, it has been lost in some species, includ-
ing crocodilians, cetaceans, some bats, and primates. The
accessory olfactory system may differ in morphology even
in closely related species, most probably in relation to func-
tional specialization (for a review, see Salazar and Quinteiro,
2009).

HYPOTHESIS ON THE FUNCTION OF THE ACCESSORY OLFACTORY
SYSTEM
Since its first description by Jacobson [translated in Trotier and
Doving (1998)], the VNO has been described as a sensory organ,
possibly in support of the sense of smell, but its precise role
in chemosensation is still poorly understood. The first func-
tional investigation of the accessory olfactory system pointed to
a general chemosensation role. One old anatomical study sug-
gested that the VNO, being filled with mucus, should be sensitive
to water-borne molecules (Broman, 1920). Electrophysiological
recordings preceded any other functional testing, and suggested
that the VNO was activated by mechanical stimuli (Adrian, 1955).
A similar mechanical sensitivity was reported also for the mam-
malian main olfactory epithelium, which was found to activate
the MOB in response to odorants and also to the airstream pres-
sure (Adrian, 1942). Responses to common odorants were later
recorded in the VNO and its target areas in the brain (Tucker,
1963; Meredith and O’Connell, 1979), however, the idea emerged
that the VNO could be sensitive to stimuli that included not only
low molecular weight volatiles. According to data on the mod-
ulation of reproduction in mice and hamsters, it became clear
that a direct contact of the snout with the chemical stimulus
was mandatory for obtaining a modification of the hormonal
milieu, in order to facilitate reproductive responses. For example,
a peptide present in the urine of mice was proven to stimulate
the anticipation of puberty in female mice via the stimulation
of the VNO (Vandenbergh et al., 1975; Mucignat-Caretta et al.,
1995), and the female pheromone in vaginal fluid of hamster was
demonstrated to be a protein (Singer et al., 1986). This kind of
stimuli could hardly be regarded as “volatile,” as confirmed by
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FIGURE 1 | A schematic representation of rodent head in the sagittal

plane. The different chemosensory systems of the nasal cavity are
indicated.

the necessity of direct contact of the snout with the pheromonal
source, for the induction of pheromonal effects on the neuro-
hormonal system. A major question regarded the type of stimulus
that could access to the VNO, because it was not clear that
high-molecular weight molecules could be transported inside the
VNO lumen. At variance with the main olfactory epithelium,
that receives the stimuli only via the airstream flowing through
the turbinates, in the VNO an active vascular pumping mech-
anism allows large molecules dissolved in liquid to reach the
organ (Meredith and O’Connell, 1979). By sucking up the liq-
uid, large molecules or even particles are able to reach the VNO
lumen (Wysocki et al., 1980; Mucignat-Caretta, 2010). Therefore,
at least in some instances, the stimuli that activate the VNO are
chemically different from those that activate the main olfactory
system.

Lesion studies suggested a role for the accessory olfactory
system in the modulation of reproductive physiology induced
by pheromones: this is possible because the accessory olfactory
system directly projects to the hypothalamus. However, a mis-
understanding arose during the seventies, when several papers
correctly pointed out that the VNO is connected with specific
nuclei in the amygdala (Winans and Scalia, 1970; Scalia and
Winans, 1975), and that information from the amygdala could
modulate back the activity in the AOB, thus depicting an interac-
tive circuit for the processing of inputs from the VNO (Raisman,
1972). Herein, the concept of a dual olfactory system emerged,
with the main olfactory system devoted to the conscious per-
ception of volatile odorants, due to its cortical projections, and
the accessory olfactory system devoted to pheromones percep-
tion, due to its subcortical connections. Later on, this concept
has been misinterpreted as an absolute specialization, and sev-
eral studies assumed that information processing in the main and
accessory olfactory system pertained to two different classes of
stimuli, general odorants and pheromones, respectively. This is
apparently not the case, since it is clear now that both systems are
able to respond to either class of molecules, and that their central
projections are heavily interconnected (Pro-Sistiaga et al., 2007),
as summarized below.

FIGURE 2 | The main and accessory olfactory epithelia of the mouse,

and their first central targets, the main and accessory olfactory bulbs.

Hematoxylin-eosin staining, mouse at 30 days of age. (A) A coronal section
of the VNO, medial to the right, lateral to the left, dorsal to the top. The
sensory epithelium (SE), the lumen (L) and the vessel (V) are indicated.
(B) A coronal section of the main olfactory epithelium, dorsal to the upper
right. (C) A horizontal section through the main and accessory olfactory
bulb. The dotted line represents the border between the MOB (to the right)
and the AOB (to the left). The arrows indicate the projections from the
MOE to the main olfactory bulb (right) and from the VNO to the AOB (left).
In both bulbs the main structures are indicated: (GL) glomerular layer,
(M) mitral cell layer, (G) granular layer.

Olfactory function during development
A possible distinction in the function of the main and accessory
olfactory systems concerns their role in the first days of life.
Immature newborns, like murine rodents, depend on tactile and
olfactory stimuli for their survival. Several studies indicated that
the main olfactory system is functional at birth, being involved
in the pup’s perception of the dam’s pheromones (Teicher et al.,
1980; Greer et al., 1982). In rabbit, the mammary pheromone is
detected only by the main olfactory system (Charra et al., 2012),
and in rat at least half of the main olfactory mucosa must be
functional in order to drive the pup to the nipple (Kawagishi
et al., 2009). Also cognitive functions related to olfaction are
functional at birth. Olfactory learning in rodents is facilitated
immediately after birth, in order to provide strong association
among stimuli essential for survival (Miller and Spear, 2008).
Processing of main olfactory signals, related to associative learn-
ing, is dependent upon the dense serotonergic innervation of
the MOB mitral cells, that can be detected after birth (McLean
et al., 1995). Olfactory learning is particularly facilitated dur-
ing nursing, from feeding throughout the postprandial period:
during this time, newborns easily learn associations between
odors and other stimuli in order to acquire the characteris-
tics of their familiar environment (Serra et al., 2009). However,
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the features of neonate olfactory learning are different from
those of adults, suggesting a high degree of specialization in
olfactory processing in the post partum period: for example,
facilitation for learning of olfactory associations is accompanied
by an increased difficulty in learning aversions during the first
week, while the adult pattern of events emerges during the sec-
ond postnatal week, in coincidence with the termination of the
corticosterone hyporesponsive period (Moriceau et al., 2006).
In the olfactory bulb, the refinement of electrical activity fol-
lows a three stage process: an immature period until day 11 of
extrauterine life, a transition period until day 17 and a mature
period thereafter (Sugai et al., 2005). A similar shift in activa-
tion pattern, revealed by c-Fos immunohistochemistry, has been
detected in the rat piriform cortex (Illig, 2007). The modifica-
tions in olfactory processing in these two olfactory areas parallel
neuro-hormonal and behavioral maturation. The responses to
the same chemosignal, in fact, change during development of the
receiver, as the hedonic value of male mice pheromones changes
from infancy to puberty and adult age (Mucignat-Caretta et al.,
1998).

The role of the accessory olfactory system during the first
postnatal days is less clear than the role of the main olfactory sys-
tem. The VNO is electrically active in utero (Mendoza and Szabo,
1988), but its functional role in the newborn is still obscure,
albeit its structural characteristics suggest an advanced stage of
functional maturation at birth (Coppola and O’Connell, 1989).
Conceivably, in the first days of life, the main olfactory system
has a major role in pup survival. However, recent evidence con-
firms that in mice the vomeronasal duct is open at birth and the
sensory neurons do release neurotransmitter in the AOB already
one day after birth; moreover, the precise connectivity of incom-
ing axons is modulated by the exposure to pheromonal cues in
the first postnatal days (Hovis et al., 2012). Contrary to previous
data, this paper suggests a deeper involvement of the accessory
olfactory system in chemosensory processing during the first
postnatal days.

Likewise, the mother uses the olfactory system to discrimi-
nate its newborn. Apparently, the main role in the discrimination
of the individual odor of each pup pertains to the main olfac-
tory system (Keller and Lévy, 2012). Profound modifications in
the synaptic circuits of the MOB take place at parturition, so
that the mother learns her own pup odor, and shifts its behavior
from aversion, as present in the virgin female, to maternal care
(Lévy and Keller, 2009). However, maternal behavior onset bene-
fits from both main and accessory olfactory information. In fact,
the detection of dodecyl propionate, a pheromone produced by
the rat pup preputial gland, is mediated by the VNO, thus trig-
gering anogenital licking in the dam, a behavior necessary for the
pup’s survival (Brouette-Lahlou et al., 1999). Therefore, both the
main and accessory olfactory systems are involved in mother-pup
interactions.

FUNCTIONAL OVERLAPPING OF MAIN AND ACCESSORY
OLFACTORY SYSTEMS IN RESPONSE TO COMMON
VOLATILES AND SOCIAL ODORS OR PHEROMONES
Chemosensation mediates many aspects of social interactions in
mammals not only during infancy but also afterwards, including

sexual, territorial, and aggressive behaviors. The molecules that
are involved in such interactions are not completely known, as
well as their receptors. Different types of chemosensory recep-
tors are present in the various receptors organs of the nose. They
include the main olfactory epithelium, the VNO, the septal organ,
and the Gruenenberg ganglion. The sensory neurons in these
organs host various types of receptor molecules: olfactory recep-
tors, V1R, the first class of vomeronasal receptors, V2Rs, the sec-
ond class of vomeronasal receptors, trace-amine-associated recep-
tors, formyl-peptide receptors, and guanylil-cyclase D receptors
(for a review, see Fleischer et al., 2009).

The key distinction between main and accessory olfactory sys-
tem led to the idea of a functional specialization of the two
systems. However, from early studies it was clear that VNO stimu-
lation did not coincide with pheromonal stimulation, since some
pheromones could stimulate also the main olfactory epithelium
(Meredith, 1998). The two systems instead differ in their pro-
jections to different amygdala nuclei, being the VNO linked to
activation of medial amygdala (Samuelsen and Meredith, 2009),
which in turn affects the luteinizing-hormone releasing hormone
(LHRH) release from the hypothalamus. LHRH is released in
female rodents after male chemostimulation of the accessory, not
the main, olfactory system (Meredith, 1991), and involves long-
term effects via the vomeronasal amygdala (Mucignat-Caretta
et al., 2006). On the other hand, in both the main and acces-
sory olfactory system vasopressin neurons are present to facili-
tate the social odor identification (Wacker et al., 2011): hence,
the main olfactory system is mainly involved in learning and
recognition of social odors for discrimination of individuals,
pups, mates, or conspecifics (Sanchez-Andrade and Kendrick,
2009), while the accessory olfactory system may activate also the
neurohormonal pathway. The sexual dimorphism of accessory
olfactory system and the presence therein of steroid receptors
support its involvement in reproductive/neuroendocrine mod-
ulation (Guillamon and Segovia, 1997). In turn, sociosexual
interactions like mating may influence the rate of cell differen-
tiation in the accessory, but not in the MOB (Corona et al.,
2011).

Apparently, both the main and accessory olfactory system
work together to allow successful social interactions: the first
approach to airborne chemicals may be mediated by the main
olfactory system, that in case of detection of interesting stimuli
may trigger the active exploratory behavior, that is necessary for
VNO pump activation (O’Connell and Meredith, 1984; Keverne,
2004).

VARIOUS TYPES OF STIMULI MAY ACTIVATE THE ACCESSORY
OLFACTORY SYSTEM
The VNO handles different types of meaningful stimuli; however,
stimulus processing appears more selective in the VNO, com-
pared to the main olfactory epithelium (Luo and Katz, 2004).
Chemical signals related to strain and individuals are encoded
by populations of VNO neurons, while some cells respond to
gender-specific cues (He et al., 2008). The VNO is also involved
in the perception of alarm pheromones (Kiyokawa et al., 2007),
a function it shares with the Gruenenberg ganglion (Brechbühl
et al., 2008), and participates in the perception of predator
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chemosignals (Masini et al., 2010). The VNO may mediate also
the behavioral reactions to non-pheromonal chemicals (Inagaki
et al., 2010).

Vomeronasal neurons respond to known low-molecular
weight urinary molecules (Del Punta et al., 2002) and volatile
pheromones (Leinders-Zufall et al., 2000), mainly by activat-
ing V1 receptors (Boschat et al., 2002). However, vomeronasal
neurons respond also to non-volatile chemosignals, like sulfated
steroids (Nodari et al., 2008) and proteins, for example lipocalins
like alpha-2U (Krieger et al., 1999) or peptides excreted by
exocrine glands (Kimoto et al., 2005; Taha et al., 2009) or related
to MHC (Leinders-Zufall et al., 2004). A class of VNO recep-
tor cells express formyl-peptide receptors, which may respond
to peptides from bacteria or related to the immune system
(Liberles et al., 2009; Rivière et al., 2009). Some of the non-
volatile chemosignals appear intrinsically attractive and may act
as unconditioned stimuli for associated odorants (Martínez-Ricós
et al., 2008).

Different populations of VNO receptors mediate responses to
volatile pheromones and to proteins that are, respectively, per-
ceived from cells bearing V1Rs, located in the apical part of the
VNO mucosa, and from basal neurons, expressing V2Rs (Krieger
et al., 1999). Complex mixtures involved in intraspecific com-
munication, like urine, differentially activate various populations
of receptors in the AOB (Dudley and Moss, 1999). Moreover,
some cells in the apical layer of the VNO have been shown to
express odorant receptors and project to the anterior AOB: they
may sustain the responsivity of VNO/AOB to common odorants,
in addition to cells expressing the vomeronasal receptors (Lévai
et al., 2006).

Therefore, the VNO appears to be involved in the perception of
different chemical stimuli, which may selectively activate various
cells.

DIFFERENT TYPES OF STIMULI INDUCE VARIOUS RESPONSES IN THE
ACCESSORY OLFACTORY SYSTEM
VNO cells activity was firstly recorded in response to general
odorants and also to volatile molecules that act as pheromones
(Tucker, 1963; Meredith and O’Connell, 1979). Later on, the
activity of the rodent VNO was investigated mainly by study-
ing the responsiveness to putative pheromones, either volatiles or
not (for a review, see Bigiani et al., 2005). The electrical activity
induced by odorants was in general less studied, on the assump-
tion that the main role of the VNO should be in the perception
of pheromones. It is now clear that this assumption is an over-
simplification of both the role of the VNO and of the signaling
function of pheromones or social odors in intraspecific chemical
communication.

In mice, the exposure to urinary odors leads to the activation
of the VNO and the AOB, which respond differently from the
main olfactory system. The responses to urinary stimuli appear
to be mediated in VNO receptors by inositol-trisphosphate, while
most olfactory receptors act via the cAMP cascade (Thompson
et al., 2004). Different cells in rat and mouse VNO are selective
for the urinary stimuli originated from each gender (Inamura
et al., 1999; Holy et al., 2000). In fact, while main olfactory recep-
tors are broadly tuned, the VNO neurons show high response

selectivity: each pheromone activates a small subset of receptors
that then converge on the AOB, in order to provide complex infor-
mation already at the first step of central processing (Luo and
Katz, 2004). At variance to the main olfactory system, in which
cells expressing a single receptor converge to one glomerulus,
VNO neurons expressing one specific receptor projects to differ-
ent glomeruli, located nearby. In this way, each AOB glomerulus
processes information coming from different receptors (Belluscio
et al., 1999). In addition, single glomeruli and mitral cells
receive inputs from different, but related V1R receptors, thus
integrating information from various receptors (Wagner et al.,
2006). The morphology of vomeronasal axons, which branch
several times before reaching their glomerular targets, sup-
port divergent projections to different glomeruli (Larriva-Sahd,
2008).

The processing of VNO inputs in the AOB was initially com-
pared to olfactory processing in the MOB, since both bulbs
circuitry share some basic characteristics: the output cells are
activated by peripheral receptors and in turn activate granule
cells via dendrodendritic synapses, the mitral-to-granule synapse
is glutamatergic, while the granule-to-mitral is GABA-ergic (Jia
et al., 1999). However, the membrane responses of output cells
in the AOB were found to differ from those in the MOB, so
that the information processing in both bulbs appear more dif-
ferent than previously reported. Output cells in the AOB can
be classified in three groups, according to their responses, and
can be activated to amplify responses to long-lasting signals
while depressing responses to short-lived stimuli (Zibman et al.,
2011).

Both the main and accessory olfactory bulb may respond
simultaneously to both odors and pheromones: volatile
pheromones may strongly activate both bulbs. However, in
the presence of complex mixtures of pheromones, like in the
exposure to natural urine, the activation is more pronounced
in the AOB than in the MOB, where the activation is limited to
some regions, suggesting a different selectivity of the two systems
(Xu et al., 2005).

Neurons in the AOB respond differentially to urinary
pheromones (Guo et al., 1997), according to the gender of
the donor and of the recipient: the AOB mitral and gran-
ule cells are more active in responding to opposite-sex urinary
volatiles; these same stimuli concurrently activate discrete clus-
ters of MOB glomeruli, in both males and females (Martel
and Baum, 2007; Baum, 2012). However, the activation of the
accessory olfactory system is not mandatory to discriminate
the urine derived from males or females with different hor-
monal status, and does not prevent the expression of male sexual
behavior. The AOB appears indeed important for coding the
incentive value of opposite-gender urinary volatiles (Jakupovic
et al., 2008). Apparently, the processing of pheromonal inputs,
mediated via the accessory olfactory system, acts in females to
suppress the male-typical courtship behavior, through gender-
specific connections in the amygdala and hypothalamus (Baum,
2009).

Both the main and accessory olfactory system processing
of social chemosignals are influenced by the hormonal status,
including steroid and non-steroid hormones, which modulate
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the responses to chemical cues. This modulation involves behav-
ioral modifications, by enhancing investigation, or neural mech-
anisms that enhance the responsivity of both the main and of the
accessory olfactory bulb to the specific chemosignals, to provide
concurrent stimulation that enhances the probability of mat-
ing in the most favorable conditions (Moffatt, 2003). Therefore,
the main and accessory olfactory systems simultaneously process
complex chemosensory stimuli according to the neurohormonal
status of the receiver.

CONVERGENCE OF MAIN AND ACCESSORY OLFACTORY
INPUTS WITHIN THE BRAIN
The abovementioned studies show that both the main and
accessory olfactory systems process similar stimuli, but their
involvement appears slightly different in inducing various effects.
Therefore, it is important to understand how, when and where the
two systems integrate their respective information.

The central olfactory projection areas were initially inves-
tigated by functional studies that revealed several brain areas
connected to the processing of olfactory inputs (Powell et al.,
1965).

Anatomical tracing studies revealed that the main olfactory
epithelium and the VNO projected to the main and accessory
olfactory bulb, respectively (Barber and Raisman, 1974).

The processing of odorant information flows then from the
MOB, where the single mitral cells are activated by few odor-
ants, to the anterior olfactory nucleus, where neurons show a
broader responsiveness, and where responses to mixtures often
exceed the responses to the single components (Lei et al., 2006).
In the MOB, the axons of cells expressing the same receptor
do converge to couples of glomeruli, defining a stereotyped
map. In the piriform cortex, however, no spatial map can be
recognized for mapping odorant identity (Choi et al., 2011).
This is due to a different wiring of homotypic mitral/tufted
cells (Ghosh et al., 2011), which project diffusely from MOB
to the piriform cortex (Miyamichi et al., 2011; Sosulski et al.,
2011).

The segregation of vomeronasal inputs starts at the periph-
eral level: V1R receptors are hosted in the more superficial layer
of the vomeronasal epithelium, and V2R neurons are located
deeper; the afferents remain segregated by projecting to the
anterior and posterior AOB, respectively (Bigiani et al., 2005;
Tirindelli et al., 2009). A certain degree of separation remains
also in the downstream projection areas, since the anterior AOB
is connected to the bed nucleus of the stria terminalis, and the
posterior AOB projects to the dorsal anterior amygdala, and
remains in part segregated also in the hypothalamus (Mohedano-
Moriano et al., 2008). The amygdala is involved in the modulation
of fear and anxiety behavior as well as intraspecific reproduc-
tive and aggressive behavior (Martínez-García et al., 2008); it
receives inputs directly from the AOB, and is involved in the
perception of sexual pheromones, giving them an innate attrac-
tivity, independently from the activation of the reward system
in the ventral tegmental area. In turn, the amygdala project to
the striatal olfactory tubercle and Islands of Calleja, which are
presumably involved in pheromonal communication (Lanuza

et al., 2008). The cortex is a site of convergence of segre-
gated VNO pathways, since no segregation has been detected
in accessory olfactory cortical areas, including the bed nucleus
of the accessory olfactory tract, the medial amygdaloid nucleus,
the posteromedial cortical amygdaloid nucleus, and the bed
nucleus of the stria terminalis (Von Campenhausen and Mori,
2000).

The interaction between the main and the accessory olfac-
tory systems may initiate already at the first stages of central
processing. The AOB receives all chemosensory inputs from the
VNO. However, the principal cells of the AOB and the bul-
bar interstitial neurons, hosted in the most rostral portion of
the AOB, allocate efferent fibers originating from the MOB,
as demostrated by terminal degeneration in the AOB after
MOB lesions, being thus the first documented site of conver-
gence of main and accessory olfactory inputs (Larriva-Sahd,
2008).

The crosstalk between the main and the accessory olfactory
system proceeds also in the subsequent stations: single neu-
rons in the amygdala may receive inputs from both systems
(Licht and Meredith, 1987), and the medial amygdala, which
is a target for AOB projection neurons, also receives inputs
from the MOB in its more superficial laminae (Kang et al.,
2009).

Apparently, the interconnection of the main and acces-
sory olfactory system delineates also areas in which the sys-
tems do overlap, including the anterior medial amygdala and
the stria terminalis. The two systems converge also in classi-
cal olfactory areas, including the nucleus of the lateral olfac-
tory tract, the anterior cortical amygdaloid nucleus, and the
transition between amygdala and cortex, but also in previ-
ously considered exclusive vomeronasal-receiving areas, including
the ventral anterior amygdala, the bed nucleus of the acces-
sory olfactory tract, and the anteroventral medial amygdaloid
nucleus. In other areas, however, the main and accessory olfac-
tory inputs remain segregated, for example in the posteromedial
and posterolateral cortical amygdala: consequently, a functional
distinction between olfactory, vomeronasal and mixed chemosen-
sory areas has been proposed (Pro-Sistiaga et al., 2007, see
Figure 3).

The centrifugal pathways, which send back information to the
various areas, play a great role in the processing of chemosen-
sory inputs (Mohedano-Moriano et al., 2012). Ideally, the schema
of vomeronasal projections follows a simple three-step process
from VNO to AOB and hypothalamus, supporting the modu-
latory role for reproductive processes. The AOB receives inputs
from neurons hosting estrogen receptors therefore, a modu-
lation of incoming stimuli is present already at the level of
the AOB, according to the hormonal status. Actually, the bed
nucleus of the stria terminalis sends GABAergic axons to the
AOB mitral cells, while the vomeronasal amygdala sends glu-
tamatergic inputs to the AOB granule cells (Fan and Luo,
2009). Also the olfactory-recipient medial amygdala has been
proposed to send back information to the AOB (Martel and
Baum, 2009). Moreover, the entorhinal cortex receives affer-
ents from the MOB and in turn sends to the hippocam-
pus that projects back from the CA1 field and the ventral
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FIGURE 3 | Schematic representation of the central connections of

the main and accessory olfactory systems. The photomicrographs
show the anti-Olfactory Marker Protein immunoreactivity, that

highlights the main olfactory neurons and nerves (A), and the
glomeruli in the MOE (C); the VNO sensory neurons (B), and the
AOB glomeruli (D).

subiculum, to the AOB, suggesting a possible involvement of
memory-related areas in AOB processing (de la Rosa-Prieto et al.,
2009).

Thus, the primary projections to the main and accessory olfac-
tory bulb remain separated, while the secondary projections to
the rostral basal telencephalon and the tertiary projections to the
ventral striatum widely overlap (Martinez-Marcos, 2009).

CONCLUSIONS
Social interactions in numerous species of mammals are mediated
by a variety of different chemical stimuli, which are concurrently
perceived by the main and accessory olfactory system. Both
systems may process similar chemosignals, and participate in
managing the reproductive behavior, from mate identification to
pup care (Keller et al., 2009). Both systems are possibly involved
in the detection of biologically relevant odors, by processing

them in parallel and contributing to the different neurohormonal
responses at various degrees (Restrepo et al., 2004; Spehr et al.,
2006). A possible complementary function may be foreseen for
the two systems, with the main olfactory system involved in detec-
tion of substances at a distance, and the vomeronasal system
having a more specific role in active exploration of relevant
stimuli (Martínez-García et al., 2009).

In every instance, the cross-talk between the main and the
accessory olfactory systems from the early stages of central pro-
cessing, as demonstrated by the anatomical connections, supports
the idea that both systems participate in the construction of an
unitary chemosensory perception.
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Until recently it was widely believed that the ability of female mammals (with the likely
exception of women) to identify and seek out a male breeding partner relied on the
detection of non-volatile male pheromones by the female’s vomeronasal organ (VNO)
and their subsequent processing by a neural circuit that includes the accessory olfactory
bulb (AOB), vomeronasal amygdala, and hypothalamus. Emperical data are reviewed in
this paper that demonstrate the detection of volatile pheromones by the main olfactory
epithelium (MOE) of female mice which, in turn, leads to the activation of a population
of glomeruli and abutting mitral cells in the main olfactory bulb (MOB). Anatomical
results along with functional neuroanatomical data demonstrate that some of these MOB
mitral cells project to the vomeronasal amygdala. These particular MOB mitral cells were
selectively activated (i.e., expressed Fos protein) by exposure to male as opposed to
female urinary volatiles. A similar selectivity to opposite sex urinary volatiles was also seen
in mitral cells of the AOB of female mice. Behavioral data from female mouse, ferret, and
human are reviewed that implicate the main olfactory system, in some cases interacting
with the accessory olfactory system, in mate recognition.

Keywords: mouse, ferret, human, vomeronasal organ, hypothalamus

INTRODUCTION
Mice preferentially use olfactory as opposed to visual or audi-
tory signals to locate potential mates (Brennan and Zufall,
2006). Pheromonal cues emitted from males’ tear glands and/or
preputial glands (excreted in urine) are thought to signal his
presence, thereby attracting the female whereupon a pheromone-
induced facilitation of lordosis behavior occurs in response to
the flank palpation provided by the male’s mounting behavior.
Mice of both sexes possess two detection systems for environmen-
tal odors. (1) The vomeronasal organ (VNO) has traditionally
been considered to be the murine “pheromone detection sys-
tem” (Tirindelli et al., 2009). VNO receptors located in the roof
of the mouth extend axons to glomeruli located in the acces-
sory olfactory bulb (AOB) where they synapse onto the dendrites
of AOB mitral cells which extend axons to the medial amyg-
dala (MeA; part of the “vomeronasal amygdala”) (Kevetter and
Winans, 1981a). Neurons in the MeA project, in turn, to hypotha-
lamic targets including the bed nucleus of the stria terminalis
(BNST), the medial preoptic area (mPOA), and the ventrome-
dial hypothalamus (VMH). These brain areas are included in
circuits that control females’ proceptive (approach) and receptive
(lordosis) behaviors (Blaustein and Erskine, 2002). (2) The main
olfactory epithelium (MOE) has traditionally been thought to be
the detection system for all non-pheromonal odorants present in
the environment (Xu et al., 2000). Olfactory receptor neurons in
the MOE extend axons to glomeruli located on the surface of the
main olfactory bulb (MOB) where they synapse with dendrites
of mitral cells that project extensively to diffuse target sites in

the olfactory tubercle and in the anterior as well as the posterior
piriform cortex (Sosulski et al., 2011). An early study (Kevetter
and Winans, 1981b) demonstrated that a subset of MOB mitral
cells also project to cortical amygdaloid nuclei (“olfactory amyg-
dala”); however, more recent studies (Pro-Sistiaga et al., 2007;
Kang et al., 2009; Thompson et al., 2012) show that there is
a subpopulation of MOB mitral cells that project directly to
the MeA (“vomeronasal amygdala”). This review summarizes
the neuroanatomical and functional/behavioral experiments that
established the existence of this latter MOB projection pathway
and its role in the detection of volatile male pheromones in female
mice. I will also review studies that point to a central role of the
main olfactory system in the processing of pheromonal cues lead-
ing to mate recognition in female pigs and ferrets, and I will end
by summarizing current evidence of the possible contribution of
a putative male signaling pheromone to heterosexual attraction in
women.

INTERACTIVE ROLES OF THE MOE AND VNO IN MATE
RECOGNITION AND SEXUAL BEHAVIOR IN FEMALE MICE
Kimchi and co-workers (Kimchi et al., 2007) reported that female
mice with a null mutation of the Trp2C gene (initially reported to
cause a total elimination of VNO function) failed to discriminate
male from female conspecifics (Trp2C mutant females reportedly
directed mounting behavior indiscriminately toward a castrated
male and an estrous female). However, several other studies
showed that surgical VNO destruction failed to disrupt the abil-
ity of female mice to discriminate body and/or urinary odors
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of male vs female or of testes-intact vs castrate male specifics
(Lloyd-Thomas and Keverne, 1982; Keller et al., 2006b; Martel
and Baum, 2009a). The Kimchi et al. study can be criticized
on two grounds. First, it seems likely that some VNO neurons
remain functional even after the Trp2C channel is knocked out:
thus pregnancy block in response to pheromones from a strange
(non-mating) male was retained in Trp2C female mice (Kelliher
et al., 2006) even though surgical VNO removal has been shown
to eliminate the pregnancy block otherwise induced in recently
mated female mice that are exposed to urinary odors from a
strange (non-mating) male (Lloyd-Thomas and Keverne, 1982).
A recent study (Kim et al., 2011) showed that calcium acti-
vated chloride currents may also generate action potentials in
murine VNO neurons. Second, Kimchi and co-workers (Kimchi
et al., 2007) never directly assessed the ability of their Trp2C
null mutant females to discriminate between pheromonal cues
derived from male vs female conspecifics; instead females’ moti-
vation to direct mounts toward a castrated male vs an estrous
female was assessed. By itself, this does not constitute a rigor-
ous assessment of females’ female-typical sexual motivation or of
its signaling by sex-specific pheromonal cues. Systematic analy-
sis of olfactory preferences in female mice (Keller et al., 2006b;
Martel and Baum, 2009a) showed that surgical VNO destruc-
tion eliminated females’ preference to investigate male vs female
non-volatile urinary odors without disrupting their preference
to approach volatile odor cues from a male. VNO destruction
also dramatically reduced the capacity of female mice, when
tested while in estrus, to display lordosis in response to the
receipt of mounts from a male. A similar disruption of lordo-
sis was seen in female mice given bilateral lesions of the AOB
(Martel and Baum, 2009a). Likewise, in estrous female rats VNO
lesions (Rajendren et al., 1990) as well as AOB lesions (Dudley
and Moss, 1994) significantly reduced the expression of lordosis
behavior. Further evidence of VNO involvement in the control
of lordosis in mice comes from the work of Haga et al. (2010)
who identified a pheromone secreted in male tears (exocrine
gland-secreted pepide; ESP1). These workers showed that ESP1
stimulated immediate early gene expression in the female’s VNO,
after being detected by Vmn2r116 receptor. Further behavioral
studies showed that application of ESP1 to WT females in estrus
enhanced their lordosis behavior; however, no such facilita-
tion was seen in females in which the Vmn24116 receptor was
knocked out.

Several studies (Edwards and Burge, 1973; Keller et al., 2006a)
showed that zinc sulfate lesions of the MOE eliminated the
capacity of female mice to show a preference for volatile body
odors emitted from male vs female or from testes-intact male
vs castrated male conspecifics. These investigators also reported
significant reductions in females’ lordosis capacity after MOE
lesions. Thus both the accessory and main olfactory inputs to
the MeA may mediate the pheromonal facilitation of lordosis
capacity in female mice. Results of a recent study (DiBenedictis
et al., 2012) showed that bilateral lesions of the MeA (like lesions
of the VNO, MOE, or AOB) also significantly diminished lor-
dosis in ovariectomized females following priming with ovarian
hormones. Thus central disruption of pheromonal inputs (e.g.,
ESP-1 males’ tears; other yet to be determined male urinary

volatiles) that are initially detected by either the VNO or the
MOE are potentially as disruptive to the display of females’ lordo-
sis behavior as eliminating the ovarian sex hormones (e.g., after
ovariectomy).

Early studies using female mice showed that females placed
on soiled male bedding showed an increase in Fos and/or EGR-
1 expression in VNO sensory neurons (Halem et al., 1999,
2001; Kimoto et al., 2005) as well as in central target sites
of these neurons including the AOB, the vomeronasal amyg-
dala and hypothalamic regions including the BNST and VMH.
These results have recently (Isogai et al., 2011) been confirmed
and extended. In so far as subjects used in these studies had
direct nasal contact with pheromones deposited in soiled bed-
ding, it seems likely that the VNO played a central role in
the pheromone detection Other early studies (Schaefer et al.,
2001, 2002) showed, however, that urinary volatiles from male
mice of different major histocompatibility complex (MHC) geno-
types elicited significantly different profiles of MOB glomerular
activation in females, as indexed by odor-induced expression
of Fos in periglomerular cells surrounding activated glomeruli.
The pheromone-activated glomeruli were concentrated in the
ventral portion of the MOB. Numerous studies (Boehm and
Zufall, 2006; Spehr et al., 2006) conducted over the past 30 years
have shown that volatile MHC molecules as well as small pep-
tide ligands for these molecules, contribute to individual mate
recognition and mate choice in female mice. The detection of
these individual MHC odortypes likely occurs after their detec-
tion by the MOE, since female mice from which the VNO was
removed continued to successfully discriminate urinary volatiles
from males of two MHC haplotypes (Wysocki et al., 2004). It is
not known which of the ∼1000 different classical olfactory recep-
tor genes (Buck and Axel, 1991) expressed in the MOE detect
MHC molecules. A second family of receptors (trace amine-
associated receptors; TAARs) was recently found to be expressed
in the MOE of mice (Liberles and Buck, 2006). These investiga-
tors also showed that trimethylamine is elevated in the urine of
male vs female mice and is bound by mTAAR5-expressing cells.
Liberles and Buck (2006) raised the possibility that trimethy-
lamine, which like methylthio methanethiol (MTMT; see below)
is a volatile component of male mouse urine, may serve as a
signaling pheromone to attract males to female conspecifics.
Other recent work (Lin et al., 2007) showed that many of the
pheromone-responsive glomeruli in the MOB of both sexes are
innervated by axons whose cell bodies in the MOE express the
transient receptor potential channel M5 (TRPM5). It is not
known whether TRPM5 expression occurs in subsets of MOE
receptor neurons that express classical olfactory receptor proteins,
TAARs, or both types of receptors. Electrophysiological record-
ing from mitral cells in the ventral MOB of female mice revealed
that a subset of these neurons were activated by male urinary
volatiles (Lin et al., 2005). These same neurons in the female MOB
were also reliably activated by MTMT which was also found to
attract sexually experienced female mice in behavioral tests. In
another study (Xu et al., 2005) functional magnetic resonance
imaging (fMRI) was used to reveal glomerular activation in both
the MOB and AOB of female mice in response to male urinary
volatiles, with the MOB activation occurring slightly earlier than

Frontiers in Neuroanatomy www.frontiersin.org June 2012 | Volume 6 | Article 20 | 35

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


Baum Pheromones control female mate recognition

that in AOB. Slotnick and colleagues (Slotnick et al., 2010) sug-
gested that the VNO responses to volatile pheromones typically
are preceded by MOE detection which then leads the animal to
make the nasal contact with a non-volatile pheromone, leading
to VNO activation. Early work (Luo et al., 2003) showed used
in vivo recordings from the mouse AOB in which neuronal acti-
vation was only seen after direct nasal contact with pheromonal
stimuli.

The observation (Xu et al., 2005) that AOB activation (indexed
by fMRI) occurred in response to urinary volatiles, which are
thought to be detected solely by the MOE as opposed to the
VNO, was surprising. However, this outcome was confirmed
and extended by a study (Martel and Baum, 2007) which com-
pared the ability of urinary volatiles from male vs female mice
to activate MOB glomeruli (indexed by Fos expression in the
periglomerular cells) and augment Fos expression in AOB mitral
and granule cells as well as in targets of VNO olfactory input in
the vomeronasal amygdala and hypothalamus of gonadectomized
(non-hormone treated) male and female mice. As predicted from
the outcome of several above-mentioned studies, both male and
female urinary volatiles activated multiple glomeruli located in
the ventral MOB of both male and female subjects; the distribu-
tion of these activated glomeruli, while overlapping, was distinct
in mice of both sexes exposed to male vs female urinary volatiles.
In contrast to the MOB, only opposite-sex urinary volatiles stim-
ulated Fos expression in mitral and granule cells of the AOB
of each sex (i.e., female subjects showed AOB Fos responses to
male urinary volatiles whereas male subjects showed AOB Fos
responses to urinary volatiles from estrous females). In female
subjects the selective Fos responsiveness of the AOB to male uri-
nary volatiles extended to other forebrain targets of pheromone
processing, including the vomeronasal amygdala and hypotha-
lamus. By contrast, in male subjects exposure to either female
or male urinary volatiles stimulated Fos expression in forebrain
regions including the vomeronasal amygdala and hypothalamus.
It is noteworthy that all of the MOB, AOB, and other forebrain Fos
responses to urinary volatiles were absent in groups of gonadec-
tomized female and male mice that 4 days earlier had received
intranasal infusions of the toxic compound, zinc sulfate, which
killed MOE sensory neurons. Zinc sulfate lesions of the MOE did
not attenuate the ability of direct nasal contact with male urine to
augment Fos expression in AOB mitral and/or granule cells. These
results suggest that all observed Fos responses to urinary volatiles
resulted from their detection by MOE, as opposed to VNO sen-
sory neurons, and that there exists an input pathway whereby
main olfactory signals reach the AOB.

Studies (Pro-Sistiaga et al., 2007; Kang et al., 2009) from rat
and mouse point to the existence of a population of MOB mitral
cells that extend axons directly to portions of the “vomeronasal
(MeA) amygdala.” These mitral cells are separate from the pop-
ulation of MOB mitral cells, described in the classic paper of
Kevetter and Winans (1981b), which target subdivisions of the
“olfactory amygdala,” including the anterior cortical amygdala.
In studies using female mice (Kang et al., 2009) dual labeling
of the MOB (PHA-L) and AOB (Fluoro-Ruby) with anterograde
tracers led to labeling of abutting superficial laminae of the ipsi-
lateral MeA and MePD. In additional females, injection of the

retrograde tracer, Cholera Toxin B (CTb) into the MeA led to
retrograde labeling of a large number of AOB mitral cells as
well as a restricted population of mitral cells located in the ven-
tral and medial subdivisions of the MOB. In a functional study
(Kang et al., 2009) exposure of ovariectomized, hormone-primed
female mice to urinary volatiles from male, but not from female
mice, significantly augmented the population of MeA projecting
MOB mitral cells that co-expressed Fos protein. More recently,
Thompson et al. (2012) found using both male and female mice
that MOB glomeruli which receive synaptic inputs from MOE
olfactory sensory neurons that express the cation channel TRPM5
(and which are thought to respond selectively to several different
pheromones) are more likely to be innervated by an apical den-
drite from MOB mitral cells that extend axons to the vomeronasal
amgydala (MeA), although this overlap was not complete. Finally,
evidence of a direct projection pathway of MOB mitral cells to the
granule cells of the adjacent (ipsilateral) AOB has been provided
in male rats (Larriva-Sahd, 2008).

We asked whether the MOB-MeA projection pathway passes
information about male urinary volatiles on to the AOB, thereby
accounting for our previous observation (Martel and Baum,
2007) that opposite-sex urinary volatiles (detected by the MOE,
and not the VNO) augmented Fos expression in AOB mitral and
granule cells? An anatomical study (Fan and Luo, 2009) used an
anterograde tracer to show that axons extend from MeA neu-
rons to innervate granule cells in the ipsilateral AOB of mice.
We found (Martel and Baum, 2009b) that exposure to male, but
not female, urinary volatiles stimulated the expression of Fos
in the cell bodies of MeA neurons that were co-labeled with
CTb which had been injected 1 week earlier into the ipsilateral
AOB. As in our previous study (Martel and Baum, 2007) expo-
sure to male, but not to female, urinary volatiles stimulated Fos
expression in several brain regions, including the vomeronasal
amygdala and several hypothalamic regions including the BNST,
MPA, and VMH. Taken together, these data raised the possibility
that opposite-sex (male) urinary volatiles are detected in the MOE
by sensory neurons that express TRPM5. These neurons convey
their inputs to a subset of MOB glomeruli where information
about “maleness” is transferred directly to a subset of MOB mitral
cells that target the MeA. The intregration of these main olfac-
tory inputs and signaling from ovarian hormones (estradiol and
progesterone) likely occurs in the posterior dorsal portion of the
MeA, as indicated by our recent finding (DiBenedictis et al., 2012)
that bilateral lesions of the caudal (PD), but not the rostral, sub-
division of the MeA disrupted the preference of estrous females
to approach urinary volatiles from testes-intact vs castrated male
mice.

It is widely agreed that even in the absence of previous
nasal contact with male pheromonal cues, adult female mice
are inherently motivated to investigate/make nasal contact with
non-volatile urinary pheromones deposited by testes-intact adult
males (Ramm et al., 2008). The attraction has been attributed to
the presence of a particular major urinary protein (MUP), named
darcin (Roberts et al., 2010), which is excreted in male mouse
urine. This female-typical preference for male urine/darcin is
hard wired, and likely depends on the absence of sex steroid sig-
naling around the time of females’ birth (which contrasts with an
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organizational action of perinatal testosterone and/or estrogenic
metabolites of testosterone in the developing male hypothalamus)
coupled with the later presence in females of estradiol signaling
over a prepubertal period (P15-P25); (Brock et al., 2010, 2011).
The strongest preference for male odors is expressed in adult
cycling females on the night of proestrus, thanks to the central
“activational” actions of estradiol and progesterone in the pro-
jection circuit that processes pheromonal cues. Additional studies
(Ramm et al., 2008; Martinez-Garcia et al., 2009) suggested that
female mice which had never had nasal contact or mating expe-
rience with a male showed no preference to seek out airborn
urinary volatiles from male vs female conspecifics. By contrast,
a robust preference for airborn (volatile) scents from males (vs
castrated males or females) was seen in female mice that pre-
viously had experienced nasal contact with male urine or had
mated with a male. This preference was strongest for volatile body
odors from socially dominant males, provided females had previ-
ously had direct nasal access with the suite of odors deposited on
cage bedding by dominant males (Mak et al., 2007; Veyrac et al.,
2011). As already stated, female mice were strongly attracted to
the volatile component of male urine, MTMT (Lin et al., 2005), a
behavioral effect that was correlated with the ability of MTMT to
augment electrical activity of MOB mitral cells in female mice.
All of the females used in that study had received prior mat-
ing experience with males, thus it is not known whether naïve
females which had not previously received either mating experi-
ence or nasal contact with male body parts/male urine would have
been attracted to the putative volatile male urinary pheromone.
Martinez-Ricos et al. (2007) also reported that nasal contact with
soiled male bedding reliably served as a stimulus that established
a learned conditioned place preference (CCP) response in female
mice whereas access to volatiles emitted from soiled male bedding
failed to establish a CCP. In this latter study, as in the other studies
(Martinez-Ricos et al., 2008) that reported an absence of female
preference for male vs female or male vs castrated male urinary
or body volatile odorants the female subjects had been kept in a
separate colony room from males beginning at the age of wean-
ing. In these particular studies odor “naïve” female subjects were
given behavioral tests in adulthood while ovary intact and at an
unspecified stage of the estrous cycle. In another study (Ramm
et al., 2008) female mice derived from wild caught parents were
carefully prevented from experiencing contact with male body
odorants until adulthood. In the absence of direct nasal expe-
rience with urine from a particular male, these females showed
no preference to approach male vs female urinary volatiles. After
nasal experience with a specific male, females later preferred to
approach male vs female urinary odors, provided the male odor
presented was from a specific male. Finally, Ramm et al. (2008)
reported that they exposed all of their subjects to soiled bedding
from an unfamiliar male for three consecutive days in order to
bring their ovary-intact females into proestrous/estrous at the
time their preference for male vs female urinary volatiles was
assessed. No direct confirmation of the successful induction of
proestrus/estrus (using vaginal smears) was carried out in this
study, thus it remains a matter of speculation as to whether odor
preferences were actually made while females were in an optimal
hormonal condition to show a male-directed preference. Also, it

is hard to argue that the subjects in this study were odor “naïve”
given that direct nasal contact with soiled male bedding was
reportedly used to bring all females in to proestrus/estrus at the
time of testing.

In two recent studies (Martel and Baum, 2009a; DiBenedictis
et al., 2012) my colleagues and I examined the preference of
young adult female Swiss-Webster mice to approach volatile uri-
nary odors from testes intact males vs either estrous females
or castrated males. Although our females may have previously
been exposed to volatile male body odors in the colony room,
they had never had direct nasal access to such male odorants,
nor had they had any mating experience prior to these studies.
In both studies such naïve female subjects showed a significant
preference to investigate volatile urinary odors from testes intact
males vs estrous females (Martel and Baum, 2009a) or from testes
intact males vs castrated males (DiBenedictis et al., 2012). In the
former study the female subjects had been ovariectomized and
treated chronically with a s.c. Silastic capsule releasing estradiol
at the time odor preference was assessed. In the latter study, the
female subjects had been ovariectomized, treated chronically with
a s.c. Silastic capsule releasing estradiol, and given a s.c. injection
progesterone 3–6 h prior to the assessment of odor preference.
Thus in both of our studies male odor “naïve” females (no prior
nasal contact with male odors) showed a preference to investi-
gate male urinary volatiles—findings that conflict with previous
reports (Ramm et al., 2008; Martinez-Garcia et al., 2009) that
female mice require prior nasal contact with male body or uri-
nary odors in order for male urinary volatiles associated with
non-volatiles (presumably detected by the female’s VNO-AOB-
accessory olfactory system). The absence of a preference for male
urinary volatiles in the absence of previous nasal contact with
male urine may reflect the non-estrous status at the time of behav-
ioral testing in a large proportion of the ovary-intact females
used in those previous experiments. It will be important in future
studies to systematically assess the role of ovarian hormones in
the expression of females’ preference for male urinary (or gen-
eral body) volatile odorants. The suggestion (Martinez-Garcia
et al., 2009) that female mice attend to male urinary volatiles
and find them rewarding only after a conditioning process in
which these odors are paired with VNO detection of non-volatile
male odorants that are processed via a hard-wired straight line
pathway to the hypothalamus via the medial amygdala (Choi
et al., 2005) is an attractive one. Indeed, there are several lines
of neuroanatomical data that indirectly support this proposed
mechanism. Thus inputs from the VNO are passed directly on
to the AOB which, in turn, directly targets the MeA, followed
by the hypothalamus with little or no input to higher olfac-
tory cortical structures (Kevetter and Winans, 1981a; Kang et al.,
2009). By contrast, MOB mitral cells that target the MeA invari-
ably extend axon collaterals into the far reaches of anterior and
posterior piriform cortex (Kang et al., 2011). The intermingling
of AOB and MOB inputs to the MeA, combined with paral-
lel cortical processing of MOB inputs to the MeA may provide
a substrate for the type of olfactory learning proposed by oth-
ers (Ramm et al., 2008; Martinez-Garcia et al., 2009). It may
also be, however, that ovarian hormones somehow obviate the
need for this learning, leading females to express a preference for
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volatile male urinary odors in the absence of prior direct nasal
contact with male urine. More research is needed to answer this
question.

EARLY EVIDENCE THAT FEMALE PIGS AND FERRETS
USE THE MAIN OLFACTORY SYSTEM TO IDENTIFY
OPPOSITE-SEX MATING PARTNERS
The early work of Signoret and co-workers (Signoret, 1967, 1970)
showed that female sows, when in estrus, were strongly attracted
to the odor of androstenone, which is excreted in the saliva of
boars that are in breeding condition. Androstenone both attracted
estrous sows and facilitated their receptive, “standing” behav-
ior when pressure was applied to the back by a mounting male.
Dorries and coworkers showed that females detect low concentra-
tions of androstenone more readily than male pigs (Dorries et al.,
1995), and that the occlusion of the VNO ducts in female pigs
failed to disrupt their detection/motivation to approach this odor
(Dorries et al., 1997). These results suggested that the detection
and processing of the volatile male steroid, androstenone, by the
main as opposed to the accessory olfactory system was responsi-
ble for its actions as both a signaling and a releaser pheromone in
the female pig. To date, nobody has directly tested this hypothesis
in the pig.

Several studies from my laboratory established an obligatory
role of the main, as opposed to the accessory system, in the detec-
tion of male pheromones that are required for females’ sexual
attraction to males. In the absence of prior mating experience,
female ferrets that had been ovariectomized and treated in adult-
hood with estradiol preferred to approach volatile odors emitted
from a breeding male vs and an estrous female that was anes-
thetized/placed in the goal boxes of an air-tight Y maze (Kelliher
and Baum, 2001, 2002). The composition of volatiles emitted
from anal scent gland secretions as well as urine is different
in the two sexes (Zhang et al., 2005); presumably the female
ferrets used in our behavioral experiments were responding to
some combination of these volatile odorants. Female’s prefer-
ence for male volatiles persisted when the stimulus animals had
previously had their anal scent glands surgically removed (Cloe
et al., 2004), implying that other excretions (e.g., urine) emit
volatiles that are sufficient to signal ferrets’ sex to conspecifics.
When we began studying mechanisms controlling mate recog-
nition in ferrets there was controversy about the existence of
a functional VNO/AOB in ferret of either sex (Weiler et al.,
1999). We confirmed the existence of a VNO in both male and
female ferrets (Kelliher et al., 2001) and identified the projec-
tion target of VNO sensory neurons by identifying a small AOB
located in the medial MOB that was selectively stained by soy-
bean agglutinin—horseradish peroxidase. In a subsequent study
(Woodley et al., 2004) surgical removal of the VNO from ovariec-
tomized, estradiol-primed female ferrets failed to diminish their
preference to approach volatile body odors emitted from an anes-
thetized male as opposed to an estrous stimulus female in Y maze
tests. Likewise, following VNO removal female ferrets retained
their ability to discriminate between odors released from either
anal scent gland secretions or urine of male vs female ferrets,
although the preference of VNO lesioned females to show pro-
longed nasal investigation of either 1-day-old male urine spots

or blocks of wood previously soiled by a male ferret was lower
than in sham-operated controls. We interpreted these findings to
mean that VNO/accessory olfactory inputs in female ferrets, as
in female mice (Martel and Baum, 2009a), function to maintain
females in close proximity to non-volatile male pheromones pre-
viously deposited in the environment. Such VNO function may
be important for ferrets living in the wild, in which the two
sexes live apart except for the period of several weeks when the
two sexes seek each other out/mate as the annual breeding sea-
son occurs in response to lengthening photoperiod (Moors and
Lavers, 1981).

The persistence of female ferrets’ ability to identify and
approach male volatile odorants even after removal of the VNO
implies that the main olfactory system plays a central role in mate
recognition in this species. Two additional studies further support
this view. First (Woodley and Baum, 2004), exposure to volatiles
emitted from male and estrous female anal scent gland secre-
tions led to the differential activation of glomeruli (indexed by
the upreglation of Fos expression in periglomerular inter neu-
rons) located mainly in the ventral MOB of estrous female ferrets,
and the degree of activation by male anal scent gland odorants
was not appreciably diminished after ovariectomy. The different
profiles of MOB glomerular activation induced by volatile male
and female anal scent gland odorants also occurred in male sub-
jects; at the level of the MOB the glomerular responses to the
same odors (e.g., male anal scent gland volatiles) was very sim-
ilar in the two sexes. Earlier studies (Wersinger and Baum, 1997;
Kelliher et al., 1998) suggested that the ability of male body odors
to activate (stimulate Fos expression) the hypothalamus of male
and female ferrets differs, an observation that correlates with the
profound sex difference in the motivation of breeding ferrets
to seek out volatile (and non-volatile) body odors from males.
A second study (Kelliher and Baum, 2001) definitively impli-
cated the main olfactory system in the detection/processing of
volatile odors needed for heterosexual mate recognition. Estrous
female ferrets were made permanently anosmic by infusing den-
tal impression cement into both nares, thereby occluding the
MOE. Anosmia was confirmed by showing that females given
intra nares dental cement could not learn to use peppermint as
a discriminative stimulus to locate food in Y maze tests. Also,
following sacrifice at the end of the study, minimal Fos expres-
sion was seen in the mitral or granule cell layers of the MOB
of anosmic females (no such reduction was seen in the AOB),
and there was little periglomerlar expression of tyrosine hydoxy-
lase in these animals. When confronted with a choice between
volatile body odors from an anesthetized male vs estrous female,
sham-occluded control female showed a strong preference to
approach the male odors whereas no preference was seen in nares-
occluded females. This was not surprising, given that only odor
cues were available to allow anosmic females to make a choice
(and they couldn’t smell). The absence of a preference for males
among anosmic females was more surprising in additional tests
in which the sight and sound of male vs female stimulus animals
was also available (male ferrets are twice as large as females; the
two sexes also may emit different audible sounds). When con-
fronted with a male in a small compartment, estrous females
mated normally, even when they were anosmic. However, when
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subsequently retested for approach behaviors in the Y-maze, nares
occluded (anosmic) females continued showing no preference
to approach the male vs female stimulus animals, even when a
brief behavioral interaction was allowed between the subject and
the stimulus ferrets at the end of each Y-maze trial. These data
showed that selective occlusion of the MOE (while apparently
avoiding any disruption of VNO signaling) eliminated the capac-
ity of estrous female ferrets to identify an appropriate male mating
partner. Considered together with the demonstration (Woodley
et al., 2004) that VNO removal failed to disrupt this capac-
ity in female ferrets, these data establish the obligatory role of
the MOE/main olfactory pathway in mate recognition in ferrets.
As already explained, this outcome pointed to a similar mech-
anism that was subsequently found to be operative in female
mice.

IMPLICATIONS OF THE ANIMAL DATA FOR A ROLE OF THE
MAIN OLFACTORY SYSTEM IN MATE RECOGNITION/
PSYCHOSEXUAL FUNCTION IN WOMEN
There has been considerable controversy over the years about
whether higher primates, including humans, communicate using
pheromones (Wysocki and Preti, 2004). An early claim (Michael
and Keverne, 1968) that sexual arousal/mating performance in
male rhesus monkeys depended solely on the actions of “cop-
ulins,” pheromones produced by the vagina of estradiol-primed
females, was disputed (Goldfoot et al., 1978). However, the
possibility remains that volatile odors emitted from the vagina
modulate the motivation of male rhesus monkeys to approach
females, depending on the phase of the female’s menstrual cycle.
There is also evidence (Baum et al., 1976, 1977) that proges-
terone reduces males’ interest in females by counteracting the
stimulatory action of estradiol on the vaginal production of
pheromonal cues that signal attraction. However, results of other
studies (Baum et al., 1978) showed that female stumptail mon-
keys would continue to be attractive to male conspecifics after
all ovarian and adrenal steroids hormones were removed by
combined ovariectomy and adrenalectomy. The same is true of
post-menopausal women, who continue to be attractive to male
partners, essentially in the absence of circulating sex hormones.
Disagreement about whether pheromonal communication occurs
in humans was further fueled by the belief that pheromonal
communication in lower mammals depends solely on the exis-
tence of a functional VNO-accessory olfactory system. Genetic
evidence (Kouros-Mehr et al., 2001) shows that VNO receptor
genes in humans are non-functional, pseudogenes while anatom-
ical experiments (Trotier et al., 2000) have shown that adult
humans lack a functional VNO with sensory neurons that estab-
lish connections with an AOB (Meisami and Bhatnagar, 1998).
The apparent absence of a functional VNO in humans led many
skeptics to believe that the human lacks the detectors/circuits
required for pheromonal communication. However, the results of
many animal studies reviewed, above, suggest that this conclu-
sion is unwarranted. Between-sex pheromonal communication
clearly occurs in mice and ferrets after removal of the VNO.
Thus the animal literature does not rule out the possibility of
pheromonal communication in species such as humans which
lack a functional VNO.

There are several examples in the literature of apparent male
pheromonal actions in women. These include the ability of
male underarm volatiles, when applied to the lips of women
subjects, to accelerate the next LH pulse and improve mood
ratings (Preti et al., 2003). A related example of human male
pheromonal communication is the report (Jacob et al., 2002b)
that women preferred to smell underarm odors of men that
shared paternally inherited MHC alleles when them. This out-
come is consistent with the report (Helgason et al., 2008) that
women’s fertility was highest when they mated with men who
were third or fourth cousins. Thus in women, as in female mice
(Barnard and Fitzsimons, 1989), reproductive success is maxi-
mized by breeding with distant relatives as opposed to totally
unrelated males. Putative pheromonal cues from women may
also influence neuroendocrine and behavioral functions in other
women. Thus, Stern and McClintock (1998) reported that under-
arm odorants collected from women at different stages of the
menstrual cycle advanced or delayed the timing of the preovu-
latory surge of luteinizing hormone in cycling female subjects.
McClintock’s group (Spencer et al., 2004) also reported that odor-
ants collected from lactating women and their breast feeding
infants augmented sexual motivation in women who smelled
these odorants. These different examples of human pheromonal
communication involve several classes of pheromones including
primers, signalers, and releasers (McClintock, 2002). The mech-
anism whereby women (like female mice) identify the ideal mate
may involve pheromonal communication mediated by the main
olfactory system.

As already reviewed, the volatile steroid, androstenone, is a
pheromone emitted from the saliva of male pigs which both sig-
nals the presence of a male in breeding condition and releases
sexual activity, including approach and a receptive posture, in
females. An evolving body of literature suggests that another,
structurally related steroid, androstadienone (AND) is produced
in underarms of men which may act as a pheromone that sig-
nals males’ reproductive status to women. Polymorphisms in the
olfactory receptor protein, OR7D4, were associated with varia-
tions among individual humans in their ability to detect AND and
in their ratings of its pleasantness (Keller et al., 2007). There was
no distinction between men and women in the number of peo-
ple who reported being unable to smell AND or androstenone
in this study; however, in previous report (Dorries et al., 1989)
the ability to detect androstenone was more likely to diminish in
boys than in girls after the age of puberty. An additional study
(Zhuang et al., 2009) showed that there is considerable varia-
tion in OR7D4 sequences among old world monkeys and great
apes, a result that is perhaps not surprising given the variation in
sequence seen among humans. Despite the lack of uniformity in
the expression of MOE olfactory receptor proteins that are capa-
ble of detecting AND, there are several studies suggesting that
AND may attract women to men or attract gay men to other gay
men. In a systematic comparison of rated preferences for differ-
ent underarm odors, heterosexual women preferred the smell of
underarm odors from heterosexual as opposed to gay men while
gay men preferred underarm odors of other gay men (Martins
et al., 2005). The authors raised the possibility that differences in
the preference for the putative male underarm pheromone, AND,
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may underlie this profile of preferences, although this was not
tested directly. A series of studies from Savic and co-workers used
PET scanning to compare the profile of hypothalamic activation
induced by application of AND to the upper lip of straight vs gay
men and women as well as transgender persons. In an initial study
(Savic et al., 2001) AND was found to induce hypothalamic acti-
vation in heterosexual women, but not in men. Gay men were
subsequently found to show hypothalamic activation in response
to AND that resembled that seen in heterosexual women (Savic
et al., 2005); lesbian women failed to show hypothalamic PET
responses to AND (Berglund et al., 2006), and in this respect
resembled heterosexual men. In another study (Berglund et al.,
2008) 46 XY male to female transsexuals showed a significant
hypothalamic PET response to AND that resembled the response
seen in heterosexual women. The transsexual subjects used in that
study stated that they had never received exogenous ovarian hor-
mones in conjunction with their transition from male to female
gender identity and role. This raises the question of whether fetal,
organizational actions of testosterone in the male, as opposed to
adult, activation effects of sex hormones, account for the observed
sex differences in the AND-induced PET signal in the hypothala-
mus. Finally, in another study from the Savic group (Ciumas et al.,
2009) significant AND-induced PET activation in the hypotha-
lamus was seen in women with congenital adrenal hyperplasia
and in whom fetal testosterone signaling was very likely higher
than in the normal control women. This outcome calls into ques-
tion the possible role of different fetal sex hormone signaling as
the determinants of the reported sex differences/sexual orienta-
tion/gender identity effects on hypothalamic responses to AND.
More research will be needed to resolve this issue. There is also a
lingering question from these studies about the very high, poten-
tially non-physiological, concentration of AND that was applied
to subjects’ upper lip.

Several studies have assessed the ability of AND to affect neu-
roendocrine as well as psychological functions related to mate
recognition among women. Thus application of AND to the
upper lip of heterosexual women significantly augmented salivary
levels of cortisol (Wyart et al., 2007). Surprisingly, this effect of
AND on cortisol secretion was correlated with a reported increase
in sexual arousal while viewing an erotic film and with a reduc-
tion in the negative mood otherwise seen in a control condition.
In another study (Cornwell et al., 2004) heterosexual women were
asked to rate men’s faces for potential long vs short term rela-
tionships, and while viewing the respective types of male face
they were asked to rate the pleasantness of a series of 5 differ-
ent odorants, including AND. There was a significant correlation
between women’s rating of men’s faces for long-term relationships
and positive pleasantness ratings of AND. The authors argued
that visual and olfactory (AND) cues interact to signal male
reliability for long term romantic relationships. Another study
(Saxton et al., 2008) studied the possible interaction between
visual and cognitive attributes of men and AND signaling on
womens’ ratings of male attractiveness in three different speed
dating events. AND dissolved in a masking odor, clove oil, was
applied to the upper lip as had been done in some earlier studies
(Jacob and McClintock, 2000; Jacob et al., 2002a) which sought
to avoid any conscious perception of the presence of AND when

it was presented. Application of AND, as opposed to clove oil
alone or water, caused women (whose sexual orientation was
not explicitly determined, although most were presumably het-
erosexual) to give men they encountered in two of the three
speed dating events significantly higher attractiveness ratings.
While not a uniformly positive outcome, these results further
point to a possible AND-dependent facilitation of the effects of
visual and other cognitive cues on women’s perception of men as
attractive romantic partners. A somewhat different outcome was
obtained in another recent study (Parma et al., 2012) in which
eye movements of heterosexual women were monitored while
they viewed male or female faces or several different inanimate
objects. Women that were studied during the preovulatory, fol-
licular (potentially fertile) phase of the menstrual cycle showed
maximal attention (viewing time) directed toward female faces
(vs male faces or inanimate objects), regardless of whether AND
(dissolved in clove oil) or clove oil alone (control) was applied
to the upper lip. By contrast, women studied during their luteal
phase (low conception risk) preferred to watch female faces, pro-
vided they had received AND on the upper lip prior to the test.
The authors argued that AND enhances intrasex competition for
mates, although their case would have been stronger had they
found that the ability of AND to focus women’s attention on
potential competitors was highest during the fertile phase of the
menstrual cycle.

CONCLUSION
Over the past decade numerous papers using several different
mammalian species have established an essential role for the
MOE-MOB-main olfactory circuit in the detection and process-
ing of male pheromonal cues that signal potential reproductive
partners. In this review we have centered on the mouse, pig, and
ferret as representative species in which this role of the main olfac-
tory system in females’ mate recognition clearly occurs. There
is also some evidence for a similar role of the main olfactory
system in the female hamster, another frequently used animal
for studies of pheromone effects on mate recognition. Surgical
destruction of the VNO in female hamsters failed to disrupt the
ability to discriminate flank odors from individual male hamsters
nor did VNO removal disrupt females’ preference to investigate
male as opposed to female odors (Petrulis et al., 1999; Johnston
and Peng, 2000). To my knowledge, nobody has assessed the
effects of MOE lesions on the preference of female hamsters for
male vs female pheromones. Thus evidence of a definitive role
of the main olfactory system in mate recognition in female ham-
sters is not yet forthcoming. The same is true of the female
rat. Future studies, perhaps best carried out using mice, need to
address several central questions: Is there a contribution of expe-
rience (either nasal contact with male non-volatile pheromones
or mating experience itself) to the establishment of females’
preference to seek out volatile male pheromones and what, if
any, releaser function might such volatile male pheromones have
on the expression of females’ mating behavior? Are local cir-
cuits in the MOB and AOB of female mice differentially tuned
to respond to male pheromones (either volatile or non-volatile
pheromones, respectively) as opposed to semiochemicals from
other females or from young pups? If so, is there a role of
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prepubertal ovarian hormones in the organization of female-
typical responses to pheromones that are detected by the main
and/or accessory olfactory systems? Finally, further, definitive,
experiments are needed to determine whether the putative human
male pheromone, AND, facilitates the attractivity of potential

male sexual partners to women. A further analysis of the circuits
that are activated by AND in men and women await the devel-
opment of in vivo imaging methods with better resolution of
amygdaloid and hypothalamic circuits than is possible with either
PET or fMRI.
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In rodents, sexual behavior depends on the adequate detection of sexually relevant stimuli.
The olfactory bulb (OB) is a region of the adult mammalian brain undergoing constant
cell renewal by continuous integration of new granular and periglomerular neurons in the
accessory (AOB) and main (MOB) olfactory bulbs. The proliferation, migration, survival,
maturation, and integration of these new cells to the OB depend on the stimulus that
the subjects received. We have previously shown that 15 days after females control
(paced) the sexual interaction an increase in the number of cells is observed in the
AOB. No changes are observed in the number of cells when females are not allowed
to control the sexual interaction. In the present study we investigated if in male rats
sexual behavior increases the number of new cells in the OB. Male rats were divided
in five groups: (1) males that did not receive any sexual stimulation, (2) males that were
exposed to female odors, (3) males that mated for 1 h and could not pace their sexual
interaction, (4) males that paced their sexual interaction and ejaculated one time and (5)
males that paced their sexual interaction and ejaculated three times. All males received
three injections of the DNA synthesis marker bromodeoxyuridine at 1h intervals, starting
1 h before the beginning of the behavioral test. Fifteen days later, males were sacrificed
and the brains were processed to identify new cells and to evaluate if they differentiated
into neurons. The number of newborn cells increased in the granular cell layer (GrCL;
also known as the internal cell layer) of the AOB in males that ejaculated one or three
times controlling (paced) the rate of the sexual interaction. Some of these new cells were
identified as neurons. In contrast, no significant differences were found in the mitral cell
layer (also known as the external cell layer) and glomerular cell layer (GlCL) of the AOB.
In addition, no significant differences were found between groups in the MOB in any
of the layers analyzed. Our results indicate that sexual behavior in male rats increases
neurogenesis in the GrCL of the AOB when they control the rate of the sexual interaction.

Keywords: sexual behavior, neurogenesis, accessory olfactory bulb and main olfactory bulb

INTRODUCTION
In rodents, male sexual behavior relies on the male’s ability to
identify a conspecific and to determine if she is sexually recep-
tive. Sexually active females and males emit many kinds of stimuli
that affect several sensory modalities to attract the opposite sex.
Several studies have demonstrated that olfactory cues are crucial
for the appropriate selection of a sexual partner in rodents (Curtis
et al., 2001; Brennan and Kendrick, 2006; Baum and Kelliher,
2009).

The accessory and the main olfactory systems are function-
ally and anatomically interrelated. Thus, the main olfactory sys-
tem can respond to odors that effectively activate the accessory
olfactory system and neurons in the vomeronasal organ can be
activated by volatile and non volatile odorants (Trinh and Storm,
2003; Xu et al., 2005; Levai et al., 2006; Spehr et al., 2006). Both
systems respond sequentially to sexually relevant cues, respon-
sible for social responses to chemical signals from conspecifics
(Xu et al., 2005; Martel and Baum, 2007; Jakupovic et al., 2008;

Slotnick et al., 2010). There are, in fact two sites of interaction
between the main (MOB) and accessory (AOB) olfactory bulb
(OB) namely, interstitial neurons of the bulbi (INBs) and the
main accessory cells (MAC) (Larriva-Sahd, 2008).

In male rats, mating activates the granular (GrCL; also known
as the internal) and mitral (MCL; also known as the external)
cell layers of the AOB as evaluated by expression of the imme-
diate early gene cFos (Kondo et al., 2003). Surgical removal of
the vomeronasal organ decreases basal as well as mating induced
cFos in the GrCL (Kondo et al., 2003). Sexually experienced male
rats with lesions of the vomeronasal organ show an increase in
the number of mounts and a longer intromission and ejacula-
tion latency (Saito and Moltz, 1986; Kondo et al., 2003). Sexually
naive male rats with lesions of the vomeronasal organ also show
longer intromission and ejaculation latencies and higher number
of intromissions (Saito and Moltz, 1986). On the other hand, in
sexually experienced male rats, olfactory preference for sexually
active females is impaired by lesions of the olfactory epithelium
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(Dhungel et al., 2011). These lesions decrease intromission fre-
quency and increase ejaculation and mount latency (Dhungel
et al., 2011). These studies clearly indicate that the olfactory
systems play a crucial role in the modulation of male sexual
behavior.

The OB is a region where new neurons are continuously added
during adult life (Alvarez-Buylla and Garcia-Verdugo, 2002).
The new cells originate in the subventricular zone, which con-
tains neuronal stem cells that generate neuroblasts (Reynolds and
Weiss, 1992; Lois et al., 1996). The neuroblasts travel along the
rostral migratory stream toward the OB using tangential chain
migration (Lois et al., 1996; Peretto et al., 1997). Once they reach
the OB the immature cells detach from the migratory stream and
migrate radially toward different layers of the MOB and AOB
(Peretto et al., 2001; Belluzzi et al., 2003; Carleton et al., 2003;
Curtis et al., 2007; Oboti et al., 2009). Approximately 95% of the
new neurons differentiate into GABAergic granular interneurons
(Lledo and Saghatelyan, 2005; Bagley et al., 2007). A minority
become GABAergic periglomerular interneurons (Bagley et al.,
2007; Batista-Brito et al., 2008; Whitman and Greer, 2009; Ming
and Song, 2011). Petreanu and Alvarez-Buylla (2002) describe
five stages in the differentiation of adult born granular cells in
mice. In stage 1 (days 2–7) cells migrate to the rostral migra-
tory stream, in stage 2 (days 5–9) the new cells initiate radial
migration to the OB. In stage 3 (days 9–13) they reach their final
position, in stage 4 (days 11–22) the new cells develop dendrite
arbors, and finally in stage 5 (days 21–42) the new granular cells
show a mature morphology (Petreanu and Alvarez-Buylla, 2002).
Between 15 and 45 days after birth, approximately 50% of the
newly generated granule cells die and the other half is integrated
in the OB.

The survival of the new cells depends on the level of activity
that they received (Petreanu and Alvarez-Buylla, 2002; Winner
et al., 2002). For example, it has been demonstrated that in male
mice the prolonged exposure (40 days) to an odor enriched envi-
ronment increases the number of new cells in the glomerular
cell layer (GlCL) of the MOB facilitating odor discrimination
(Rochefort et al., 2002; Rochefort and Lledo, 2005). Sexually rel-
evant odors also increase neurogenesis in the OB (Mak et al.,
2007; Larsen et al., 2008; Oboti et al., 2009). Exposure of female
mice for seven days to pheromones from a dominant, but not
from a subordinate male, induced an increase in the number
of new cells in the subventricular zone and dentate gyrus. This
increase in the number of new cells had functional relevance
because females exposed to soiled bedding from dominant males
showed a clear preference for these males instead of subordi-
nate males. This preference was eliminated if the females were
treated with a mitotic inhibitor in order to prevent neurogene-
sis (Mak et al., 2007). The new cells that are integrated into the
OB express cFos in response to estrous female odors and mat-
ing stimulation in male hamsters (Huang and Bittman, 2002).
Taken together, these studies suggest that the new cells that reach
the OBs can participate in the processing of socio-sexual relevant
signals.

Sexual behavior also induces cell proliferation and neuroge-
nesis. Males that mated once or several times show an increase
in cell proliferation and neurogenesis in the dentate gyrus of the

hippocampus. No changes were observed in those males only
exposed to receptive females (Leuner et al., 2010). Our laboratory
was the first to demonstrate that sexual stimulation in females
increases the number of new cells in the OB. Female rats that
paced the sexual interaction showed an increase in the number
of new cells that reach the GrCL of the AOB 15 days after mat-
ing. No significant differences were found in the number of new
cells in GlCL, or MCL of the AOB. Nor were any significant differ-
ences found in the cell layers of the MOB (Corona et al., 2011b).
The aim of the present study was to evaluate if sexual behavior
in male rats increases the number of new cells that reach the OB
and if those new cells differentiate into neurons. We evaluated the
number of new cells in the OB 15 days after sexual stimulation
because at this time more new cells arrive to the layers of the OB
and develop spines (Petreanu and Alvarez-Buylla, 2002; Winner
et al., 2002).

For this purpose the following groups were included: (1) con-
trol males, that did not receive any sexual stimulation, (2) males
exposed for 1 h to a sexually receptive female, (3) males that
mated for 1 h in a setting where they were not able to pace the sex-
ual interaction, (4) males that paced their sexual interaction with
a receptive female until they ejaculated once and (5) males that
paced their sexual interaction until they ejaculated three times.
We predicted that those males that control the rate (pace) of the
sexual interaction would have a higher number of new cells in the
GrCL but not in the MCL or GlCL layer of the AOB. In addi-
tion, since no changes were observed in the MOB when females
paced the sexual interaction we did not expect differences in any
of the layers of the MOB. We also evaluated if some of the new
cells differentiate into neurons.

METHODS
ANIMALS
Sexually naive male Wistar rats (250–350 g) were obtained from
the local breeding colony at the Instituto de Neurobiología de
la Universidad Nacional Autónoma de México. Subjects were
maintained in a room with controlled temperature (25 ◦C)
and humidity and under a reverse dark-light cycle (12–12 h).
Standard laboratory rat chow and water were available ad libi-
tum. Sexually experienced female Wistar rats (200–300 g) were
used as stimulus. They were gonadectomized and brought into
estrous by hormone treatment with 25 μg/rat of estradiol ben-
zoate (Sigma) 48 h before and with 1mg/rat of progesterone
(Aldrich) 4 h before the mating test (Gonzalez-Flores et al.,
2004; Arzate et al., 2011; Corona et al., 2011a). In order to
acquire sexual experience males mated in a condition where
they were allow to pace the sexual interaction with sexually
receptive females in three 30 min tests, one test per week.
Only those males that ejaculated in each test were included
in the experiment. All experiments were carried out in accor-
dance with the “Reglamento de la Ley General de Salud en
Materia de Investigación para la Salud” of the Mexican Health
Ministry.

APPARATUS
The behavioral tests were performed in clear acrylic cages (40 ×
60 × 40 cm), with fresh sawdust covering the cage floor.
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EXPERIMENTAL DESIGN
Groups
Males were randomly divided into five groups (N = 7 each) as
follows: group (1) males were placed for 1 h in a clean mating
cage without sexual or olfactory stimulation (control, C); group
(2) males were exposed for 1 h to female odors (EXP). They were
placed in a mating cage divided in two equal compartments by
an acrylic screen with 1 mm diameter holes. The experimental
male was placed on one side of the cage and the sexually recep-
tive female on the opposite side; in this way, males were able to
smell, see and hear the stimulus female without physical contact;
group (3) males mated for 1 h in a setting where they were not
able to pace the sexual interaction (NP). In this group the mat-
ing cage was divided by a removal clear screen with a small hole
at the bottom that allowed the female, but not the male, to move
freely from one side of the cage to the other. In this condition the
male is not able to pace the sexual interaction; group (4) males
paced their sexual interaction with a receptive female until they
ejaculated one time (1E); group (5) males paced their sexual inter-
action until they ejaculated three times (3E), see Figure 1. Each
male always mated with the same female to avoid possible effects
of female novelty on the number of new cells.

SEXUAL BEHAVIOR PARAMETERS
In the sexual behavioral tests, the following parameters were
recorded: number of mounts (M), intromissions (I), and ejacu-
lations (E); the latency to first M, I, and E; the post ejaculatory
interval (PEI) and the inter-intromission interval (III, ejaculation
latency/number of intromission before ejaculation).

BrdU ADMINISTRATION
On day 0 of the experiment, males were injected intraperi-
toneally three times with the DNA synthesis marker

5′-bromo-2-deoxyuridine (BrdU; Sigma, dissolved in saline
solution). They were injected: (1) 1 h before the test, (2) imme-
diately after the behavioral test and (3) 1 h after the test. This
procedure allows labeling of the new cells synthesized around
the time of the behavioral test. Each BrdU administration was
100 mg/kg which means that each male received a total of
300 mg/kg of the DNA synthesis marker (Figure 1).

Fifteen days after BrdU administration, all males were injected
with a lethal dose of sodium pentobarbital (100 mg/kg). They
were perfused with 0.1 M phosphate-buffered solution (PBS, pH
7.4) followed by 4% paraformaldehyde in 0.1 M PBS. The brains
were removed from the skull and postfixed in 4% paraformalde-
hyde for 1 h before they were placed in 30% sucrose dissolved
in 0.1 M PBS solution for cryoprotection. The two brain hemi-
spheres were separated and the right half was sliced in the sagittal
plane at 35 μm using a sledge microtome. Brain slices were
divided in two series; one was processed for immunohistochem-
istry and the other for immunofluorescence.

IMMUNOCHEMISTRY
Brain slices were processed as previously reported (Corona et al.,
2011b). Briefly, free-floating sections were incubated for at least
16 h at 4◦C in primary antibody mouse monoclonal anti-BrdU
(1:2,000; BD Bioscience). Later, primary antibody was removed
by rinsing and the tissue was incubated for 2 h at room temper-
ature with the secondary antibody biotinylated goat anti-mouse
IgG (1:500; Vector laboratories). Brain sections were then rinsed
and incubated in Avidin Biotin Complex (AB elite kit; Vector
Laboratories) for 90 min at room temperature. Brain sections
were rinsed and revealed with the chromogen solution nickel
chloride-3,3′-diaminobenzidine (DAB; Vector Laboratories) and
H2O2. Finally, the reactions were stopped by washing the
slices in buffer solution. The brain slices were mounted onto

FIGURE 1 | Representation of the different groups (A–D) and sequence

of BrdU injections for all subjects. The control group (A) was placed in the
mating cage for 1 h; in group (B) males were exposed without physical
contact to a sexually receptive female; in group (C) the males mated but
could not control the rate of the sexual interaction, while males in group

(D) were allowed to pace the sexual interaction until 1 ejaculation or until
3 ejaculations. BrdU treatment (100 mg/kg per injection; 3 injections) was
administered 1 h before the behavioral test (day 0), at the end of the test,
and 1 h after the test. Subjects were sacrificed 15 days after the
behavioral test.
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gelatin-coated slides and cover slipped using permount. For each
animal, three sections were analyzed, and the average was used for
statistical analysis. The OB was reconstructed using micropho-
tographs (10×) taken in a light microscope (Olympus BX60)
connected to a motorized slide (Prior ProScan) and analyzed by
Image Pro software. Sagittal brain sections were selected at the
level of the AOB and MOB; we analyzed the GrCL, MCL, and
GlCL layers (Figure 2A). The area of interest was delimited on
the AOB by three circles of 200 μm diameter and in the MOB by
400 μm diameter circles placed in the rostral medial region. We
chose these locations because we and other groups have evaluate
neurogenesis process in this region (Bagley et al., 2007; Whitman
and Greer, 2009; Corona et al., 2011b), and cells in these areas
are activated during the processing of relevant odors (Keller et al.,
2006). Data were expressed as the number of new cells per area
in order to compare with our previous studies in female rats and
in accordance with reports that evaluate the neurogenesis process
in the OB (Alonso et al., 2006; Mouret et al., 2008; Honda et al.,
2009; Mouret et al., 2009; Corona et al., 2011b).

IMMUNOFLUORESCENCE
In order to evaluate if the new cells (BrdU positive) differentiate
into neuron lineage we measured immunofluorescence of neu-
ronal nuclei. For this analysis we processed brains only from C,
1E, and 3E groups, because 1E and 3E groups showed an increased
in the number of new cells in comparison to control males. As
we already described (Corona et al., 2011b) sagittal brain sec-
tions were incubated for two nights at 4◦C with the primary
antibodies, rat monoclonal anti-BrdU (1:800; AbD serotec) and
mouse monoclonal Neuronal Nuclei antibody (NeuN) to label
mature neurons (1:250; CHEMICON). Later the samples were
incubated with the secondary antibodies, anti-rat IgG Alexa Fluor
488 (1:1000; Invitrogen) and anti-mouse IgG Alexa Fluor 568

(1:1,000; Invitrogen), respectively. At the end of the procedure
the brain sections were mounted and cover slipped using Aqua
Poly/Mount (Polysciences, Inc.). At least three sections of three
animals in each group were evaluated and the average of the
sections per male were analyzed. Olfactory bulb reconstruction
was made at 20× using a fluorescence lamp. Image-Pro software
was used to merge photographs of the BrdU and NeuN positive
cells. In order to verify the double labeled cells, the images were
acquired in a LSM 510 Meta confocal microscope (Carl Zeiss,
Germany) using a plan-neofluar 20× objective (N.A. 0.50, Zeiss),
to detect Alexa 488 with Argon Laser in 488 nm wavelength and
Alexa 568 was detected with DPSS Laser 561 nm wavelength flu-
orescence in a sequential fashion. To establish co-expression of
the markers used, merged images were generated (Figure 4). The
examiner was unaware of the groups of the slices.

STATISTICS
Data from sexual behavior were not normally distributed and
therefore were analyzed by a Kruskal-Wallis test followed by
Student Newman-Keuls test. Data from the number of BrdU
immunoreactive cells and number of BrdU/NeuN immunofluo-
rescence cells were normally distributed and therefore analyzed
by One-Way analysis of variance (ANOVA) for each layer. In case
of significant effects post hoc comparisons were performed with
Fisher’s least significant difference test.

RESULTS
SEXUAL BEHAVIOR
During the three training tests to obtain sexual experience no sig-
nificant differences between groups were observed in any of the
parameters analyzed (data not shown). In the sexual behavior
test performed when BrdU was injected we found a significant
difference in the number of intromissions (K-W test: χ2 = 6.75,

FIGURE 2 | Photomicrographs showing the layers analyzed in the

sagittal (A) plane in the AOB and MOB, glomerular cell layer (GlCL),

mitral cell layer (MCL), and granular cell layer (GrCL). Representative
photomicrographs (10×) showing BrdU positive cells in the GrCL of

the AOB in control (B), exposed (C), non-paced (D), 1 ejaculation (E) and
3 ejaculation (F) groups. A 40× magnification of the 3 ejaculation group is
shown in (G). lo, lateral olfactory tract; r, rostral; c, caudal; d, dorsal and v,
ventral.
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P = 0.034). The Post hoc test revealed that the 1E and 3E groups
displayed a higher number of intromissions than the NP group.
Significant differences were also found in III (K-W test: χ2 =
7.22, P = 0.027), the NP group had a longer III than 1E and 3E
groups. Although the 3E and 1E groups had a higher number
of M that NP males, this difference was not statistically different
(K-W test: χ2 = 5.8, P = 0.054). As well, in the other parameters
no significant differences were found: latency to the first M (K-
W test: χ2 = 0.5, P = 0.79), I (K-W test: χ2 = 0.9, P = 0.65),
E (K-W test: χ2 = 0.36, P = 0.83), and PEI (K-W test: χ2 = 4.4,
P = 0.11) Table 1.

BrdU POSITIVE CELLS
AOB
Our data showed significant differences between groups in the
number of new cells in the GrCL [F(4, 34) = 11.64, P < 0.001].
Post hoc tests revealed an increase in the number of new cells
in the 3E group compared to all other groups. We also found
significantly more new cells in the 1E group than in groups
C and NP.

No significant differences between groups were found in the
number of new cells in the MCL [F(4, 23) = 0.52, P = 0.72], nor
did we find any significant differences in the GlCL [F(4, 34) =
0.51, P = 0.74] (Figures 2B–G and 3A).

MOB
No significant differences were found between groups in the num-
ber of new cells in the GlCL [F(4, 34) = 1.85, P = 0.15]; MCL
[F(4, 34) = 0.39, P = 0.82] or GrCL [F(4, 34) = 1.49, P = 0.23]
(Figure 3B).

We also evaluated the number of new cells in the coronal plane
in the AOB and MOB to determinate if the results vary depending
on the type of section. In the AOB, identical results were found,
that is a significant greater number of BrdU positive cells in the
GrCL in the 3E group compared to all other groups. A signifi-
cant increase in the 1E group as compared to the C, EXP, and NP
groups was also observed. No significant differences were found
in the GlCL and ML (data not shown). In the MOB, as well as the

Table 1 | Sexual behavior parameters in the different groups; no

pacing (NP), one ejaculation (1E), and three ejaculations (3E).

NP 1E 3E

Number

Mounts 6 ± 1 14.3 ± 3.2 8.1 ± 1.3

Intromissions 11 ± 1.2 20.4 ± 2.3∗ 18.7 ± 3∗

Ejaculations 3.4 ± 0.2 1 3

Latencies (sec)

Mounts 94.3 ± 25.3 183.1± 82.6 122.1 ± 40

Intromissions 103.6 ± 26.7 223.28± 95.9 154.1 ± 44.3

Ejaculations 937.9 ± 85.8 905.6± 189.2 903.9 ± 186

IPE 417.9 ± 36.6 356± 13.2 416.7 ± 21.3

III (sec) 94.7 ± 19.3 45.4 ± 9.3∗ 49.5 ± 8.1∗

Data are expressed as mean ± SEM. N = 7 per group.
∗Different from NP. P < 0.05.

FIGURE 3 | Number of BrdU positive cells in the sagittal plane in the

accessory olfactory bulb (AOB; A) and main olfactory bulb (MOB; B) in

control (C), exposed (EXP), non-paced (NP), 1 ejaculation (1E), and

3 ejaculation (3E) groups. The areas analyzed were the glomerular (GlCL),
mitral (MCL) and granular cell layer (GrCL). Data are expressed as
mean ± SEM. N = 7.
∗Different from all other groups in the same layer. P < 0.05.
+Different from C and NP in the same layer. P < 0.05.

sagittal sections, no significant differences were found in the coro-
nal GlCL and MCL. However in the coronal GrCL we found that
the 3E group integrates more cells than the 1E and control group
(data not shown). This difference could be a spurious effect since
the difference is marginal (P = 0.04) and has not been observed
in females. Thus, in general the results did not depend on the type
of section.

BrdU/NeuN positive cells
We quantified the number of new cells that expressed the marker
of neuronal differentiation (BrdU/NeuN positives) in the GrCL
in the C, 1E, and 3E groups because only between them we
found significant differences in the number of new cells. Our data
showed significant differences in the number of BrdU/NeuN pos-
itive cells [F(2, 8) = 9.0, P = 0.02]. The post hoc test showed that
the 3E group had more BrdU/NeuN positive cells per mm2 (BrdU
positive cells 155.7 ± 20, BrdU/NeuN positive cells 69 ± 8, 44%)
than the C (BrdU positive cells 51.3 ± 30.7, BrdU/NeuN posi-
tive cells 26.5 ± 9.2, 52%) and 1E groups (BrdU positive cells
106.2 ± 22, BrdU/NeuN positive cells 33.6 ± 4.7, 32%). In order
to verify the colocalization of the double-labeled BrdU/NeuN cells
we obtained 20× photomicrographs using a confocal microscope
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(Zeiss LSM 510) in the GrCL of the AOB, two sagittal slices from
three randomly chosen subjects from the C, 1E and 3E groups
were analyzed (Figure 4).

DISCUSSION
As expected, our data indicate that those males that ejaculated in
a condition where they controlled the rate of sexual stimulation
(paced mating) have a higher number of new cells in the GrCL of
the AOB, regardless whether they ejaculated one or three times.
We also showed that around 40% of these new cells differentiate
into neurons within 15 days after mating and BrdU administra-
tion. Our results indicate that the increase in the number of new
cells in the GrCL of the AOB depends on the ability to pace the
sexual interaction more than on the number of ejaculations itself.
The group of males not allowed to pace the sexual interaction
ejaculated a mean of 3.4 times during the 1 h test (NP group)
but did not show an increase in the number of new cells. Thus,
paced genital stimulation appears to be fundamental to potenti-
ate neurogenesis in the GrCL of the AOB in the adult male rat.
The genital stimulation that the male receives during paced and
non-paced mating is quantitatively and qualitatively different.
Males that mate in a setting where they control (pace) the sex-
ual interaction display a higher number of intromissions, longer
intromission duration and a shorter inter-intromission interval
in comparison to males not able to control the sexual interaction.
Thus penile stimulation during intromissions is higher in those
males that pace the sexual interaction (Erskine, 1989). The results
of the present study further support this contention: males that
paced the sexual interaction (1E and 3E) displayed a higher num-
ber of intromissions and had a shorter inter-intromission interval
than the group unable to pace the sexual interaction (NP).

Another difference between paced and non-paced mating is
the rewarding value of the sexual interaction. Sexual stimulation

induces a reward state only if subjects, males or females, pace the
sexual interaction (Martinez and Paredes, 2001; Camacho et al.,
2009). This reward state is mediated by opioids since adminis-
tration of the opioid antagonist naloxone, blocks the rewarding
effects induced by sexual behavior in both males and females
(Agmo and Gomez, 1993; Paredes and Martinez, 2001). Based on
these and other observations it has been postulated that opioids
are release during sexual behavior thereby reducing the aver-
sive consequences of repeated sexual stimulation and enabling
the eventual development of a reward or positive affective state
(Agmo and Gomez, 1993; Paredes, 2009, 2010). Interestingly, opi-
oids are also involved in the proliferation and survival of the new
cells in the subventricular zone (Sargeant et al., 2008). Morphine
treatment increased the number of new cells [detected by (3H)
thymidine up take] in the subventricular zone of adult male rats
(Messing et al., 1979; Miller et al., 1982). Furthermore, activa-
tion of the δ opioid receptor induced neuronal differentiation of
brain stem cells, and the blockade of this opioid receptor induced
astrogliosis (Narita et al., 2006). Therefore, endogenous opioid
release during paced mating could be involved in the higher
number of new neurons observed in the AOB.

Similar arguments could be presented for other neuromod-
ulators. For example, oxytocin is also involved in the reward
aspects of sexual interaction in females. Moreover, oxytocin
release increases in the hypothalamic paraventricular nucleus of
those females that pace the sexual interaction (Nyuyki et al.,
2011). Additionally, oxytocin increases proliferation and adult
neurogenesis in the ventral dentate gyrus of the hippocampus
(Leuner et al., 2012). Further studies need to directly assess if
blockade of either opioids or oxytocin during sexual behavior
interferes with the increase of new neurons in the AOB.

It has been demonstrated that sexual stimulation activates neu-
rons in the AOB. For example, Binns and Brennan demonstrated

FIGURE 4 | Confocal images of cells in the GrCL of the AOB

double-labeled with NeuN (red) and BrdU (green), taken at 20×
magnification. Projection and orthogonal plane in control (A–C), and 3E

(D–F) groups. The images were rotated in orthogonal planes to verify double
labeling throughout its extent (B,E). Photomicrographs C and F were taken at
63× magnification. r, rostral; c, caudal; d, dorsal and v, ventral.
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that mating in female mice induces a significant change in base-
line activity in local field potential (LFP) in the granular cells
of the AOB, resulting in significantly higher baseline LFP power
in the frequency bands related to sensory perception and long-
range interaction between brain regions (Binns and Brennan,
2005). Vaginal stimulation in females during proestrous-estrous
also induces an increase in the firing rate in cells of the mitral
cell layer of the MOB (Guevara-Guzman et al., 1997). In the same
study, an increase in the number of cells that express cFos was
reported in the GrCL of the AOB and in the GlCL and external
plexiform layers of the MOB in proestrous-estrous females after
vaginal stimulation (Guevara-Guzman et al., 1997).

Changes in olfactory function after exposure to relevant
chemosensory cues and sexual stimulation are also observed in
males. Subjects exposed to soiled estrous bedding showed an
increase in the number of granular cells that express the immedi-
ate early gene, activity-regulated cytoskeleton-associated protein
(ARC) in the MOB. Mating caused an even greater increase in
the number of ARC-expressing granular cells in the MOB and in
the AOB (Matsuoka et al., 2002). Moreover, in male rats genital
stimulation increased the number of cells that express cFos in the
medial amygdala and in the GrCL and MCL layers of the AOB
(Kondo et al., 2003). Thus, genital stimulation can modify the
activity of the OB, and this stimulation can be fundamental to
increase the number of new cells that arrive to the AOB.

In the present study no changes in the number of new cells
were observed in the group exposed to a sexually receptive female.
This observation is at variance with reports showing that scent-
rich environments and sexually-relevant odors induce an increase
in the number of new cells in the OB (Mak et al., 2007; Larsen
et al., 2008; Oboti et al., 2009). However, in those studies exper-
imental animals were continuously exposed to the odors for at
least two days, whereas in our experiment the males were exposed
to the female odors for only 1 h. It has been proposed that short
term exposure to odorants does not increase the survival of new
cells, instead their survival requires the discrimination, associa-
tion, and formation of olfactory memory (Alonso et al., 2006;
Mouret et al., 2008; Lazarini and Lledo, 2011). It is also possible
that acute or chronic exposure to sexually relevant odors might
have a different effect on OB neurogenesis, but in the present
experiment the induction of new cells by mating does not appear

to be associated with female odors. Further support for this con-
tention comes from a recent study where females allowed to pace
the sexual interaction showed an increase in the number of new
cells in the GrCL of the AOB, while females exposed to sexu-
ally experienced males did not show changes in the number of
cells in the this layer (Corona et al., 2011b). Similar observations
have been described in the hippocampus after sexual behavior
in males. Subjects exposed to a sexually receptive female, with
whom they could copulate for 14 days had more neurons in the
dentate gyrus than those males exposed to non-receptive females
(Leuner et al., 2010). In this case males were mated in a condi-
tioned where they controlled the sexual interaction. Thus, pacing
the sexual interaction induces genital stimulation and reward
value that are quantitatively and qualitatively different from non
paced mating. These differences can modulate the number of new
cells.

No significant differences in the number of new cells were
found in the MOB and in the GlCL and MCL of the AOB. It has
been demonstrated in mice that, while the number of new cells
that reach the GrCL of the AOB is maximum 7 days after BrdU
administration, the new granular cells in the MOB reach their
maximum levels 15 days after the administration of the DNA syn-
thesis marker (Oboti et al., 2009). Also, the majority of the new
cells that reach the OB differentiate into granular cells and only a
rare proportion migrate into the glomerular layer reaching their
maximum level 1 month after BrdU administration (Petreanu
and Alvarez-Buylla, 2002; Winner et al., 2002). Future studies are
been planned to evaluate proliferation in the SVZ and RMS 2 days
after mating and neurogenesis in the OB 45 days after sexual stim-
ulation and determine if some cells integrate in the MOB or other
layers of the AOB.
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We introduce the first open resource for mouse olfactory connectivity data produced as
part of the Mouse Connectome Project (MCP) at UCLA. The MCP aims to assemble a
whole-brain connectivity atlas for the C57Bl/6J mouse using a double coinjection tracing
method. Each coinjection consists of one anterograde and one retrograde tracer, which
affords the advantage of simultaneously identifying efferent and afferent pathways and
directly identifying reciprocal connectivity of injection sites. The systematic application
of double coinjections potentially reveals interaction stations between injections and
allows for the study of connectivity at the network level. To facilitate use of the data,
raw images are made publicly accessible through our online interactive visualization
tool, the iConnectome, where users can view and annotate the high-resolution,
multi-fluorescent connectivity data (www.MouseConnectome.org). Systematic double
coinjections were made into different regions of the main olfactory bulb (MOB) and data
from 18 MOB cases (∼72 pathways; 36 efferent/36 afferent) currently are available to
view in iConnectome within their corresponding atlas level and their own bright-field
cytoarchitectural background. Additional MOB injections and injections of the accessory
olfactory bulb (AOB), anterior olfactory nucleus (AON), and other olfactory cortical areas
gradually will be made available. Analysis of connections from different regions of the
MOB revealed a novel, topographically arranged MOB projection roadmap, demonstrated
disparate MOB connectivity with anterior versus posterior piriform cortical area (PIR), and
exposed some novel aspects of well-established cortical olfactory projections.

Keywords: main olfactory bulb, piriform cortical area, lateral olfactory tract, online digital atlas, connectome,

neural tract tracing

Abbreviations: AAA, anterior amygdalar area; ACAd, anterior cingulate area,
dorsal part; aco, anterior commissure, olfactory limb; AMd, anteromedial thala-
mic nucleus, dorsal part; AOB, accessory olfactory bulb; AON, anterior olfactory
nucleus; AONd, anterior olfactory nucleus, dorsal part; AONe, anterior olfac-
tory nucleus, external part; AONm, anterior olfactory nucleus, medial part;
AONpv, anterior olfactory nucleus, posteroventral part; ARA, allen reference
atlas; BA, bed nucleus of accessory olfactory tract; BDA, biotinylated dextran
amine; BST, bed nuclei of stria terminalis; COAa, cortical amygdalar area, ante-
rior part; COApl, cortical amygdalar area, posterior part, lateral zone; COApm,
cortical amygdalar area, posterior part, medial zone; CTb, cholera toxin subunit
b; DP, dorsal peduncular area; ENT, entorhinal area; ENTl, entorhinal area, lat-
eral part; ENTm, entorhinal area, medial part; FG, Fluorogold; gr, granule cell;
int, internal capsule; lot, lateral olfactory tract; lotd, lateral olfactory tract, dor-
sal part; MA, magnocellular nucleus; MCP, mouse connectome project; MEAav,
medial amygdalar area, anteroventral part; mi, mitral cell; MOB, main olfac-
tory bulb; MOBgl, main olfactory bulb, glomerular layer; MOBgr, main olfactory
bulb, granule layer; MOBipl, main olfactory bulb, inner plexiform layer; MOBmi,
main olfactory bulb, mitral layer; MOBopl, main olfactory bulb, outer plexi-
form layer; MOp, primary motor area; NLOT, nucleus of the lateral olfactory
tract; NT, NeuroTrace®; OSN, olfactory sensory neuron; OT, olfactory tubercle;
OTl, olfactory tubercle, lateral part; OTm, olfactory tubercle, medial part; PAA,
piriform-amygdalar area; PHAL, Phaseolus vulgaris-leucoagglutinin; PIR, piriform
area; PIRa, piriform area, anterior part; PIR-OT, piriform-olfactory tubercle junc-
tion; PIRp, piriform area, posterior part; py, pyramidal cell; RT, reticular nucleus of
the thalamus; SSp, primary somatosensory area; SSs, supplemental somatosensory
area; tf, tufted cell; TR, postpiriform transition area; TTd, taenia tecta, dor-
sal part; TTv, taenia tecta, ventral part; VISC, visceral area; VNO, vomeronasal
organ.

INTRODUCTION
In his pioneering work, Ramon y Cajal (1904) elegantly illus-
trated the cytoarchitecture of the main olfactory bulb (MOB)
and its general pathways to cortical destinations using the Golgi
stain. Since then, olfactory pathways have been thoroughly exam-
ined using more advanced techniques, ranging from circuit
tracers to cell-type specific viral tracers (Cragg, 1961; Powell
et al., 1965; Price, 1973; Scalia and Winans, 1975; Shipley
and Adamek, 1984; Pro-Sistiaga et al., 2007; Yan et al., 2008;
Nagayama et al., 2010; Miyamichi et al., 2011; Sosulski et al., 2011;
for reviews see Haberly, 2001; Friedrich, 2011). Technological
advancements also have improved presentation of neurocon-
nectivity data. High cost and space limitations typically allow
publication of figures depicting connectivity that is of most
interest, precluding presentation of the majority of the data.
Unfortunately, this provides only a partial view of the whole
picture. Presently, advanced imaging equipment and computer
technology have revolutionized neuroanatomy such that whole-
brain high-resolution images can be acquired and made publicly
accessible for world-wide use (Dong, 2007; Jones et al., 2011).
At the forefront of this new neuroanatomy era is the iCon-
necome, where systematically accumulated multi-fluorescent

Frontiers in Neuroanatomy www.frontiersin.org August 2012 | Volume 6 | Article 30 |

NEUROANATOMY

53

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.2012.00030/abstract
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=HouriHintiryan&UID=53557
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=ArthurToga&UID=164
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=Hong_WeiDong&UID=9310
http://www.frontiersin.org/Neuroanatomy
http://www.frontiersin.org
http://www.frontiersin.org/Neuroanatomy/archive


Hintiryan et al. MOB connectivity analysis and atlas

connectivity data can be accessed (www.MouseConnectome.
org). Whole-brain coronal sections starting from rostral regions
of the olfactory bulb and extending to the caudal regions
of the hindbrain are available for each case. For example,
olfactory cortical projections from the MOB and accessory olfac-
tory bulbs (AOBs) extend long distances reaching the cau-
dal ends of the entorhinal cortical area (ENT) (Figures 1A–E).
Coronal sections with all of the labeling from each injection
site are available in iConnectome and provide a comprehen-
sive view of connections associated with each injected structure
(Figure 1E).

CIRCUIT TRACING APPROACH
The Mouse Connectome Project (MCP) at UCLA aims to gen-
erate a connectivity map of the mouse brain using a dou-
ble coinjection tracing strategy, which was first reported for
studying neuronal connectivity in the rat (Thompson and
Swanson, 2010). Each of the two non-overlapping coinjec-
tions consists of one anterograde and one retrograde tracer.
Phaseolus vulgaris-leucoagglutinin (PHAL: anterograde: green)
is coinjected with cholera toxin subunit b (CTb: retrograde:
magenta) while biotinylated dextran amine (BDA: antero-
grade: red) is coinjected with Fluorogold (FG: retrograde: gold)

FIGURE 1 | Sagittal images of anterograde tracers Phaseolus
vulgaris-leucoagglutinin (PHAL; green) and biotinylated dextran

amine (BDA; red) injections in MOB (A, magnified in B). Fibers originating
from MOB injections travel long distances across cortical olfactory areas (C).
Magnified image of fibers in (D) shows BDA fibers in AON, PIR, and lot.
Note the decrease in BDA axons across the PIR-OT junction (C,D).
Whole-brain coronal sections of PHAL fibers from MOB traveling from rostral

to caudal regions of the brain (E; −0.955 to −3.88 mm from bregma).
Case numbers SW101215-02A (A); SW101213-01A (E). Scale bar, 1 mm
(A,C); 200 µm (B,D). Abbreviations: MOB, main olfactory bulb; MOBgr,
MOB granule layer; AOB, accessory olfactory bulb; PIR, piriform cortical
area; OT, olfactory tubercle; AON, anterior olfactory nucleus; PHAL,
Phaseolus vulgaris-leucoagglutinin; BDA, biotinylated dextran amine; NT,
neurotrace blue.
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(Figure 2A). These double coinjections allow concurrent exam-
ination of input and output pathways from each injection
and yield four times the amount of data collected from clas-
sic single tracer injections, reducing cost, processing time,
and number of animals used. Coinjections also expose topo-
graphically distinct connectional patterns associated with the
two injections within the same brain (Figure 2B), increas-
ing the precision of a connectome map. Further, unlike
MacroConnectomes that utilize in vivo diffusion tractog-
raphy imaging to map fiber tracts (Behrens and Sporns,
2012; Cammoun et al., 2012; Van Essen et al., 2012)
and MicroConnectomes (or synaptomes) (Lichtman et al.,
2008; Micheva et al., 2010; Bock et al., 2011; Briggman
et al., 2011) that map local circuits or synaptic connectiv-
ity at single neuron level, our approach concurrently reveals
long projection pathways (Figures 2C,H–K) and inter-regional
connectivity (Figures 2H–K). These inter-regional connec-
tions can be recurrent (reciprocal) connections (Figures 2C,F)
and/or interaction stations (Figure 2G). Reciprocal connec-
tions between the injection sites and other structures are indi-
cated by overlapping PHAL-labeled terminals and CTb-labeled
neurons (Figures 2C,F) or by BDA terminals overlapping with
FG-labeled neurons. Potential interaction stations between injec-
tion sites are demonstrated by PHAL-fiber innervation of FG-
labeled neurons (Figure 2G) or BDA innervation of CTb-labeled
neurons.

Inter-regional synaptic connectivity is confirmed by cross val-
idation of the data. For example, PHAL injections in the primary
somatosensory cortical area (SSp; Figure 2H) label fibers and
terminal boutons in the primary motor area (MOp; Figure 2I)
suggesting a synaptic connection with that region. A FG injec-
tion in the same MOp region that contains the PHAL ter-
minals (Figure 2K) layer-specifically back-labels neurons in the
SSp (Figure 2J) where the PHAL injection was made. This
confirms the MOp and SSp inter-regional synaptic connec-
tion and also reveals the specific SSp layers that project to the
MOp.

Sections containing the injection site are exposed to reveal
fibers, which make the infusions look large (Figure 2C). However,
injection sizes typically range from 300–500 µm in diameter
(Figures 2D,E) and more confined injections with 200 µm diam-
eters are made when smaller nuclei are targeted.

THE ICONNECTOME, AN ONLINE DIGITAL CONNECTIVITY ATLAS
The iConnectome is an interactive visualization tool for our
whole-brain, high-resolution connectivity data. For each case, up
to four fluorescent channels, each corresponding to a tracer, can
be viewed and adjusted for brightness and contrast to reveal label-
ing of interest (Figure 3A). PHAL is represented in the green
channel (Figure 3A, upper right and lower left panels), CTb in
magenta (Figure 3A, lower panels), BDA in red (Figure 3A, upper
left), and FG in yellow (Figure 3A, upper right). Up to four
different cases (approximately 16 pathways) can be viewed simul-
taneously (Figure 3A). Windows can be synchronized such that
any action performed in the master viewport is mirrored in the
slave window(s) allowing comparison of labeling patterns from
different cases.

The purpose of this publicly accessible connectivity data is to
help neuroscientists generate testable hypotheses regarding finer
scale brain circuitry, brain function, behavior, and disease. Two
features that ease the analysis of the connectivity data are available
in iConnectome. The first is a channel that allows each section to
be viewed within its own bright-field Nissl cytoarchitectural back-
ground (Figures 3B,C,G). Previously, this has not been attainable
due to technical constraints and consequently adjacent sections
commonly have been used as Nissl references. The bright-field
background of the same section enables more precise identifica-
tion of labeling in distinguishable nuclei, decreasing the margin
of error in analysis. The second feature is a sixth channel that rep-
resents the section’s corresponding Allen Reference Atlas (ARA;
Dong, 2007) level, which also aids in the annotation of the data
(Figures 3D–F).

For each case, a thumbnail widget containing representative
images also is available. The widget can be accessed by click-
ing on the magnifying glass icon next to each case number
(Figure 3H). This feature provides an overview of the label-
ing for the case, but more importantly, displays the actual
injection site size. As aforementioned, injection sites are over
exposed to reveal finer labeling present in the section (Figure 2C),
which enlarges the infusion area and misrepresents the
injection size.

Currently, the iConnectome features 63 cases, 18 of which con-
tain MOB injections that trace approximately 35 efferent and 20
afferent pathways across the entire brain. Eventually, injections
made into the AOB, anterior olfactory nucleus (AON), and other
cortical olfactory areas also will be available.

RESULTS
Analysis of injections made into the mitral cell (MOBmi) and
granule (MOBgr) layers of the MOB and into the piriform corti-
cal area (PIR) revealed novel topographic MOB projections to and
within the lot, demonstrated different MOB connections with the
anterior versus posterior PIR, and exposed novel characteristics
of well-established cortical olfactory projections.

PROJECTION ROADMAP OF THE MOB: ROUTE PREFERENCES OF
LATERAL VERSUS MEDIAL MOB MITRAL CELLS
Double coinjections were made into the (1) dorsal, (2) middle, or
(3) ventral MOBmi along the dorsal-ventral axis and into medial
or lateral regions along the medial-lateral axis (Figures 4A,C, 5A,
6A1,A2,B1,B2,C1).

Regardless of their origin along the dorsal-ventral axis, axons
from the lateral MOB course through the granule layer headed
toward the lot, the main route from the olfactory bulb to olfac-
tory cortical areas (Gloor, 1997) (Figures 4A,C, 5A). Within
the lot, axons from the dorsal lateral region travel roughly in
dorsal intermediate parts of the tract, while axons from the ven-
tral lateral MOBmi travel roughly in the ventral intermediate
portion (Figures 4B,D, 5B) before arborizing in the AON and
PIR.

Axons from the medial MOB take different routes to join
the lot depending on their origin along the dorsal-ventral axis.
Those from dorsal medial MOBmi (Figure 6A1) travel through
the dorsal limb of the lot (lotd; Figure 6A2) and through a distinct
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FIGURE 2 | Non-overlapping double coinjections of PHAL/CTb in ACAd

and BDA in MOp on bright-field Nissl background (A) directly reveal

topography in both gray (AMd and RT) and white matter (int ; B). White
arrow indicates PHAL fibers (as dots) traveling ventral to BDA fibers in int (B).
Injections (C–E) also reveal long projections pathways as demonstrated by
PHAL fibers from the VISC crossing the corpus callosum and terminating in
the contralateral mirror VISC area also labeled with CTb neurons (C; white
arrow magnified in F). Overlapping PHAL and CTb (C,F) labeling suggests
reciprocal connectivity between the mirrored structures. Image with the
VISC and SSp injections in (C) is exposed to reveal fine fibers (blue and white
arrows) that would otherwise not be visible if adjusted for the injection.
Although PHAL and CTb injections look large, their actual size is ∼300 µm in
diameter (D,E). Possible interaction stations between the two injections sites

(C) is indicated by PHAL fibers from VISC overlapping with FG back-labeled
neurons from SSp within the supplementary somatosensory area (SSs)
suggesting a VISC→SSs→SSp connectivity chain. Inter-regional connectivity
is corroborated by cross validation of data (H–K). PHAL injection in SSp (H)

labels terminals in MOp (I). FG injection in the same MOp site as
PHAL-labeled terminals (K) layer-specifically back-labels neurons in SSp (J),
precisely in SSp PHAL injection area (H). Scale bar, 1 mm (A,C); 200 µm
(B,D–G); 500 µm (H–K). Case numbers SW110323-02A (A,B);
SW101014-04A (C–G); SW110419-03A (H,I); SW110323-02A (J,K).
Abbreviations: VISC, visceral area; SSp, primary somatosensory area; SSs,
supplemental somatosensory area; MOp, primary motor area; AMd, dorsal
anteromedial thalamic nucleus; RT, reticular nucleus of thalamus; int, internal
capsule.
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FIGURE 3 | Up to four cases can be viewed simultaneously in

iConnectome for ease of comparing labeling from different cases (A).

The four fluorescent tracers can be viewed per case: BDA in the red channel
(upper left); PHAL in green (upper right, lower left); CTb in magenta (lower
panels), and FG in yellow (upper right). Each tracer can be viewed either on
their own bright-field Nissl background (B,C,G) or on their corresponding
ARA level (D–F). Back-labeled FG neurons in MA (B) are magnified in (C) and

are clearly registered onto the MA nucleus on ARA (D). ARA background
shows CTb back-labeled neurons in the pyramidal layer of PIR (E),
magnified in (F). Location of neurons in layer II of PIR clearly is also seen on
bright-field Nissl (G). The thumbnail widget containing representative
images of actual injection site size (H). Thumbnails containing interesting
patterns of labeling from each tracer for each case can also be found in the
widget.

dorsolateral and lateral region of the lot (Figures 6A3,A4). From
the ventral medial MOBmi, axons travel ventrolaterally across
the MOB toward the lot (Figures 6B1,B2,B2’) and extend cau-
dally roughly through the ventromedial lot (Figures 6B3–B5).

Axons from the middle medial MOBmi (Figure 6C1) travel
either dorsally via the lotd or go ventrolaterally toward the
lot (Figure 6C2). Axons from the lotd occupy the dorsolateral
or lateral edge of the lot, while axons traveling ventrolaterally
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FIGURE 4 | Injections in the dorsal (A) and ventral (C) lateral MOB

result in axons traveling directly toward the lot located on the same

side. Within the lot, fibers from the dorsal lateral MOBmi travel
predominantly in dorsal parts of the lot (B), while those from ventral lateral
regions remain primarily in ventral lot (D) as they travel caudally toward
their olfactory cortical destinations. Sections containing the lot are at the
same level, approximately 2.745 mm anterior from bregma (B,D). Scale bar,
200 µm. Case numbers SW110608-05A (A,B), SW110607-03A (C,D).

occupy more ventromedial parts (Figures 6C3,C4; see Figure 5
for schematic).

DIFFERENTIAL CONNECTIVITY PATTERNS OF THE ANTERIOR
VERSUS POSTERIOR PIR
Injections made into the MOBgr revealed unique connections
of the MOB with the anterior and posterior PIR. FG injec-
tions encompassed within the dorsal deep MOBgr (Figure 7A)
result in back-labeled neurons both in the posterior PIR (PIRp)
and magnocellular nucleus (MA; Figure 7B). FG injections in
the MOBmi that encroach slightly onto the superficial gran-
ular layer (Figure 7C) label neurons only in the MA, not the
PIRp (Figure 7D). This suggests that the MA projects to both
MOBgr and MOBmi, but that the PIRp projects only to the
deep MOBgr. Corroborating this connection, PHAL/CTb injec-
tions in the PIRp (Figure 7E) result in labeled terminals solely
in the deep MOBgr (Figure 7F), a pattern that is preserved
in posterior MOBgr regions (Figures 7G,H). PIRp CTb injec-
tions confirm that cells in the entire MOBmi project back to
the PIRp (Figures 7F–H). Together, the data suggest a con-
nection chain from the MOBmi→PIRp→deep MOBgr. PHAL

FIGURE 5 | Schematic of lateral and medial MOB projections to lot.
Colors of injections in (A) and lot fibers in (B) are linked. Axons from dorsal
(blue) or ventral (purple) lateral MOB travel directly toward the lot on the
same side (A) and remain approximately in the dorsal and ventral lot,
respectively (B). Fibers from dorsal medial MOB (orange) travel through the
lotd, while those from ventral medial MOB (pink) take a ventrolateral route.
Fibers originating from the middle medial MOB (green) travel either through
the lotd or ventrolaterally toward lot. Within the lot, dorsal medial MOB
fibers stay restricted roughly within the lateral or dorsolateral region. Axons
from ventral medial MOB remain approximately in ventromedial region and
those from middle medial MOB travel through either dorsolateral or
ventromedial lot. Abbreviations: AOB, accessory olfactory bulb; AON,
anterior olfactory nucleus; lot, lateral olfactory tract; lotd, dorsal limb of lot.

injections in the anterior PIR (PIRa) specifically innervate the
superficial MOBgr layers and the MOBmi (Figures 7I,J,M–P).
This pattern also is preserved in more posterior regions of
the MOB (Figures 7K,L) and suggests a neural chain from
MOBmi→PIRa→MOBmi/superficial MOBgr. Combined, these
results demonstrate that (a) the MOBgr can be stratified into
superficial and deep layers and (b) the PIRa and PIRp show
differential connectivity patterns to the MOB, namely that the
PIRa projects to the superficial MOBgr and MOBmi, while PIRp
projects to deep MOBgr and avoids the MOBmi (Figure 8). This
distinct connectivity of the PIRa and PIRp possibly has important
implications for their roles in MOB activation (see “Discussion”).

Differential PIRa and PIRp connectivity is substantiated by FG
injections in the medial and lateral MOBmi that back-label neu-
rons only in the PIRa and not PIRp (Figures 9A–F). This pattern
holds true regardless of the dorsal-ventral position of the MOB
injections (data not shown). Our data also suggests that PIRa
receives more inputs from MOBmi than the PIRp. From a sagit-
tal view, MOB fiber ramifications decrease as they progress from
PIRa to PIRp (Figures 9G–I).

A rough topography within PIRa also exists where more dor-
sal neurons project to dorsal MOBmi and more ventral PIRa
neurons project to ventral MOBmi (Figures 9B,E). This coarse
organization is observed more clearly when CTb and FG are
double injected in the dorsal and ventral MOBmi, respectively
(Figures 9J,K). CTb neurons roughly cluster in more dorsal parts
of the PIRa, while FG neurons occupy more ventral regions
(Figures 9L,M).
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FIGURE 6 | Axons from the dorsal medial MOB (A1) travel through lotd
(A2) to lot and travel along the dorsolateral edge within the lot (A3,A4).

Ventral medial MOB axons (B1,B2) travel ventrolaterally toward lot (B2,B2’)

and within the ventromedial parts of lot (B3–B5). B2’ is one section posterior

to section in B2. Axons from middle medial MOB (C1) cross over either
through the lotd or ventrolaterally toward the lot (C2) and travel either
through its dorsolateral or ventromedial parts (C3,C4). Scale bar, 200 µm.
Case numbers SW101213-01A (A), SW101215-01A (B), SW100302-01A (C).

MOB CORTICAL PROJECTIONS
Double coinjections were made into the dorsal medial (BDA;
Figure 6A1) and ventral lateral (PHAL; Figure 6A2) MOBmi and
fibers from the rostral to caudal regions of the brain were exam-
ined. Regardless of their origin, all axons extensively arborize
along the molecular Ia sublayer of the olfactory cortex with-
out any spatial topographic specificity. From the lot, fibers from
dorsal medial and ventral lateral MOBmi first arborize in the
AON, extending across its external, dorsal, lateral, and poste-
rior ventral divisions (Figures 10A, 11A). Caudally, fibers con-
tinue into the Ia layer of the PIR, dorsal/ventral taenia tecta
(TTd, TTv), but do not project as far mediodorsal as the dorsal

peduncular area (DP; Figures 10B, 11B). Axons densely ramify
at the juncture between the PIR and the olfactory tubercle (OT;
Figures 10C, 11C). Several cases substantiate this PIR-OT junc-
tion labeling where it appears that axons from different parts of
the MOB, including the MOBmi and glomerular layer (MOBgl;
Figures 12A,E,F), extend into layer II and wrap around pyramidal
OT neurons (Figures 12B–D,G–I).

Fibers continue caudally and terminate in the lateral OT,
avoiding its medial portion across the rostral-caudal extent of
the structure (Figures 10D, 11D). PHAL and BDA MOBmi
axons also terminate in the anterior amygdalar area (AAA;
Figures 10E, 11E), nucleus of the olfactory tract (NLOT;
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FIGURE 7 | Stratification of MOBgr and differential connectivity patterns

of PIRa and PIRp with MOB. Injections in deep MOBgr (A) retrogradely
label neurons in both MA and PIRp (B), while injections in MOBmi (C) label
only MA neurons and not PIRp (D). PHAL injections into PIRp (E) label axons
only in deep MOBgr (F), a pattern that is preserved in posterior sections
(G,H). Note the distance from CTb labeled mitral cells and PHAL labeled
fibers in G,H indicated by a red bar. PIRa projects to MOBmi and more
superficial MOBgr (I,J), which is also apparent in posterior MOBgr (K,L).
Note the distance between FG labeled mitral cells and PHAL labeled fibers.

(M–P) are magnified images from (J) showing PHAL-labeled terminal
boutons from PIRa contacting FG-labeled mitral cells. White arrows indicate
magnified cells in top right corner of image. Scale bar 200 µm (A–D,F–L);
500 µm (E); 20 µm (M–P). Case numbers SW101215-05A (A,B),
SW110607-05A (C,D); SW110403-01A (E–H), SW110616-04A (I–L).
Abbreviations: MA, magnocellular nucleus; PIRp, posterior piriform area;
PIRa, anterior piriform area; aco, anterior commissure olfactory limb; MOBmi,
MOB mitral cell layer; gr, granule layer of MOB; AONe, external anterior
olfactory nucleus.

(Figures 10F, 11F), bed nucleus of accessory olfactory tract
(BA; Figures 10G, 11G), anterior cortical amygdalar area
(COAa; Figures 10F–H, 11F–H), posterior lateral COA (COApl;
Figures 10G–I, 11G–I), anterior ventral part of the medial

amygdalar nucleus (MEAav; Figures 10H, 11H), piriform-
amygdalar area (PAA; Figures 10H,I, 11H,I), and postpiriform
transition area (TR; Figures 10I, 11I). Terminal boutons are not
present in the posterior medial COA (COApm; Figures 10I, 11I).

Frontiers in Neuroanatomy www.frontiersin.org August 2012 | Volume 6 | Article 30 | 60

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


Hintiryan et al. MOB connectivity analysis and atlas

FIGURE 8 | Pyramidal cells of PIRa (green) send excitatory projections

(indicated by +) to MOB mitral cells (mi; purple). PIRa (green) also directly
projects to superficial MOB granule cells (gr; orange), which in turn inhibit
(indicated by –) tufted cells (tf) in the superficial outer plexiform layer (opl).
Pyramidal cells of PIRp (teal) project only to deep granule cells (gr; pink),
which inhibit mi cells. Axons from MOB mi cells (mi; purple), through the lot,

project more densely to PIRa compared to PIRp indicated by more synaptic
connections. Apical dendrites of PIRa (py; green) and PIRp (py; teal) pyramidal
neurons form connections with MOB mi projecting axons traveling within
layer Ia. Arrows indicate flow of direction. Abbreviations: gl, glomerular layer;
opl, outer plexiform layer; mi, mitral cell layer; ipl, inner plexiform layer;
gr, granule layer; Ia, molecular layer 1a.

Similarly, arborizations are observed in the Ia layer of the lateral
entorhinal cortical area (ENTl), but not the medial ENT (ENTm;
Figures 10J, 11J).

The number of axons progressively decreases not only as they
project medially, but also caudally. For example, massive axons in
the AON and PIR dramatically decrease in number after the PIR-
OT juncture (Figures 10C,D, 11C,D), an observation that is more
evident in sagittal sections (Figure 1C).

DISCUSSION
MOB PROJECTION ROADMAP
An important question in the olfactory field is whether the
exquisite spatial arrangement of olfactory sensory neuron (OSN)
inputs to olfactory bulb glomeruli is preserved in connections
to higher brain regions (Isaacson, 2010). In rodents, each OSN
class expresses a unique odorant receptor set and has projec-
tions to two glomeruli that are located in symmetrical positions
of the olfactory bulb: one on the medial and the other on the
lateral side (Ressler et al., 1994; Vassar et al., 1994; Mombaerts
et al., 1996). As a consequence of this topography, each olfac-
tory receptor, and the odors that activate it, is represented in
the olfactory bulb as a pattern of activated glomeruli. Imaging
experiments have validated that different odorants elicit distinct
patterns of glomerular activity (Rubin and Katz, 1999). Each
of these symmetrically located glomeruli receives input from
mitral cells located in the same symmetric positions and evi-
dence suggests existence of organized projections from glomeruli
to AON (Franks et al., 2011). Predicated on this organization, we
purported that symmetrically located mitral cells in the medial

and lateral regions of the MOB would have similar projection
patterns, while those located in different positions along the
dorsal-ventral axis would differ. Our projection roadmap of the
MOB supports this claim. Once within the lot, fibers from the
dorsal medial and lateral MOB travel roughly within the dorsal
region of the tract, while those in the ventral medial and lateral
travel approximately in its ventral portion (Figures 4, 5, and 6).
Therefore, within the lot, positions of axons from symmetrical
medial and lateral MOB locations are topographically similar,
while positions of lot axons from dorsal and ventral MOB loca-
tions differ. Support for this dorsal/ventral lot stratification is
provided by differential expression of molecular markers within
the fiber tract (Inaki et al., 2004). Our data did not show spa-
tial arrangements from lot to layer Ia of olfactory cortical areas,
which is consistent with the majority of reports in the liter-
ature (Ghosh et al., 2011; Kang et al., 2011a; Sosulski et al.,
2011), although some evidence suggests that the OT preferentially
receives more inputs from the dorsal MOB exists (Haberly and
Price, 1977).

The olfactory pathways have been studied extensively over the
last several decades (for reviews see Gloor, 1997; Haberly, 2001).
Consistent with the literature, our data show that axons arising
from different parts of the MOB generate axonal projections to
other olfactory cortical areas including the AON, TTd, TTv, PIR,
MEA, COA, and ENT as well as to the OT, which forms part of
the ventral striatum. Generally, MOB projections stay restricted
to the lateral division of structures i.e., the lateral OT, COApl,
and ENTl, avoiding the medial OT, COApm, and ENTm. Unlike
most cortical projecting MOB axons that remain restricted in the
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FIGURE 9 | Connectional differences between PIRa and PIRp. FG
injections in dorsal medial (A) and ventral lateral (D) MOBmi back-label
neurons in PIRa (B,E), but not in PIRp (C,F). Layer Ia of PIR, labeled with
PHAL (see Figure 6A2 for PHAL injection), appears to get thinner in width
from PIRa to PIRp (B,C,E–I). Input to PIRa and PIRp is also different as MOB
projects more densely to PIRa compared to PIRp (G–I). PIRa between white
arrows (G) is magnified in (H), while PIRp in between red arrows (G) is

magnified in (I; see Figures 1A,B for PHAL injection). Topographic
arrangement of neurons in PIRa (red arrows in B,E) are more clearly observed
when FG and CTb are double injected in dorsal versus ventral MOBmi,
respectively (J,K). Dorsal MOBmi projecting CTb neurons occupy more dorsal
regions of PIRa (L), while ventral projecting neurons are in more ventral parts
of PIRa (M). Scale bar, 200 µm; 500 µm (G). Case numbers SW101213-01A
(A–C), SW101215-03A (D–F), SW101215-02A (G–I), SW110607-03A (J–M).

molecular Ia layer, MOB axons from all regions generate terminals
in the junction between the PIR and OT while the axons surround
the OT layer II pyramidal neurons. This suggests that unlike pyra-
midal neurons in other olfactory cortical areas that receive MOB
inputs via the distal portion of their apical dendrites, MOB axons
potentially form direct connections onto somas and/or dendrites
of OT neurons.

Finally, the amount of MOB axons progressively decreases as
they project medially and caudally. The massive number of axons
in the AON and PIR dramatically decrease as they reach the OT.
They decrease even further in more caudal structures like COA
and ENT. This is observed on both coronal and sagittal sections
and across several cases. There are two possible explanations for
this phenomenon: (1) not all axons travel the entire course. Some
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FIGURE 10 | The ventral lateral MOB projects to olfactory cortical

structures from the AON to the ENT (2.345 to –4.28 mm from bregma).

Axons ramify in AONd, AONm, AONpv (A), TTd, TTv (B,C), PIR (A–I), OTl (D),
AAA (E), NLOT (F), COAa (F–H), COApl (G–I), BA (G), MEAav (H), PAA (H,I),
TR (I), and ENTl (J) without any spatial topography. The DP, OTm, COApm,
and ENTm do not receive inputs from the ventral lateral MOBmi (B,D,I,J).
The PIR-OT junction contains dense labeling (C), where the fibers appear to
wrap around layer II pyramidal neurons in OTl (Figures 12H,I). Axon
numbers appear to decrease as they travel medially (B–J) and caudally
(A–J). Differences between projection patterns from the ventral lateral and

dorsal medial MOBmi were not detected (see Figure 11). Case number
SW101213-01A. Scale bar, 500 µm. Abbreviations: AONd, dorsal anterior
olfactory nucleus; AONm, medial AON; AONpv, posterior ventral AON; TTd,
dorsal taenia tecta; TTv, ventral TT; PIR, piriform area; OTl, lateral olfactory
tubercle; OTm, medial OT; AAA, anterior amygdalar area; NLOT, nucleus of
lateral olfactory tract; COAa, anterior cortical amygdalar area; COApm,
posterior medial COA; BA, bed nucleus of accessory olfactory tract;
MEAav, anterior ventral medial amygdalar nucleus; PAA, piriform-amygdalar
area; TR, postpiriform transition area; ENTl, lateral entorhinal area; ENTm,
medial ENT.

axons may terminate specifically in the PIR or COA, while others
extend all the way to ENTl or (2) the axons do extend through
the entire course, but generate less collaterals and arborizations
toward the caudal end of the brain. This question can be inves-
tigated by genetically labeling individual neurons in the MOB
and examining the morphological details of their long axonal
projections.

MOB PROJECTIONS TO THE PIR AND OTHER CORTICAL AREAS
There is contradictory information regarding MOB inputs to
the PIR. Earlier reports assert that afferents from olfactory bulb
synapse primarily onto neurons in the PIRa and only send lighter,
more distributed inputs to PIRp (Haberly and Price, 1978; Shipley
and Adamek, 1984; Haberly, 2001). In contrast, genetic trac-
ing methods have reported that axons from individual glomeruli
project diffusely to the entire PIR without apparent spatial pref-
erence (Sosulski et al., 2011). A possible explanation for these
contradictory observations is that flattened hemi-brain prepara-
tions were used for some studies (Sosulski et al., 2011), while
coronal sections were used in others. While a flattened hemi-brain
preparation facilitates the observation of the axonal arborizations

on the tangential plane, coronal sections reveal the entire scope of
axonal ramifications.

Based on our data from coronal sections, distinct projection
patterns from the MOBmi to PIRa versus PIRp are not evident.
However, progressing from PIRa to PIRp, layer Ia appears to get
thinner in width while the Ib thickens (Figures 9B,C,E–G). If this
truly is the case and since Ia is the specific layer in which ram-
ifications from MOB projections occur, this suggests that PIRa
receives more inputs from the MOB compared to PIRp. Although
differences in axon numbers are not discernible from the coronal
plane, it is clear from sagittal sections that MOB fibers decrease
as they travel from PIRa to PIRp (Figures 9G–I). Such patterns
(i.e., number of MOB axons and layer width) potentially have
implications for the connections formed between the MOB and
these structures. It is possible that MOB axons form synaptic con-
nections along the entire length of dendrites of AON and PIRa
pyramidal neurons given their thicker and more densely popu-
lated Ia layer. In contrast, in the PIRp, COA, and ENT, potentially
only pyramidal neurons with long apical dendrites that reach the
outermost regions of a relatively thinner Ia can receive input from
the far fewer MOB axons traveling through these areas. In fact, it
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FIGURE 11 | The dorsal medial MOB projects to olfactory cortical

structures from the AON to the ENT (2.345 to –3.98 mm from bregma).

Axons ramify in AONd, AONm, AONpv (A), TTd, TTv (B,C), PIR (A–I), OTl (D),
AAA (E), NLOT (F), COAa (F–H), COApl (G–I), BA (G), MEAav (H), PAA (H,I),
TR (I), and ENTl (J) without any spatial topography. The DP, OTm, COApm,
and ENTm do not receive inputs from the dorsal medial MOBmi (B,D,I,J).
The PIR-OT junction contains dense labeling (C), where the fibers appear to
wrap around layer II pyramidal neurons in OTl (Figures 12H,I). Axon numbers
appear to decrease as they travel medially (B–J) and caudally (A–J).
Differences between projection patterns from the dorsal medial and ventral

lateral MOBmi were not detected (see Figure 10). Case number
SW101213-01A. Scale bar, 500 µm. Abbreviations: AONd, dorsal anterior
olfactory nucleus; AONm, medial AON; AONpv, posterior ventral AON; TTd,
dorsal taenia tecta; TTv, ventral TT; PIR, piriform area; OTl, lateral olfactory
tubercle; OTm, medial OT; AAA, anterior amygdalar area; NLOT, nucleus of
lateral olfactory tract; COAa, anterior cortical amygdalar area; COApm,
posterior medial COA; BA, bed nucleus of accessory olfactory tract;
MEAav, anterior ventral medial amygdalar nucleus; PAA, piriform-amygdalar
area; TR, postpiriform transition area; ENTl, lateral entorhinal area; ENTm,
medial ENT.

is reported that the ratio of associative layer Ib to afferent Ia inputs
is higher in more posterior regions of the PIR (Haberly, 1998).

The anatomical similarities between the AON and PIRa
(Figures 1C,D) may be important for understanding how olfac-
tory information is processed. The two structures can serve as the
first association relay station between the MOB and caudal olfac-
tory cortex. The AON is critical for synchronizing and integrating
olfactory information from both sides of the bulb (Yan et al.,
2008), while PIRa neurons encode sensory features of olfactory
cues and relay this information rostrocaudally along the olfac-
tory cortex (Haberly, 2001; Calu et al., 2007; Roesch et al., 2007).
This information could be processed further in the second asso-
ciation area, the PIRp, which integrates olfactory information
with inputs from the amygdala, entorhinal, medial prefrontal,
orbitofrontal, and insular cortices that process multimodal and
associative information (Johnson et al., 2000; Haberly, 2001).
Functional data also suggests that PIRp neurons are involved in
higher order processing compared to the PIRa. For example, the
PIRp processes the predictive value of olfactory cues, implicating
its involvement in associative olfactory learning (Calu et al., 2007;
Roesch et al., 2007). This also is demonstrated in humans where
PIRp, rather than the PIRa, generates olfactory predictive codes

to augment olfactory perception based on previous experience
(Zelano et al., 2011), which is important for orienting selective
attention toward an odor of interest and away from an odor of
no interest upon subsequent exposures. Since the PIRp projects
directly to the deep MOBgr it may then indirectly inhibit further
outputs from mitral cells to olfactory cortices (discussed below).

DISTINCT PIR PROJECTIONS TO MOB
It is reported that the PIR receives direct mitral cell input rep-
resenting glomeruli from different regions of the olfactory bulb
with no apparent spatial organization (Miyamichi et al., 2011).
Our data support this result since CTb injected into the PIR
non-preferentially back-labels mitral cells throughout the entire
bulb (Figure 7F). Although MOB efferents suggest no topo-
graphic connectivity with the PIR, distinct connectional pat-
terns are exposed when examining projections from the PIR
to the MOBmi. Inputs to MOBmi show that while the PIRa
projects to the MOBmi and to the superficial MOBgr, PIRp
projects only to the deep MOBgr. In the basic organization of
the olfactory system, GABAergic granule cells via dendroden-
tritic synapses (Gloor, 1997) act to inhibit the glutamatergic
mitral or tufted cells (tfs), whose activation is the principal
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FIGURE 12 | Dense projections from different regions of the MOB including

the MOBgl and MOBmi (A,E,F) to the junction between the PIR and OT

(B–D,G–I). (C) is magnified in (D) to demonstrate how axons wrap around

pyramidal OT neurons (H,I). Scale bar, 100 µm; 20 µm (D). Case numbers
SW101213-04A (A–D); SW110607-02A (E–I). Abbreviations: gl, glomerular layer
ofMOB;mi,mitral cell layerof MOB; PIR-OT, piriform-olfactory tubercle junction.

means of mediating output control of the olfactory bulb. This
MOBgr stratification (deep versus superficial layers) is sup-
ported by data demonstrating that granule cells segregate into
at least three different subpopulations based on morphological
and molecular criteria. Deep granule cells have their dendritic
arbors restricted to the deep outer plexiform layer (opl) where
they are believed to synapse predominately with mitral cell sec-
ondary dendrites. In contrast, superficial granule cells arborize
in the superficial opl where they synapse with tf dendrites (for
review see Shepherd et al., 2007). Together with our data, this
suggests that the PIRa possibly provides direct excitatory inputs
to the MOBmi (MOBmi→PIRa→MOBmi), while its inputs
to the superficial MOBgr cells provide an indirect inhibitory
feedback control of MOBtf cells (MOBmi/tf→PIRa→superficial
MOBgr→MOBtf). On the other hand, PIRp could indirectly
inhibit the MOBmi cells via its projections to deep granule
cells (MOBmi→PIRp→deep MOBgr→MOBmi; see Figure 8 for
schematic).

Our data also revealed a coarse topography within PIRa where
more dorsal PIRa neurons tend to project to dorsal MOBmi, while
more ventral PIRa neurons project to more ventral MOBmi. This
is observed more clearly in a case where CTb and FG were dou-
ble injected in the dorsal and ventral MOBmi, respectively, in the
same animal. CTb neurons clustered in more dorsal parts of the
PIRa, while FG roughly occupied more ventral regions. It should
be noted that based on the data at hand, a clear boundary between
the PIRa and PIRp or dorsal and ventral PIRa cannot be defined.
Setting hard boundaries would require a more comprehensive

examination of PIR connectivity, which will be performed in the
future.

MOB PROJECTIONS TO CLASSIC ACCESSORY OLFACTORY
STRUCTURES
The rodent olfactory system consists of two parallel chemosen-
sory systems: the vomeronasal (VNO) or “accessory olfactory”
and main olfactory systems. Classically, the VNO is thought
to process non-volatile pheromones that lead to stereotyped
endocrinological responses like aggression, acceleration or sup-
pression of estrus, and pregnancy block (for review see Halpern,
1987). Primary projections of the AOB critical for pheromone
processing include the BA, MEAa, MEApd, MEApv, COApm, and
bed nuclei of stria terminalis (BST; principle nucleus) (Halpern,
1987; Simerly, 1990; Gloor, 1997). The main olfactory system
primarily processes more complex, volatile chemosensory cues
that are modifiable through experience (Halpern, 1987) and
involve MOB projections to the AON, OT, and ENT (Gloor, 1997;
Haberly, 2001). This strict segregation of the VNO and MOB sys-
tems has been challenged as research has shown pheromone acti-
vation of the MOB and MOB projections to more classic accessory
structures like BA and MEAa, MEApd (Martínez-García et al.,
1991; Pro-Sistiaga et al., 2007; Kang et al., 2011a,b). Our data
also show MOBmi projections to BA and MEAav lending support
for the possibility that the classic views of the main and accessory
olfactory systems require modification. Fortifying this view is data
showing prototypal olfactory recipients such as NLOT, COAa, and
PAA also receive significant inputs from the AOB (Pro-Sistiaga
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et al., 2007). Thus, the MEAav, BA, NLOT, COAa, and PAA may
form a third “integrated” category of the olfactory system, which
receives and processes converged information from both AOB
and MOB. Evidence for complementary roles for the main and
AOBs substantiates this possibility of integrated VNO and MOB
systems (Martínez-García et al., 2009).

CONCLUDING COMMENTS
We provide the first open resource for olfactory pathways, which
gradually will be expanded to include structures from the entire
olfactory system. This connectivity database will generate testable
hypothesis for studying the olfactory system and its interac-
tions with structures such as the amygdala, hippocampus, medial
prefrontal cortical area, and thalamus.

Our data showed topographically organized projection pat-
terns of the medial MOBmi. Similar to reports in the literature,
there was no clear spatially topographic projection from the
MOB to PIR. However, we did find that axons from the MOB
project more densely to PIRa than to PIRp. Further, we showed
a clear topographic projection from the PIRa and PIRp to the
MOB. This evidence suggests that the PIRa possibly provides
direct excitatory inputs to the MOBmi, while its inputs to the
superficial MOBgr cells provide an indirect inhibitory feedback
control of MOBtf cells. It also suggests that the PIRp inhibits
MOBmi via it projections to deep MOBgr cells. This hypothesis
can be further tested and may shed light on the mechanisms
underlying olfactory related behaviors.

MATERIALS AND METHODS
SUBJECTS AND HUSBANDRY
Data from 17 eight-week old male C57Bl/6J mice from Jackson
Laboratories were used. They were housed in pairs in a tem-
perature (21–22◦C), humidity (51%), and light controlled (12 h
light:12 h dark cycle with lights on at 6:00 am and off at 6:00 pm)
vivarium. Mice were allowed 1 week to adapt to their living con-
ditions before surgery. Experiments were conducted according to
the standards set by the National Institutes of Health Guide for
the Care and Use of Laboratory Animals and the institutional
guidelines of the University of California, Los Angeles.

SURGERIES
To comprehensively examine MOB connectivity patterns, double
coinjections were made into the (1) dorsal, (2) middle, or (3) ven-
tral MOBmi along the dorsal-ventral axis and into medial and
lateral regions along the medial-lateral axis. Injections also were
made into the MOBgr and PIR (coordinates for each injection
are available at www.MouseConnectome.org. Mice were initially
anesthetized in an induction chamber primed with isoflurane
and subsequently mounted to the stereotaxic apparatus where
they were maintained under anesthetic state [2.5 gas mixture
with oxygen (0.5 L/min) and nitrogen (1 L/min)]. PHAL/CTb and
BDA/FG infusions were delivered iontophoretically using glass
micropipettes (O.D. ∼15–20 µm). A positive 5 µAmp, 7 s alter-
nating current was delivered for 10 min. The analgesic buprenor-
phine was administered the day of and day following surgeries
(0.05 mg/kg). Animals were sacrificed with an overdose injection
of pentobarbital (6 mg/kg) 7 days following surgeries.

TRACERS
PHAL (2.5%; Vector Laboratories) was coinjected with CTb
(647 conjugate, 0.25%; Invitrogen), while BDA (FluoroRuby, 5%;
Invitrogen) and FG (1%; Fluorochrome, LLC) were injected in
combination.

TISSUE PREPARATION

Each animal was transcardially perfused with approximately
50 ml of 0.9% NaCl followed by 50 ml of 4% paraformaldehyde
solution (PFA; pH 9.5) following an overdose injection of sodium
pentobarbital. Brains were post-fixed in 4% PFA for 24–48 h at
4◦C after which they were embedded in 3% Type I-B agarose and
sectioned into four series of coronal sections at 50 µm thickness.

IMMUNOFLUORESCENCE STAINING
One of four series was stained for PHAL using the free-floating
method. Briefly, sections were transferred to a blocking solution
(normal donkey serum and Triton X) for one hour. Following
three 5 min rinses, sections were incubated with 1:1000 concen-
tration of rabbit anti-PHAL antibody for 48–72 h at 4◦C along
with donkey serum and Triton. Sections were rinsed three times in
KPBS and then soaked for 3 h in the secondary antibody solution
(1:500 concentration of anti-rabbit IgG conjugated with Alexa
Fluor® 488). Sections were counterstained with the fluorescent
Nissl stain NeuroTrace® 435/455 (NT; 1:1000), mounted, and
coverslipped using 65% glycerol.

IMAGING AND POST-ACQUISITION PROCESSING

Sections were imaged using an Olympus VS110 virtual slide
scanner. Each image was flipped to the correct left-right ori-
entation, matched to the nearest ARA (Dong, 2007) atlas level,
and converted to tiff format prior to being registered (discussed
below). Following registration and registration refinement, the
fluorescent Nissl was converted to bright-field and each image
for each channel (PHAL, CTb, BDA, FG, and NT) manually was
adjusted for brightness and contrast to maximize labeling visi-
bility and quality in iConnectome. Following final modifications
(i.e., skewness, angles, preparation of images for thumbnail wid-
get) and pyramidal tiff conversions, images were published to
iConnectome.

Distracting artifacts from BDA that may have been mistaken
for labeling were removed from the images. Labeling (axons,
boutons, neurons) for the images was not manipulated and all
original raw images are available on iConnectome.

SEMI-AUTOMATED IMAGE REGISTRATION
To ease analysis of the connectivity data, each section was reg-
istered onto its corresponding ARA atlas level (Figures 3D–F).
A combination of automatic and manual registration steps
was used to resample, align, and co-register the acquired
brain images with the ARA atlas image. Each individual
image was manually matched to its closest corresponding
ARA atlas level and the information was manually inserted
into a registration table. Although manual, this reduces the
2D registration variability and improves registration accu-
racy versus using a fully automated registration algorithm
purely based on fiducial markers like the Allen Brain Atlas.
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A 2D diffeomorphic demons algorithm (Vercauteren et al., 2009)
was used for image registration. Affine registration was cho-
sen to minimize distortion to preserve axonal morphology.
The deformation matrix resulting from the registration process
was applied on the original resolution images to attain high-
resolution warped images. The algorithm was implemented in
Matlab and standalone binaries were generated using Matlab
compiler. The Laboratory of Neuro Imaging (LONI) pipeline

was used for parallel execution of registration of multiple
cases.
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It is well known that olfaction influences food intake, and conversely, that an individual’s
nutritional status modulates olfactory sensitivity. However, what is still poorly understood is
the neuronal correlate of this relationship, as well as the connections between the olfactory
bulb and the hypothalamus. The goal of this report is to analyze the relationship between
the olfactory bulb and hypothalamus, focusing on orexin A immunostaining, a hypothalamic
neuropeptide that is thought to play a role in states of sleep/wakefulness. Interestingly,
orexin A has also been described as a food intake stimulator. Such an effect may be due
in part to the stimulation of the olfactory bulbar pathway. In rats, orexin positive cells are
concentrated strictly in the lateral hypothalamus, while their projections invade nearly the
entire brain including the olfactory system. Therefore, orexin appears to be a good can-
didate to play a pivotal role in connecting olfactory and hypothalamic pathways. So far,
orexin has been described in rats, however, there is still a lack of information concerning
its expression in the brains of adult and developing mice. In this context, we revisited
the orexin A pattern in adult and developing mice using immunohistological methods and
confocal microscopy. Besides minor differences, orexin A immunostaining in mice shares
many features with those observed in rats. In the olfactory bulb, even though there are
few orexin projections, they reach all the different layers of the olfactory bulb. In contrast
to the presence of orexin projections in the main olfactory bulb, almost none have been
found in the accessory olfactory bulb. The developmental expression of orexin A supports
the hypothesis that orexin expression only appears post-natally.

Keywords: orexin A, olfactory system, hypothalamus, food intake behavior, AOB, MOB, immunocytology

INTRODUCTION
Everyone at some point in their lives has been astonished by the
influence that feeding has on olfactory sensitivity, particularly in

Abbreviations: 3V, third ventricle;Aci, anterior commissure intrabulbar;AHA,ante-
rior hypothal. area; AOB, accessory olfactory bulb; AOM, anterior olfactory nucleus
anterior; AOP, anterior olfactory nucleus posterior; APTD, anterior pretectal nucleus
dors.; Arc, arcuate nucleus; CCK, cholecystokinin; D3V, dorsal third ventricle; DG,
dentate gyrus; DLG, dorsal lateral geniculate; DM, dorso medi hypothal. nu.; DTT,
dorsal tenia tecta; E/OV, ependy/olfactory ventricle; EPl, external plexiform layer; fr,
fasciculus retroflexus; Gl, glomerular level; GlA, glomerular layer of the accessory
olfactory bulb; GnRH, gonadotropin-releasing hormone; GrA, granular cell layer
of the accessory olfactory bulb; GrO, granular cell layer; Hb, habenular nucleus;
Ipl, internal plexiform layer; LA, lateroant. hypothal. nu.; LH, lateral hypothalamus;
LPMR, lat. post. thal. nu.; MD, medio dorsal thalamus nucleus; Me, med amygdala;
ME, median eminence; Mi, mitral cell layer; MiA, mitral cell layer of the accessory
olfactory bulb; MOB, main olfactory bulb; MPA, med. preoptic area nu.; NPY, neu-
ropeptide Y; OE, olfactory epithelium; OB, olfactory bulb; OPT, olivary pretectal
nucleus; opt, optical nerve; PaAP, pa. anterior parvicell. Pt. pc, post commissure; PF,
para fascicular thalamus nucleus; Pir, piriform cortex; PLCo, postlat cx amygdale
nu.; PMV, premammill. nu. ventral; Po, post. thal. nu.; PV, paraventricular thal-
amic nucleus; PVP, paraventricular thalamic nucleus post; SCh, suprachiasmatic
nu.; SCO, sub commissural organ; SSS, sensory specific satiety; TS, triangular septal
nucleus; VIP, vasoactive intestinal peptide; VLG, ventral lateral geniculate; VMH,

the perception of food-associated odorants. This suggests that one
of the first ways in which the brain regulates food intake behavior
is by modulating the perception of the food odorant itself. Indeed,
such change in sensory perception has been defined as alliesthesia
(Cabanac and Duclaux, 1973; Duclaux et al., 1973) and sen-
sory specific satiety (SSS; Yeomans, 2006). At the most peripheral
level – the olfactory epithelium (OE) – many neuropeptides and
metabolic hormones such as Gonadotropin-Releasing Hormone
(GnRH),Neuronal PeptideY (NPY), leptin,adiponectin,and orex-
ins are thought to modulate the sensitivity of olfactory sensory
neurons in different species. For instance, in lower vertebrates,
LHRH/GnRH, released by the nervus terminalis (NT) at the OE
level (Wirsig-Wiechmann, 1993; Oka, 1997), modulates olfactory
neuronal sensitivity (Kawai et al., 2009) reducing evoked responses
to food odorant cues during the reproductive period in Axolotl.
This allows the olfactory system to be available predominantly
for odorants involved in mating (Mousley et al., 2006). In con-
trast, NPY, an orexigenic neuropeptide, is also released producing

ventral hypothalamic nu.; VPL, ventro postero lateral; VPM, ventro postero med.
thal.; VTT, ventral tenia tecta.
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an inverse effect in the OE, i.e., causing an increase in sensitivity
to food odorants (Mousley et al., 2006). In mammals, hormonal
mechanisms have also been shown to modulate the sensitivity of
the olfactory system. Leptin – a hormone produced by adipocytes
in proportion to the fat content, and involved in modulation of
the neuronal network linked to energy balance (Friedman, 2002;
Pinto et al., 2004) – is present in the OE and has a modulatory
effect on olfactory sensory neurons (Savigner et al., 2009). Simi-
larly, adiponectin receptors 1 (receptor for adiponectin, a hormone
involved in glucose and lipid metabolism) are expressed by mature
sensory neurons (Hass et al., 2008), suggesting that this peptide is
also able to modulate olfactory responses.

At the central level, many hormones and neuropeptides such
as vasoactive intestinal peptide (VIP, Garcia-Llanes et al., 2003),
cholecystokinin (CCK, Tanganelli et al., 2001), NPY (Matsutani
et al., 1988), LHRH/GnRH (Apelbaum et al., 2005), and insulin
(Fadool et al., 2011) may modulate olfactory processing. However,
besides such hormonal mechanisms, a body of data (Doucette
et al., 2007; Doucette and Restrepo, 2008; Fletcher and Chen,
2010) suggests the existence of a neuronal centrifugal modula-
tion of olfactory bulb (OB) activity in different tasks, including
the modulation of olfactory sensitivity toward food odorants
(Pager et al., 1972; Pager, 1978; Royet et al., 1983). Different
pathways (Figure 1), which are known to connect hypothala-
mic nuclei with olfactory centers, could be the neuroanatomi-
cal substrates accounting for the observations reported by Pager
(1978). Among these, the “orexin/hcrt neurones” appear to be a
likely candidate. Indeed, orexin/hypocretin (hcrt), a neuropeptide

involved in sleep/wake regulation (Sakurai et al., 1998, 2010;
Sakurai and Mieda, 2011), is also involved in feeding behavior
(Horvath and Gao, 2005). Many studies have demonstrated that
it could act by modulating olfactory sensitivity according to sati-
ety (Aimé et al., 2007; Julliard et al., 2007; Prud’homme et al.,
2009, for review: Palouzier-Paulignan et al., 2012). The cytological,
connectional (Hahn and Swanson, 2010, 2012), immunohisto-
logical, and molecular (Peyron et al., 1998; Sakurai et al., 2005;
Swanson et al., 2005) characterization of the lateral hypothala-
mus (LH) has already been performed. These studies suggest the
existence of a functional loop between olfactory centers and the
hypothalamus, which could explain the modulation of olfaction
depending on energy balance. Unfortunately, inputs that project
to orexin neurons have been shown in mice (Sakurai et al., 2005),
while the LH orexin neuron projections to the OB have been
shown in rats (Peyron et al., 1998; Nambu et al., 1999). Show-
ing the existence of synaptic output from LH orexin neurons
to the OB is a prerequisite to validate the reality of this loop in
mice. Owing to the fact that the orexin immunostaining pat-
tern presents variations amongst rodents, for instance between
rats and hamsters (Nixon and Smale, 2007), the first prelimi-
nary step toward the validation of the putative loop between the
LH and the OB was to validate data in mice obtained previ-
ously in rats (Peyron et al., 1998; Nambu et al., 1999). The aim
of this study being established, future studies will address the
question of connectivity through a trans-synaptic tracer exper-
iment in order to draw the exact circuitry between OB and
hypothalamus.

A B C

FIGURE 1 | Schematic representation of the “connectome” between
the olfactory system and the hypothalamus. (A) Paracrine, extrabulbar
connection, and afferents to LHRH/GnRH hypothalamic neurons. Orexin and
leptin could modulate olfactory neuron sensitivity by paracrine action. The
EBOP (Extra Bulbar Olfactory Pathway) is made up of sensory neurons that
project directly to the POA in the hypothalamus. However, this pathway has
only been identified in lower vertebrates. In contrast, the Nervus Terminalis
is known in mammals and humans. This complex structure, which projects
both to the olfactory epithelium and the POA, is thought to play a
bidirectional modulatory role. LHRH/GnRH neurons get afferents from
nearly all the areas of the olfactory system (including the OB), and from the
most important hypothalamic structures involved in the regulation of food
intake behavior (1, 2). However, no direct output onto olfactory structures
has been evidenced. (B) Afferents onto orexin neurons (4). Orexin neurons
received input from nearly all of the hypothalamic areas. Interestingly, they
also received input from theTeniaTecta (TT) of the olfactory cortex. From the

arcuate nucleus, both POMC and NPY (6) neurons project onto orexin
neurons. Both the input and output (Peyron et al., 1998) of orexin neurons
are represented. Output data are only from rats, but they provided evidence
of a putative output from orexin neurons onto the olfactory structures and
input from the TT of the olfactory cortex onto orexin neurons. (C) This
synthetic representation, even though incomplete, reveals the complexity of
the putative interactions between olfaction and hypothalamic areas.
(1=Yoon et al., 2005; 2=Boehm et al., 2005; 3, 6=Yoshida et al., 2006;
4=Sakurai et al., 2005; 5=Peyron et al., 1998; 6=Elias et al., 1998). ACN,
amygdaloïd cortical nucleus; AON, anterior olfactory nucleus; ARC, arcuate
nucleus; DMH, dorso medial nucleus of the hypothalamus; EBOP, extra
bulbar olfactory pathway; EC, entorhinal cortex; LH, lateral hypothalamus;
NT, nervus terminalis; OB, olfactory bulb; OE, olfactory epithelium; OT,
olfactory tubercle; Pir, cortex piriform; POA, preoptic area; PVN,
paraventricular nucleus of the hypothalamus; TT, tenia tecta; VMH, ventro
medial nucleus of the hypothalamus.
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MATERIALS AND METHODS
ANIMALS
C57 mice were raised at the Cajal Institute mouse-breeding facil-
ity. All procedures followed the guidelines for animal care of the
European Community Council (86/609/CEE), and were approved
by the Bioethical Committee of the Spanish National Research
Council (CSIC). The animals were kept under a constant 12–12 h
dark-light cycle (light on at 07:00am). The day the vaginal plug
was detected was designated as embryonic day 0 (E0). The mice
were killed by hypothermia (embryos and P3) or with i.p. equi-
thesin at a sub-lethal dose (3 mL/kg body weight; from P3 to adult)
systematically at the same time of the diurnal cycle (04:00pm).

IMMUNOHISTOCHEMISTRY
After anesthesia, the mice were transcardially perfused with 4%
paraformaldehyde (PF) in 0.1 M phosphate buffer (PB, pH 7.2).
The brains were then post-fixed in PF for 2 h at 4˚C, and coro-
nal vibratome sections were obtained at 70 µm. One out of three
sections was used for immunocytochemistry. Unspecific binding
of antibodies was blocked by three washes in NGS 10% in Tris
buffered saline with 5% Tween (TBS-T), followed by overnight
incubation using primary rabbit anti-orexin A (Millipore AB3098;
Sakurai et al., 1998) and diluted to 1:1000 in the buffer. Antibody
binding was detected with the secondary antibody goat Anti-rabbit
Alexa 488 (Invitrogen A11001) diluted to 1:700 during 2 h at room
temperature. Sections were then washed three times in TBS-T.
Nuclei were counterstained with Hoechst (1 µg/ml, Sigma-Aldrich
Co.). The control consisted of substituting the primary antibody
by an orexin B antibody, followed by the same immunohistological
protocol just described.

MICROSCOPY AND IMAGE PROCESSING
Optical sections were acquired using a Leica SP5 confocal micro-
scope, 10× objectives HPC PL Apo CS dry UV, at a resolution
of 1024× 1024, without zoom magnification. The voxel size was
1.51× 1.51× 5.32. Whole coronal sections of the brains were
reconstructed by doing XY mosaics using Leica software. For each
XY position, six to seven optical sections were acquired in Z. Pro-
jections were made with a “Max intensity” algorithm using FIJI
(an ImageJ plug-in). Relative quantification of orexin fibers was
determined after thresholding the image in order to differentiate
the neurite profile from the background. The measurements give
values in percentage of surface area, thus expressing the density of
orexin fibers per unit of area.

TISSUE DISSECTION AND RNA EXTRACTION AND PROCESSING
After decapitation, embryo (E17) and newborn (P3) brains were
rapidly dissected on ice. For adult males and 11-day-old mice
(P11) the hypothalamus and cerebellum were quickly microdis-
sected on ice systematically at the same time of the diurnal cycle
(between 02:00 and 04:00pm). Liver tissue was also isolated from
each animal. All of the collected tissues were immediately frozen
in liquid nitrogen and stored at −80˚C. Total RNA was extracted
using the RNeasy Mini Kit (Qiagen). Possible DNA contami-
nants in the RNA preparation were eliminated by treatment with
DNAse I (Qiagen). RNA quality was assessed with the Experion
electrophoresis system (Bio-Rad) and the Experion RNA StdSens

Analysis Kit (Bio-Rad). Total RNA concentration was determined
using the Nanodrop spectrophotometer (Thermo Scientific).

REAL-TIME PCR ANALYSIS
Reverse transcription was performed with 500 ng of total RNAs,
using the High-Capacity RNA-to-cDNA Master Mix (Applied
Biosystem). For qPCR, the Fast SYBR Green Master Mix (Applied
Biosystems) was used. Each reaction contained 1 µl of cDNA
diluted 1:10 and 200 nM of gene specific intron-spanning
primers. The sequences of the primers used for prepro-orexin
(Ppox) amplification were 5′-GGCACCATGAACTTTCCTTC-
3′ and 5′-GACAGCAGTCGGGCAGAG-3′. TATA box bind-
ing protein (Tbp) RNA expression was used as an endoge-
nous control. The sequences of the primers were 5′-
GGGAGAATCATGGACCAGAA-3′ and 5′-CCGTAAGGCATCAT
TGGACT-3′. Real-time PCR reactions were performed on a Step-
One Plus thermocycler (Applied Biosystems). PCR conditions
were 20 s at 95˚C, followed by 40 cycles of 3 s at 95˚C and 30 s
at 60˚C. Relative quantitation of gene expression (RQ) was based
on the ∆∆C t method.

RESULTS
OREXIN IN ADULT MICE
We analyzed orexin A staining all along the antero-posterior axis
of the mouse brains by immunohistochemistry. We selected con-
focal coronal sections, from the OB to the cerebellum, to perform
a semi-quantitative evaluation of orexin A staining (Table 1), and
compared the results with rat orexin staining (Peyron et al., 1998).
For each brain area reported in Table 1, we quantified the per-
centage of orexin fibers (see “Materials and Methods”). Our data
revealed that in mice, the orexin A immunostaining was as fol-
lows:(i) the localization of orexin A neuronal cell bodies in the LH
(ii) a wide distribution of orexin A fibers in all brain areas except
the cerebellum and caudate putamen, (iii) a strong presence of
orexin A fibers in the thalamus and the hypothalamus. Therefore,
the mouse orexin A pattern is similar to that in rats, even though
there are some minor differences.

In the mouse, the thalamic area appeared to be heavily
orexin A labeled (Figure 2) at the level of the parafascicular
thalamic nucleus (PF; Figure 2C), the paraventricular nuclei
(PV; Figures 2A and 3B), the subcommissural organ (SCO;
Figure 2B), the central medial, and mediodorsal (MD) thala-
mic nuclei (Figure 2A). Nevertheless, the immunostaining was
not homogeneous throughout the whole thalamus. It appeared
faintly stained in epithalamic areas: such as the lateral and
medial habenular nucleus (Hb, Figure 2A), the olivary pretec-
tal nucleus (OPT, Figure 2C) and the antero-pretectal-dorsal
nucleus (APTD, Figure 2C). At the geniculate nucleus level, there
was no orexin A in the dorso-lateral geniculate nucleus (DLG;
Figure 2D), while the ventral lateral geniculate nucleus (VLG) was
strongly stained (Figure 2D). There was almost no staining in
the ventro lateral thalamus, the ventro-postero-lateral (VPL) and
ventro-postero-medial thalamic nuclei (VPM; Figure 2D).

At hippocampus level, the staining was discrete and mostly
located in CA1 and CA2. CA3 was consistently less stained than
CA1 or CA2 (Figure 2E). The dentate gyrus was poorly labeled by
orexin A staining (Figures 2A–C). The triangular septal nucleus
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Table 1 | Semi-quantitative estimation of the density of presence in

different brain areas.

AMYGDALE

AHiAL Amygdalohippocampal area, anterolateral part 0.01 < X < 0.49

BLA Basolateral amygdaloid nucleus, anterior part 0.01 < X < 0.49

BLP Basolateral amygdaloid nucleus, posterior part 0.01 < X < 0.49

BLV Basolateral amygdaloid nucleus, ventral part 0.01 < X < 0.49

BMA Basomedial amygdaloid nucleus, anterior part 0.49 < X < 0.99

BMP Basomedial amygdaloid nucleus, posterior part 0.01 < X < 0.49

ASt Amygdalostriatal transition area 0.01 < X < 0.49

CeC Central amygdaloid nucleus, capsular part 0.49 < X < 0.99

CeL Central amygdaloid nucleus, lateral division 0.49 < X < 0.99

LaVL Lateral amygdaloid nucleus, ventrolateral part 0.01 < X < 0.49

LaVM Lateral amygdaloid nucleus, ventromedial part 0.01 < X < 0.49

MeAD Medial amygdaloid nucleus, anterodorsal X > 1

MeAV Medial amygdaloid nucleus, anteroventral part X > 1

MePD Medial amygdaloid nucleus, posterodorsal part 0.01 < X < 0.49

MePV Medial amygdaloid nucleus, posteroventral part 0.01 < X < 0.49

PLCo Posterolateral cortical amygdaloid area 0.01 < X < 0.49

PMCo Posteromedial cortical amygdaloid area 0.01 < X < 0.49

BASAL GANGLIA

MS Medial septal nucleus 0.01 < X < 0.49

CORTEX

AIP Agranular insular cortex, posterior part 0.01 < X < 0.49

Au1 Primary auditory cortex 0.01 < X < 0.49

AuD Secondary auditory cortex, dorsal area 0.01 < X < 0.49

AuV Secondary auditory cortex, ventral area 0.01 < X < 0.49

Cg1 Cingulate cortex, area 1 0.49 < X < 0.99

Cg2 Cingulate cortex, area 2 0.49 < X < 0.99

CxA Cortex-amygdala transition zone 0.49 < X < 0.99

DEn Dorsal endopiriform claustrum 0.01 < X < 0.49

Dl Dysgranular insular cortex 0.01 < X < 0.49

DIEnt Dorsal intermediate entorhinal cortex 0.01 < X < 0.49

DLEnt Dorsolateral entorhinal cortex 0.01 < X < 0.49

DP Dorsal peduncular cortex 0.49 < X < 0.99

Ect Ectorhinal cortex 0.01 < X < 0.49

LO Lat orbital cortex 0.49 < X < 0.99

MO Medial orbital cortex 0.49 < X < 0.99

Ml Primary motor cortex 0.01 < X < 0.49

M2 Secondary motor cortex 0.01 < X < 0.49

PRh Perirhinal cortex 0.01 < X < 0.49

PRh Perirhinal cortex 0.01 < X < 0.49

S1BF Primary somatosensory cortex, barrel field 0.01 < X < 0.49

S1DZ Primary somatosensory cortex, dysgranular zone 0.01 < X < 0.49

S1FL Primary somatosensory cortex, forelimb region 0.01 < X < 0.49

S1HL Primary somatosensory cortex, hindlimb region 0.01 < X < 0.49

S1ULp Primary somatosensory cortex, upper lip region 0.01 < X < 0.49

S2 Secondary somatosensory cortex 0.01 < X < 0.49

TeA Temporal association cortex 0.01 < X < 0.49

V2L Secondary visual cortex, lateral area 0.01 < X < 0.49

VEn Ventral endopiriform claustrum 0.49 < X < 0.99

VO Ventral orbital cortex 0.49 < X < 0.99

HYPOCAMPE

CA1 Field ca1 of the hippocampus 0.01 < X < 0.49

CA2 Field ca2 of the hippocampus 0.01 < X < 0.49

CA3 Field ca3 of the hippocampus X =0

DG Dentate gyrus X =0

(Continued)

HYPOTHALAMUS

AHA Anterior hypothalamic area, posterior part X > 1

Arc Arcuate hypothalamic nucleus X > 1

DA Dorsal hypothalamic area X > 1

DM Dorsomedial hypothalamic nucleus X > 1

LA Lateroanterior hypothalamic nucleus 0.49 < X < 0.99

LH Lateral hypothalamic area X > 1

MPA Medial preoptic area X > 1

PaAP Paraventricular hypothalamic nucleus,

anterior parvic

X > 1

PaLM Paraventricular hypothalamic nucleus, lateral

magnoce

X > 1

PaV Paraventricular hypothalamic nucleus, ventral

part

X > 1

Pe Periventricular hypothalamic nucleus 0.01 < X < 0.49

PH Posterior hypothalamic nucleus 0.01 < X < 0.49

PMV Premammillary nucleus, ventral part X > 1

Te Terete hypothalamic nucleus 0.49 < X < 0.99

VMH Ventromedial hypothalamic nucleus X > 1

SCH Supra chiasmatic nucleus X =0

MIDBRAIN/HINDBRAIN

APTD Anterior pretectal nucleus, dorsal part 0.49 < X < 0.99

InC Interstitial nucleus of Cajal X > 1

IP Interpeduncular nucleus X > 1

IF Interfascicular nuclei X > 1

SN Subs. Nigra 0.49 < X < 0.99

OLFACTORY SYSTEM

AOB Accessory olfactory bulb 0.01 < X < 0.49

AON Anterior olfactory nuclei 0.49 < X < 0.99

TT Dorsal tenia tecta 0.49 < X < 0.99

CoPyr Pyriform cortex 0.49 < X < 0.99

MOB Main olfactory bulb 0.01 < X < 0.49

SEPTUM

Ts Triangular septum nuclei 0.49 < X < 0.99

STRIATUM

AA Anterior amygdaloid area 0.49 < X < 0.99

ACo Anterior cortical amygdaloid area 0.49 < X < 0.99

CPu Caudate putamen (striatum) 0.01 < X < 0.49

ICjM Island of Calleja, major island 0.49 < X < 0.99

LSD Lateral septal nucleus, dorsal part 0.49 < X < 0.99

LSI Lateral septal nucleus, intermediate part 0.49 < X < 0.99

TECTUM

DpG Deep gray layer of the superior colliculus

DpWh Deep white layer of the superior colliculus

THALAMUS

AD Anterodorsal thalamic nucleus X =0

APTD Anterior Pretectal nucleus, Dorsal X =0

CM Central medial thalamic nucleus X > 1

DLG Dorsal lateral geniculate nuclei X =0

Gus Gustatory thalamus nuclei 0.01 < X < 0.49

IGL Intra geniculate leaf X > 1

LDDM Laterodorsal thalamic nucleus, dorsomedial

part

0.01 < X < 0.49

LDVL Laterodorsal thalamic nucleus, ventrolateral

part

0.01 < X < 0.49

(Continued)
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Table 1 | Continued

LHbL Lateral habenular nucleus, lateral part X =0

LHbM Lateral habenular nucleus, medial part X =0

MD Mediodorsal thalamic nucleus X > 1

MDM Mediodorsal thalamic nucleus, medial part 0.01 < X < 0.49

OPT Olivary pretectal nucleus X =0

PAG Thalamus gray X > 1

PC Paracentral thalamic nucleus X > 1

PF Parafacicular thalamus nuclei X > 1

Po Post thalamus nuclei 0.01 < X < 0.49

PT Paratenial thalamic nucleus X > 1

PV Paraventricular thalamic nucleus X > 1

PVA Paraventricular thalamic nucleus, anterior

part

X > 1

PVP Paraventricular thalamic nucleus, posterior

part

X > 1

Re Reuniens thalamic nucleus X > 1

sm Stria medullaris X > 1

VLGMC Vent lat genic magn 0.49 < X < 0.99

VLGPC Vent lat genic magn 0.49 < X < 0.99

VL Ventro lateral thalamus X =0

VPL Ventro-postero-lateral thalamus X =0

VPM Ventro postero medial thalamus X =0

SCO Sub commissural organ 0.49 < X < 0.99

SI Substancia inominata 0.49 < X < 0.99

cp Cereb pedunc basal pt X > 1

(TS) area of the septum appeared to be stained consistently
(Figure 2F).

The orexin A fibers were most abundant in the hypothalamus
(Figure 3). The whole paraventricular area appeared to be very
rich in orexin A fibers. In the anterior part of the hypothalamus
(Figure 3A) the following parts were densely stained: the latero
anterior hypothalamic nucleus (AHA); the medial preoptic area
(MPA); the paraventricular anterior parvicellular part (PaAP) of
the hypothalamic nucleus and the anterior LH. In contrast, no
labeling was observed in both suprachiasmatic (SCh; Figure 3A)
and supraoptic nuclei (not shown). In the LH, there is the orexin
A neuron cell body population (Figure 3B). The dorso medial
hypothalamus (DM), the ventral medial hypothalamus nucleus
(VMH), and the arcuate nucleus (Arc) were densely stained. Cau-
dally, the LH, the VMH, and the arcuate nucleus were stained
(Figure 3C). Figures 3D,E present magnifications of the orexin A
neuronal cell bodies and orexin A fibers respectively.

In the OB, there were fewer orexin A fibers than in the hypothal-
amic or thalamic areas; nonetheless they appeared to be present
(Figure 4). According to the literature, the mitral layer in rats con-
tains no orexin A fibers (Peyron et al., 1998). By contrast, orexin
A fibers were seen in all the different layers of the main olfactory
bulb (MOB), including the glomerular and the mitral cell layers
(Figure 4A). Unlike the MOB, the accessory olfactory bulb (AOB)
seemed to be devoid of orexin A fibers except in the granular cell
layer (Figure 4B).

In the olfactory cortex, the density of orexin A appeared to
lie between the MOB and the hypothalamus (Figure 5). Rela-
tively dense staining was observed in the anterior olfactory nucleus

(AOM and AOP), in the ventral and dorsal tenia tecta (VTT and
DTT; Figure 5B). The same occurs in the piriform (Pir) and the
entorhinal cortices (Figure 5A). We also investigated the amyg-
dala, which is not olfactory per se, but is strongly connected to
the olfactory system (Figure 5A). In areas of the amygdala, the
staining was very dense as for instance in the medial amygdaloid
nucleus (Me).

DEVELOPMENTAL EXPRESSION OF OREXIN
We also analyzed orexin A immunolocalization at different devel-
opmental stages, ranging from E11 to P11. We found the first
evidence of the clear expression of orexin A at P11 (Figures 6A,B).
At this stage, cell bodies in the LH appeared clearly stained even
though just a few fibers were manifest. Orexin A and B are
produced from a common polypeptide precursor, prepro-orexin
(Ppox) by proteolytic processing (de Lecea et al., 1998; Sakurai
et al., 1998). In order to confirm immunocytochemical data, we
performed a real-time PCR analysis using Ppox primers (Figure 7).
We showed that the level of expression of Ppox is barely detectable
at E17 (RQ= 1.19) and very low at P3 (RQ= 4.17). In contrast,
a strong increase in the level of expression was observed at P11
(RQ= 344.4) and in the adult stage (RQ= 1944.11). Ppox mRNA
was undetectable in the liver at any developmental stage and in
cerebellum of P11 and adult (data not shown).

DISCUSSION
Our data showed orexin A immunostaining in mice when com-
pared with that described in rats. Orexin was found in nearly all
brain areas except in the caudate putamen and cerebellum, with a
strong expression in thalamus and hypothalamus. Moreover, while
in the MOB was detected a sparse orexin A labeling throughout
the different layers, almost no presence was detected in the AOB.
The developmental expression of orexin A supports the hypothesis
that orexin expression only appears post-natally.

ADULT OREXIN PATTERNS
Even though convergent data revealed a link between olfactory
perception and satiety (Pager et al., 1972; Pager, 1978; Yeomans,
2006), the neuroanatomical basis for this relationship and the exact
connectome between olfaction centers and the hypothalamus is
poorly known. Figure 1 summarizes the neuroanatomical connec-
tion between olfactory centers and the hypothalamus. From the
peripheral olfactory system to the hypothalamus, two direct con-
nections are described that do not synapse in the OB (Figure 1A).
The first, the extra bulbar olfactory pathway (EBOP), is mainly
known in lower vertebrates (fish, amphibians; Eisthen and Polese,
2006) and is composed of sensory neurons located in the OE,
which project onto the preoptic area (POA) of the hypothalamus.
The second, the NT, is a complex structure identified in many ver-
tebrates including mammals and humans (Johnston, 1914; Fuller
and Burger, 1990; Wirsig-Wiechmann, 1993, 1997). It is composed
of ganglion(s) in which the neuronal cell bodies are located (Eis-
then and Polese, 2006; Mousley et al., 2006; Kawai et al., 2009)
that send branches towards both the OE and anterior POA of the
hypothalamus. Due to its complex structure, the NT is not very
well known. This is regrettable because the NT is certainly one of
the systems most likely to be involved in the neuromodulation of
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FIGURE 2 | Orexin staining in the thalamus, hippocampus, and septum.
(A) Periventricular area Bregma −1.82. Strong staining is visible at the level of
the PV, while there is no staining in the DG, the Hb, and the MD. (B)
Periventricular area at Bregma −2.30. Note the strong staining in the PVP and
SCO and still the absence of staining in the DG. (C) Periventricular area at
Bregma −2.80. There is strong staining around the third ventricle, but staining
is faint in the OPT and the APTD. (D) Geniculate nucleus. Orexin is present in
the VLG but absentin the DLG, the Po, the VPM, and VPL. (E) Hippocampal
structures at Bregma −2.3. Note the staining in CA1 CA2 but not in CA3.

(F) Strong staining in the TS. APTD, anterior pretectal nucleus dors.; D3V,
dorsal third ventricle; DG, dentate gyrus; DLG, dorsal lateral geniculate; fr,
fasciculus retroflexus; Hb, habenular nucleus; LPMR, lat. post. thal. nu. LV,
lateral ventricle; MD, medio dorsal thalamus nucleus; OPT, olivary pretectal
nucleus; pc, post commissure; PF, para fascicular thalamus nucleus; Po, post.
thal. nu.; PV, paraventricular thalamic nucleus; PVP, paraventricular thalamic
nucleus post; SCO, sub commissural organ; TS, triangular septal nucleus;
VLG, ventral lateral geniculate; VPL, ventro postero lateral thal; VPM, ventro
postero med. thal.

the olfactory system, as it contains neuromodulatory peptides such
as LHRH/GnRH and NPY neurons (Mousley et al., 2006; Kawai
et al., 2009). However, both the EBOP and NT project to the POA,
which is involved in the regulation of reproductive behavior rather
than in food intake behavior, even though these two behaviors are
inter-connected indirectly.

Besides, the system involving the NT, it has been possible to
trace projections onto the LHRH/GnRH neurons localized in the
POA, using Cre-loxP transgenic mice and/or pseudorabies virus
infections (Boehm et al., 2005; Yoon et al., 2005). In Figure 1A,
we present the projections from the olfactory and hypothalamic
regions to the POA. Concerning the olfactory system, most olfac-
tory cortex areas also appear to be connected to the OB and the
OE. As for the hypothalamus connections, most of the hypothal-
amic nuclei appear to be connected to LHRH/GnRH neurons,

among which are VMH, DMH, PVN, LH, and Arc. Therefore,
LHRH/GnRH neurons, located in the POA, integrate many affer-
ent signals; amongst which olfactory and hypothalamic inputs to
regulate puberty onset, gametogenesis, estrus cycling, and sexual
behavior (Gore, 2002) can be found. These connections appear
to be bidirectional, since LHRH/GnRH appears to innervate the
anterior piriform olfactory cortex (Boehm et al., 2005), indicating
the possibility that LHRH/GnRH neurons could in turn modulate
both olfactory/pheromonal processing. This has to be considered
keeping in mind that both LHRH/GnRH and NPY in axolotl
modulate and/or balance both sensitivity to food odorants and
pheromones during reproduction periods (Mousley et al., 2006;
Kawai et al., 2009).

In the context of olfactory system-hypothalamus connections
(Price et al., 1991), the orexin network also has to be considered.
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FIGURE 3 | Orexin staining in hypothalamic area (A) anterior part. Note
the strong staining in the PaAP, few orexin cell bodies (*) in the anterior LH,
and general high staining in the LH, AHA, MPA, LA. Note the absence of
staining in the SCh. (B) Orexin staining in the hypothalamus at the level of the
orexin neuron population. Note the staining in the DM, VMH, and Arc nucleus.
(C) Hypothalamus at the Posterior LH level. Note the few orexin positive
neurons (*). Note general staining in the whole hypothalamus including LH,

PMV, Arc, and Me. (D) Magnification of the orexin neuron cell bodies. (E)
Magnification of orexin fibers in the hypothalamus. 3V, third ventricle; AHA,
anterior hypothal. area; Arc, arcuate nucleus; DM, dorso medi hypothal. nu.;
LA, lateroant. hypothal. nu.; LH, lateral hypothalamus; MPA, med. preoptic
area nu.; ME, med. amyg. nu.; opt, optical nerve. PaAP, pa. anterior parvicell.
pt.; PMV, premammill. nu. ventral; SCh, suprachiasmatic nu.; VMH, ventral
hypothalamic nu.

Orexins are neuropeptides involved in sleep/waking regulation
and food intake behavior (Sakurai et al., 1998, 2010; Aimé et al.,
2007; Prud’homme et al., 2009). In rats, orexin neuron cell bod-
ies are located in the perifornical nucleus, and in the dorsal and
lateral hypothalamic areas (LHA; Peyron et al., 1998; Nambu et al.,
1999). Interestingly, it has been suggested that differentiations in
each LHA are involved in the control of specific behavior, with
the involvement of the LHA suprafornical region in the con-
trol of food intake behavior (Hahn and Swanson, 2010, 2012).
High resolution studies of the orexin neuron population in the
LH have been carried out (Swanson et al., 2005) showing the
extreme complexity of this brain area. In the present study, we
focus on the orexin projection fibers – especially in the OB- rather
than on the specific segregation of orexin cell bodies within the
hypothalamus.

On the one hand, in mice, it has been demonstrated that orexin
A neurons receive input from olfactory cortex areas, such as the

tenia tecta (Figure 1B; Sakurai et al., 2005). On the other hand,
in rats, it has been demonstrated that orexin neurons send pro-
jections to the olfactory cortex and OB (Figure 1B; Peyron et al.,
1998). The aim of this work was to validate in mice the orexin
projection patterns as described in rats (Peyron et al., 1998) with
a special focus on the olfactory system.

Our present data show that the main orexin patterns in mice
share many features with those in rats (Peyron et al., 1998; Nambu
et al., 1999). The comparison of orexin A vs. orexin B staining
attests the specificity of orexin A staining (Appendix). Extensive
projections were present in nearly all brain areas except the cere-
bellum, and a high concentration of orexin projections was found
in the paraventricular area of the hypothalamus and the thalamus.
Amongst the differences to be noted is the absence of staining in
the caudate putamen. Otherwise, there was only a small difference
between rats and mice in terms of the relative level of the presence
of orexin A fibers.
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FIGURE 4 | Orexin staining at the level of the olfactory bulb. (A) Main
olfactory bulb; the orexin profile (green and white star) could be observed in
all the different layers, including the Mitral cell layer arrow). (B) Orexin
staining at the level of the Accessory Olfactory bulb. No staining at the level
of the AOB except the GCLA. EPL, external plexiform layer; EPLA, external
plexiform layer of the accessory olfactory bulb; GL, glomerular layer; GCL,
granular cell layer; GCLA, granular cell layer of the accessory olfactory bulb;
GLA, glomerular layer of the accessory olfactory bulb; MCL, mitral cell layer.

We then investigated in more detail the orexin projections at
the level of the OB and olfactory cortex in mice. At the OB level,
the density of orexin fibers was noticeably low. Nevertheless, none
of the different layers were devoid of orexin fibers, and clear fibers
could be seen in the mitral cell layer. At the level of the OB, the
pattern of distribution appeared to be different in mice and rats,
since in rats few orexin fibers were located in the glomerular and
internal granular layers and none in the mitral cell layer (Peyron
et al., 1998). To our knowledge, the AOB has not been investigated
in rats. In mice, we found that the AOB was nearly devoid of orexin
projections, except for the granular level of the AOB.

FIGURE 5 | Orexin staining in the olfactory cortex and the Amygdala.
(A) Piriform cortex and amygdala. Note the intense staining in the amygdala
and also, though to a lesser extent, in the piriform cortex. (B) Olfactory
cortex. Note the staining at the level of the DTT, VTT, AOM, AOP, Pir. *E/OV,
Ependy/olfactory ventricle; aci, anterior commissure intrabulbar; AOM,
anterior olfactory nucleus anterior; AOP, anterior olfactory nucleus posterior;
DTT, dorsal tenia tecta; lo: lateral olfactory tract; Me, med amygdala; Pir,
piriform cortex; PLCo, postlat cx amygdala nu.; VTT, ventral tenia tecta.

Our results show that the orexin A pattern is similar to those
previously described in rats. Orexin fibers on the OB could have
two origins. The first origin could be that fibers come from only
one cell body population- those that only we and other researchers
found to be located in the LH. The second origin could be that
fibers, at least in the OB, originate from the olfactory mucosa,
since some olfactory receptor neurons are orexin positive (Caillol
et al., 2003). However, the second hypothesis seems to be ruled out
since the olfactory neurons only project in the glomerular layer,
and that we find orexin fibers in all the different layers of the OB.
Thus, the projection of LH orexin neurons to the OB seems to
be consensual. However, we cannot claim that synaptic connec-
tions of these orexin projections occur at the OB level. In order to
establish the precise circuitry between LH and OB, the whole cir-
cuitry has to be investigated in detail using a trans-synaptic tracer
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FIGURE 6 | Developmental expression of orexin A in mice. (A)
Hypothalamic area at P2. (B) Hypothalamic area at P11. Note orexin cell
bodies only in (B) (white arrow).

strategy to demonstrate that LH orexin neurons constitute a true
neuronal circuit between the OB and the LH.

DEVELOPMENTAL OREXIN PATTERNS
Considering the developmental expression pattern, orexin has
been reported in rats as early as E19 (Van der Pol et al., 2001;
Steininger et al., 2004). However, this is highly controversial since
other authors have not reported orexinergic neurons before post-
natal day 15 (Yamamoto et al., 2000), or at best during the first
post-natal week (Stoyanova et al., 2010). Our immunocytochem-
ical results tend to support the late expression of orexin neurons,
since we found in mice no evidence of orexin expression at P2,
while at P11 instead we showed the presence of orexin neuronal
cell bodies. Using qPCR, we observed that significant variations in
Ppox mRNA reflect the synthesis of orexin peptides. Indeed, our
qPCR results validate our immunohistological results, since at P2–
3 the range of orexin expression is around 500 times lower than
that in adults. This supports the idea that the beginning of orexin
expression should be between P2–3 and P11. However, the low
level of orexin fibers suggests that the full development of orexin
neurons is not complete at P11 in mice.

FIGURE 7 | Relative gene expression of Ppox in the brains of E17 and
P3 mice, and in the hypothalamus of P11 and adult males. Error bars
represent the standard error. The number of samples per group is indicated
above each column. The relative quantity of Ppox in each sample was
normalized to the quantity of Tbp.

CONCLUSION
In this study we demonstrate that most of the characteristics of
orexin in mice are similar to those reported in rats. Since it has
been demonstrated in rats that orexin could modulate olfactory
perception depending on the energy balance of the body, this
work strongly supports the idea that this is also true in mice.
However, trans-synaptic tracing experiments need to be done
in order to clearly demonstrate connectivity between the two
systems.
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APPENDIX

FIGURE A1 | (A) Orexin A staining in the LH. Note the staining at the level
of the cell bodies and fibers. (B) Orexin B staining in the LH. Note that the
fibers are not stained. In this experiments only primary antibody is different.
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The medial amygdaloid nucleus (Me) is a key structure in the control of sociosexual
behavior in mice. It receives direct projections from the main and accessory olfactory
bulbs (AOB), as well as an important hormonal input. To better understand its behavioral
role, in this work we investigate the structures receiving information from the Me, by
analysing the efferent projections from its anterior (MeA), posterodorsal (MePD) and
posteroventral (MePV) subdivisions, using anterograde neuronal tracing with biotinylated
and tetrametylrhodamine-conjugated dextranamines. The Me is strongly interconnected
with the rest of the chemosensory amygdala, but shows only moderate projections
to the central nucleus and light projections to the associative nuclei of the basolateral
amygdaloid complex. In addition, the MeA originates a strong feedback projection to
the deep mitral cell layer of the AOB, whereas the MePV projects to its granule cell
layer. The Me (especially the MeA) has also moderate projections to different olfactory
structures, including the piriform cortex (Pir). The densest outputs of the Me target the
bed nucleus of the stria terminalis (BST) and the hypothalamus. The MeA and MePV
project to key structures of the circuit involved in the defensive response against predators
(medial posterointermediate BST, anterior hypothalamic area, dorsomedial aspect of
the ventromedial hypothalamic nucleus), although less dense projections also innervate
reproductive-related nuclei. In contrast, the MePD projects mainly to structures that
control reproductive behaviors [medial posteromedial BST, medial preoptic nucleus, and
ventrolateral aspect of the ventromedial hypothalamic nucleus], although less dense
projections to defensive-related nuclei also exist. These results confirm and extend
previous results in other rodents and suggest that the medial amygdala is anatomically
and functionally compartmentalized.
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Abbreviations: 3V, 3rd ventricle; AAD, anterior amygdaloid area, dorsal part; AAV,
anterior amygdaloid area, ventral part; ac, anterior commissure; AcbC, accumbens
nucleus, core; AcbSh, accumbens nucleus, shell; ACo, anterior cortical amygdaloid
nucleus; AHA, anterior hypothalamic area, anterior part; AHi, amygdalohip-
pocampal area; AHP, anterior hypothalamic area, posterior part; AI, agranular
insular cortex; AOB, accessory olfactory bulb; AOM, anterior olfactory nucleus,
medial part; AON, anterior olfactory nucleus; AOP, anterior olfactory nucleus,
posterior part; APir, amygdalopiriform transition area; Arc, arcuate hypothalamic
nucleus; Astr, amygdalostriatal transition area; AVPe, anteroventral periventric-
ular nucleus; BAOT, bed nucleus of the accessory olfactory; BLA, basolateral
amygdaloid nucleus, anterior part; BLP, basolateral amygdaloid nucleus, posterior
part; BLV, basolateral amygdaloid nucleus, ventral part; BMA, basomedial amyg-
daloid nucleus, anterior part; BMP, basomedial amygdaloid nucleus, posterior part;
BST, bed nucleus of the stria terminalis; BSTIA, BST, intraamygdaloid division;
BSTLD, BST, lateral division, dorsal part; BSTLI, BST, lateral division, intermedi-
ate part; BSTLP, BST, lateral division, posterior part; BSTLV, BST, lateral division,
ventral part; BSTMA, BST, medial division, anterior part; BSTMPI, BST, medial
division, posterointermediate part; BSTMPL, BST, medial division, posterolateral
part; BSTMPM, BST, medial division, posteromedial part; BSTMV, BST, medial
division, ventral part; CA1, field CA1 of hippocampus; cc, corpus callosum; CeC,

central amygdaloid nucleus, capsular part; CeL, central amygdaloid nucleus, lat-
eral division; CeM, central amygdaloid nucleus, medial division; Cl, claustrum; cp,
cerebral peduncle; CPu, caudate putamen; CxA, cortex-amygdala transition zone;
DEn, dorsal endopiriform nucleus; DM, dorsomedial hypothalamic nucleus; DTT,
dorsal tenia tecta; ec, external capsule; Ent, entorhinal cortex; f, fornix; fmi, forceps
minor of the corpus callosum; GlA, glomerular layer of the AOB; GrA, granule
cell layer of the AOB; GrO, granular cell layer of the olfactory bulb; HDB, nucleus
of the horizontal limb of the diagonal band; I, intercalated nuclei of the amyg-
dala; ic, internal capsule; ICj, islands of Calleja; ICjM, major island of Calleja;
IL, infralimbic cortex; IPAC, interstitial nucleus of the posterior limb of the ante-
rior commissure; LA, lateroanterior hypothalamic nucleus; La, lateral amygdaloid
nucleus; LH, lateral hypothalamic area; LHb, lateral habenular nucleus; lo, lateral
olfactory tract; LOT, nucleus of the lateral olfactory tract; LPO, lateral preoptic area;
LSD, lateral septal nucleus, dorsal part; LSI, lateral septal nucleus, intermediate
part; LSV, lateral septal nucleus, ventral part; LV, lateral ventricle; MD, mediodor-
sal thalamic nucleus; Me, medial amygdaloid nucleus; MeA, medial amygdaloid
nucleus, anterior part; MePD, medial amygdaloid nucleus, posterodorsal part;
MePV, medial amygdaloid nucleus, posteroventral part; MGP, medial globus pal-
lidus; MiA, mitral cell layer of the AOB; ML, medial mammillary nucleus, lateral
part; MM, medial mammillary nucleus, medial part; MPA, medial preoptic area;
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INTRODUCTION
The main and accessory olfactory systems provide key sensory
inputs to the network of neural structures controlling sociosex-
ual behaviors in rodents (Swann et al., 2009). This network is
composed of a number of interconnected nuclei rich in neu-
rons expressing receptors for sexual steroids, including the medial
amygdaloid nucleus (Me), the posterior bed nucleus of the stria
terminalis (BST), the lateral ventral septum, and the medial pre-
optic area (MPA) (Newman, 1999). Among these structures, only
the Me receives convergent projections from the main and acces-
sory olfactory bulbs (AOB) (Scalia and Winans, 1975; Pro-Sistiaga
et al., 2007; Kang et al., 2009, 2011). The efferent connections of
the Me have been studied in detail in male rats (Canteras et al.,
1995) and male hamsters (Gomez and Newman, 1992; Coolen
and Wood, 1998; Maras and Petrulis, 2010a). These studies have
revealed that the Me is a heterogeneous structure in which at
least three subdivisions can be clearly recognized. The anterior
division of the medial amygdaloid nucleus (MeA) is connected
with structures implicated in defensive, agonistic as well as in
reproductive behaviors. The posterodorsal subdivision (MePD)
contains the highest density of androgen and estrogen recep-
tors (Simerly et al., 1990; Cooke, 2006) and is connected mainly
with structures implicated in reproductive behaviors (Canteras
et al., 1995). And finally, the posteroventral subdivision (MePV)
projects preferentially to structures suggested being involved in
defensive behaviors (Canteras, 2002). These anatomical subdivi-
sions also fit the expression pattern of genes of the Lhx family
of transcription factors. Thus, the MeA expresses mainly Lhx5,
the MePD Lhx6, and the MePV Lhx9 (Choi et al., 2005). Recent
studies on the developmental origins of the Me cells (García-
López et al., 2008; García-Moreno et al., 2010; Bupesh et al.,
2011) have shown that the Lhx9-expressing cells of the MePV
originate in the ventral pallium, and consequently are glutamater-
gic projection neurons (Choi et al., 2005). In contrast, the Lhx6
neurons of the MePD are GABAergic cells originated in the cau-
doventral medial ganglionic eminence (and therefore they are
neurons of pallidal nature). Finally, the MeA contains a popula-
tion of Lhx5-expressing neurons originated in the hypothalamic
supraoptoparaventricular domain (Abellán et al., 2010) and also

MPO, medial preoptic nucleus; MS, medial septal nucleus; MTu, medial tuberal
nucleus; opt, optic tract; Pa, paraventricular hypothalamic nucleus; PAG, periaque-
ductal gray; Pe, periventricular hypothalamic nucleus; PH, posterior hypothalamic
area; Pir, piriform cortex; PLCo, posterolateral cortical amygdaloid nucleus; PMCo,
posteromedial cortical amygdaloid nucleus; PMD, premammillary nucleus, dorsal
part; PMV, premammillary nucleus, ventral part; Po, posterior thalamic nuclear
group; PrL, prelimbic cortex; PSTh, parasubthalamic nucleus; PT, paratenial thala-
mic nucleus; PV, paraventricular thalamic nucleus; Re, reuniens thalamic nucleus;
Rt, reticular thalamic nucleus; SCh, suprachiasmatic nucleus; SFi, septofimbrial
nucleus; SHi, septohippocampal nucleus; SHy, septohypothalamic nucleus; SI, sub-
stantia innominata; SM, nucleus of the stria medullaris; sm, stria medullaris; SN,
substantia nigra; sox, supraoptic decussation; st, stria terminalis; STh, subthalamic
nucleus; SuM, supramammillary nucleus; TC, tuber cinereum area; Tu, olfactory
tubercle; VDB, nucleus of the vertical limb of the diagonal band; VEn, ventral
endopiriform nucleus; VMH, ventromedial hypothalamic nucleus; VMHC, ventro-
medial hypothalamic nucleus, central part; VMHDM, ventromedial hypothalamic
nucleus, dorsomedial part; VMHVL, ventromedial hypothalamic nucleus, ventro-
lateral part; VP, ventral pallidum; VTA, ventral tegmental area; VTT, ventral tenia
tecta; ZI, zona incerta.

abundant nitrergic cells originated from the commissural preop-
tic area (Hirata et al., 2009; Bupesh et al., 2011).

The neuroanatomical and developmental data discussed above
for the different subdivisions of the Me are consistent with a
number of functional studies in several rodent species. In mice
and hamsters, the MeA has been shown to be activated by sex-
ual and non-sexual social odors, and also by chemicals derived
from heterospecific individuals (Meredith and Westberry, 2004;
Samuelsen and Meredith, 2009). The MeA seems to categorize the
detected chemical stimuli and then relay sex-related information
to the MePD (Petrulis, 2009; Maras and Petrulis, 2010b), which
consequently is mainly activated by sexually related chemical
signals (hamsters: Fernandez-Fewell and Meredith, 1994; Kollack-
Walker and Newman, 1997; mice: Choi et al., 2005; rats: Bressler
and Baum, 1996; gerbils: Heeb and Yahr, 1996). Accordingly, elec-
trolytic lesions of the transition between the MeA and the MePD
are most effective in abolishing the attraction of female mice
for sex-derived chemical signals (DiBenedictis et al., 2012) and
similar results have been obtained in male hamsters with lesions
that functionally disconnect the MeA and the MePD (Maras and
Petrulis, 2010c). On the other hand, the MePV display a strong
response when mice are exposed to predator (cat) odors (Choi
et al., 2005; Samuelsen and Meredith, 2009), a response that has
been also reported in rats exposed to cat odors (Dielenberg et al.,
2001).

Surprisingly, the efferent connections of the Me in mice have
been only partially examined in a single study, which reports
data in males mainly regarding the MePD (Usunoff et al., 2009).
Given that mice are widely use in behavioral neuroscience stud-
ies, due to the availability of genetically modified animals that
allow exploring the molecular basis of behavior, it is of interest
to obtain direct anatomical data in this species. In addition, since
there are relevant differences in different strains of mice regarding
reproductive (Vale et al., 1973, 1974; Burns-Cusato et al., 2004;
Dominguez-Salazar et al., 2004) and defensive (Belzung et al.,
2001; Yang et al., 2004) behaviors, which are major functions
of the Me, in the present study we compare the efferent projec-
tions of the medial amygdala of the C57BL/6J and CD1 strains
of mice. Since our prior behavioral studies about sexual attrac-
tion toward male pheromones were performed in females (see
Martínez-García et al., 2009), we decided to study the efferent
projections of the Me in female mice. This allows comparing the
pattern of efferent projections of the Me of females (our findings)
with previous published results, which were mostly obtained in
males.

MATERIALS AND METHODS
ANIMALS
For these studies, we used 17 adult (more than two months of
age) female mice Mus musculus, from the C57BL/J6 (n = 10) and
the CD1 (n = 7) strains (Charles River, L’Arbresle Cedex, France)
with body weights between 18.1–25.1 g and 37.5–45.1 g respec-
tively. Animals were housed in cages with water and food available
ad libitum, either in natural conditions or in a 12 h light: dark
cycle, at 21–22◦C. We treat them according to the EEC guidelines
for European Communities Council Directives of 24th November
1986 (86/609/EEC), and experimental procedures were approved
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by the Committee of Ethics on Animal Experimentation of the
University of Valencia.

SURGERY AND TRACER INJECTIONS
To study the projections arising from the different divisions of the
Me (anterior, posteroventral, and posterodorsal), we performed
iontophoretic injections of two different dextranamine conju-
gates as anterograde tracers. Biotin-conjugated dextranamine
(BDA, 10,000 MW, lysine fixable, Invitrogen, Carlsbad, CA, USA)
was used diluted at 5% in phosphate buffer (PB) 0.01 M,
pH 8.0, and tetrametylrhodamine-conjugated dextranamine
(RDA, fluoro-ruby, 10,000 MW, lysine fixable, Molecular Probes,
Eugene, OR, USA) was used diluted at 10% in PB 0.01 M, pH
7.6. We delivered the tracers from glass micropipettes (10–50 µm
diameter tips) by means of positive current pulses (7on/7off s,
3–5 µA, 10–15 min) using a current generator (Midgard Precision
Courrent Source, Stoelting). Two to five minutes after the termi-
nation of each injection, the pipette was withdrawn while passing
retention current (−0.8 µA).

For surgery, animals were anaesthetized either with intraperi-
toneal injections of a 3:2 ketamine (75 mg/kg, Merial lab-
oratorios, Barcelona, Spain) and medotomedine (1 mg/kg,
Pfizer, Alcobendas, Madrid, Spain) solution, complemented with
atropine (Sigma, St. Louis, MO, USA; 0.04 mg/kg, IP) to reduce
cardio-respiratory depression (n = 6) or by inhalation of isoflu-
orane (1.5%) delivered in oxygen (0.9 L/min) (MSS Isoflurane
Vaporizer, Medical Supplies and Services Int’l Ltd, UK) using a
mouse anaesthetic mask (n = 11). We also injected them butor-
fanol (Fort Dodge Veterinaria, Girona, Spain; 5 mg/kg, subcu-
taneous) as analgesic. During surgery, animals were on top of
a thermic blanket to maintain their body temperature and eye-
drops (Siccafluid, Thea S.A Laboratories, Spain) were applied
to prevent eye ulceration. After fixing the mouse head in the
stereotaxic apparatus (David Kopf, 963-A, Tujunga CA, USA)
we drilled a small hole above the medial amygdala. Following
tracer injection, we closed the wound with Histoacryl (1050052,
Braun, Tuttlinger, Germany). After surgery, animals anaesthetized
with the ketamine-medotomedine solution received then injec-
tions of atipamezol (Pfizer, Alcobendas, Madrid, Spain; 1 ml/kg,
intramuscular) to revert the medotomedine effects.

In the first nine tracer injections (performed in C57 mice) we
observed that labeled fibers in the contralateral hemibrain were
absent or negligible (see “Results”), so we decided to perform
one injection per hemisphere in the rest of the mice, to min-
imize the number of animals. Following Paxinos and Franklin
(2004) in C57mice we used the following coordinates relative to
bregma. For MeA: AP −1.1 mm, L −2.0 mm, and D −5.25 mm.
For MePD: AP −1.7 mm, L −2.2 mm, and D −5.2 mm. For
MePV: AP −1.94 mm, L −2.1 mm, and D −5.3 mm. Coordenates
were adapted to CD1 mice as follows: MeA: AP −1.7 to −1.4 mm,
L ±2.1 mm, and D −5.10 to −5.3 mm; MePD: AP −1.9 mm, L
±2.1 mm, and D −5.1 mm; MePV: AP −1.9 mm, L ±2.1 mm, and
D −5.1 to –5.48 mm.

HISTOLOGY
Six to eight days after the injections, animals were deeply anes-
thetized with an overdose of sodium pentobarbital (Sigma)

(90 mg/kg) and perfused with saline solution (0.9%) followed by
4% paraformaldehyde diluted in PB (0.1 M, pH 7.6). Brains were
removed from the skull, postfixed for 4 h in the same fixative and
cryoprotected with 30% sucrose solution in PB at 4◦C until they
sank. Using a freezing microtome we obtained frontal sections
(40 µm) through the brain that were collected in four matching
series. In some animals, the olfactory bulbs were cut at 30 µm.

For the detection of BDA, we inactivated the endogenous per-
oxidase with 1% H2O2 [in 0.05 M Tris buffer saline (TBS) pH
7.6] for 15 min and then incubated the sections for 90 min in
ABC complex (Vectastain ABC elite kit, Vector Labs, Burlingame,
CA, USA) diluted 1:50 in TBS-Tx (Triton X-100 0.3% in TBS
0.05 M pH 7.6). After rinsing thoroughly with buffer, we devel-
oped the peroxidase activity with 0.025% diaminobenzidine in PB
(0.1 M, pH 8.0), with 0.01% H2O2 and 0.1% nickel ammonium
sulphate. For the RDA immunohistochemical detection, we inac-
tivated the endogenous peroxidase as previously described. Then,
sections were incubated overnight in a specific primary anti-
body against tetrametylrhodamine raised in rabbit (Molecular
Probes, Cat. #A-6397) diluted 1:4000 in TBS-Tx, followed by
a standard peroxidase-antiperoxidase (PAP) method (goat anti-
rabbit IgG, 1:100, Nordic Immunological Laboratories, Tilburg,
The Netherlands; rabbit PAP, 1:800, Nordic Immunological Labs).
Peroxidase activity was revealed as described before, but nickel
was not used.

The sections were mounted onto gelatinized slides, counter-
stained with Nissl staining, dehydrated with graded alcohols,
cleared with xylene and coverslipped with Entellan (Merck,
Darmstadt, Germany). We observed the sections using an
Olympus CX41RF-5 microscopy and photographed them using
a digital Olympus XC50 camera. We arranged the pictures with
Adobe Photoshop 7.0 (AdobeSystems, MountainView, CA, USA)
and design the line drawings and their labeling using Adobe
Photoshop and Adobe Illustrator (Adobe Systems).

RESULTS
For the description of the distribution of anterograde label-
ing resulting from the different injections in the Me, we follow
the nomenclature of the atlas of the mouse brain by Paxinos
and Franklin (2004). To simplify the description of the intra-
amygdaloid projections, the term “olfactory amygdala” is used,
following Kevetter and Winans (1981a), for the amygdaloid struc-
tures that are direct targets of the main olfactory bulb and
the term “vomeronasal amygdala” is used to refer to amyg-
daloid structures that are direct targets of the AOB (Kevetter and
Winans, 1981b). The term “chemosensory amygdala” includes
both the olfactory and the vomeronasal amygdala (Gutiérrez-
Castellanos et al., 2010).

The projection densities in the different targets of the Me
subnuclei (anterior, posterodorsal and posteroventral), are sub-
jectively classified as (see Table 1): very dense, dense, moderate,
sparse, and very sparse. We considered very dense the projection
through the stria teminalis, and very sparse the areas where we
could observe only 2–5 labeled fibers.

The injection sites obtained in the medial amygdala are
described below. In addition, we obtained one injection located
in the substantia innominata (SI) above the MeA, and another
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Table 1 | Semiquantitative rating of the density of the anterograde labeling resulting after tracer injections in three subnuclei of the medial

amygdaloid nucleus.

MeA MePD MePD/PV MePV

AMYGDALA

MeA Injection + + + + + ++ + + +
Vomeronasal MePD + + + Injection Injection + + ++

MePV + + + + + + Injection Injection

PMCo + + + ++ + + ++ + + ++
BAOT + + + + + + (not found) + + +
AAD/AAV ++ ++ ++ +/ + +
AHi + + + ++ ++ ++

Olfactory ACo ++ + + + + + + ++
CxA + + ++ + ↓
PLCo + + + ++ + + + + + +
LOT + + + + ↓

Central CeM ++ ++ ++ +
CeL + + ↓ + + ↓
CeC + + + + ↓ + –

Astr ++ – – –

BSTIA + + + ++ ++ ++
Basolateral complex BLA + ↓ + ↓ + ↓ –

BLP/BLV + + + +
BMA ++ ++ + + + ++
BMP + + + ++
La + + + + ↓

OLFACTORY SYSTEM/CORTEX

AOB (MiA/GrA/GlA) + + +/ + +/+ – +/ + + + /− +/ + + + /−
Olfactory system GrO + ↓ – – –

Pir + + + +
DEn/VEn + + ↓ + + ↓
AON + – + + ↓
Tenia tecta ++ – + +

Cortex AI + – + ↓ + ↓
PrL + – – –

IL + – – –

Cl + – – –

Hippocampal formation Ent + + ↓ + ↓ + ↓
Hippocampus + ++ + ++

BST/SEPTUM/STRIATUM

BSTL BSTLD ++ ↑ – + + ↓
BSTLP ++ + ↓ + + ↓
BSTLV ++ + ↓ + + ↓

BSTM BSTMA ++ ++ + + + + + +
BSTMPM ++ + + ++ + + ++ + + ++
BSTMPI + + ++ ++ + + + ++
BSTMV ++ ++ ++ +
BSTMPL + + + + + + + + + ++

Lateral septal complex LSI ++ ↑ + ++ +
LSV ++ + ++ ++
LSD + + ↓ + +
SHy ++ ++ ++ + + +
SHi + + ↓ + + ↓

Medial septum/ Diagonal Band MS + – + + ↓
HDB ++ ↑ – + +
VDB ++ – + +

(Continued)
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Table 1 | Continued

MeA MePD MePD/PV MePV

Striato-pallidum VP + + + –

Acb + + + –

Tu ++ – + ↓ + ↓
ICj + – + ↓ + ↓
SI ++ ++ ++ ++
IPAC ++ – + ↓ + ↓

HYPOTHALAMUS

Preoptic MPA ++ ++ ++ +
MPO ++ + + + ++ ++
LPO + + + + ↓
AVPe – ++ + –

Anterior AHA/AHP ++ ++ ++ +
Pa + + + + ↓
Pe + + + + ↓
LA + + + +
SCh – + + –

Tuberal VMHDM + + + + + + + ++
VMHVL ++ + + + + + + ++
DM + + + + ↓
LH + + + +
Arc + + + +

Mammilary PMD + + ↓ + +
PMV ++ + + + + + + + + +
MM/ML + + + +
SuM + + + +
PH + + + –

THALAMUS

SM + + + + + + + + + ++
Re + ↑ + + + ↓
PV + + + +
MD + – – –

LHb + – – –

PT + – – –

ZI + – – –

STh + + + +
PSTh + + + –

BRAINSTEM AND MIDBRAIN

PAG + + + +
VTA + + + +
Rostral linear raphe nucleus + ↓ – – –

Dorsal raphe nucleus + ↓ – –

SN – + + –

++++, Very dense; +++, Dense; ++, Moderate; +, Scarce; + ↓, very sparse.

one restricted to the optic tract (opt) medial to the MeA (not
shown). These injections are used as controls for the specificity
of the anterograde labeling resulting from the medial amygdala
injections (see below).

INJECTIONS IN MeA
Injections sites
In eight experiments the injection affected the MeA, in five of
which the tracer is entirely confined to this subnucleus. Of the

restricted injections (Figures 1A,B), two correspond to single
injections in the C57BL/6J strain and are used to describe both
ipsilateral and contralateral projections of the MeA (Figure 1,
injections M0331 and M1120). The remaining three injections,
which correspond to CD1 mice, are used to describe the ipsilateral
projections. In injections M1143R and M1144L (Figures 1A,B)
small tracer deposits appear along the micropipette track, located
in the internal capsule (ic), medial globus pallidus (MGP), SI, and
the opt, and therefore are used only to check the labeling found
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FIGURE 1 | Injection sites in the anterior, posterodorsal, and

posteroventral subdivisions of the medial amygdaloid nucleus.

(A–F) Schematic drawings representing the extent of the tracer injections in
the anterior medial amygdaloid nucleus (MeA), the posterodorsal medial
amygdaloid nucleus (MePD), and the posteroventral medial amygdaloid
nucleus (MePV). MeA injections are represented in warm colors (Figures 1A

and B), MePD in green and MePV in blue (Figures 1C–F). Colored areas

represent single injections and are identified with the animal code. For those
animals with two injections, each one is identified with either an R (right
hemisphere) or an L (left hemisphere). (G–I) Photomicrographs of nissl-stained
sections through the amygdala of the mouse showing representative
injections sites. (G) Injection site in the MeA of a CD1 mouse. (H) Injection
site in the MePD of a CD1 mouse. (I) Injection site in the MePV of a CD1
mouse. For abbreviations, see list. Scale bar in A, valid for B–I = 1 mm.

in restricted injections. In the three additional cases the injections
extended caudally and affected also the posterior subdivisions of
the Me.

Anterograde labeling resulting from injections in the MeA
The injections of neural tracers in the MeA give rise to antero-
grade labeling in a complex range of cerebral nuclei. Intra-
amygdalar axons spread directly from MeA, while fiber labeling
coursing outside the amygdala follows two main pathways: the
stria terminalis, where labeled axons are located in the medial
aspect, and the ventral amygdalofugal pathway (ansa peduncu-
laris), where axons progress across the SI. The output of the MeA
is mostly ipsilateral, with scarce fiber labeling present in con-
tralateral nuclei, as described below. Since no differences were
observed in the anterograde labeling resulting from experiments
in the C57BL/J6 and CD1 strains [except in the olfactory tubercle

(Tu) see below], the results obtained in both strains are described
together.

Amygdala. Tracer injections in the MeA give rise to antero-
gradely labeled fibers that extend to other amygdalar regions
(see Table 1). Fiber labeling appears throughout the rest of the
Me, with dense terminal fields observed in both MePD and
MePV subnuclei (Figure 2J). Dense fiber labeling is observed
in the posteromedial (PMCo) and posterolateral (PLCo) corti-
cal amygdaloid nuclei (Figure 3A), amygdalohippocampal area
(AHi) (Figures 2I–M) and bed nucleus of the accessory olfac-
tory tract (BAOT) (not shown, see Table 1). Other regions of
the chemosensory amygdala display a moderate density of fiber
labeling, such as the anterior cortical nucleus (ACo) and the
anterior amygdaloid area, mainly in its ventral division (AAV)
(Figures 2G,H). Finally, some other chemosensory structures of
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the amygdala display only sparse anterograde labeling, such as the
corticoamygdaloid transition area (CxA), or are mostly devoid
of the labeled axons resulting from MeA injections, such as the
nucleus of the lateral olfactory tract (LOT) (a small amount of

fibers of passage are observed in layer 1 and a few labeled fibers are
present in layer 3, Figures 2H,I). In the central nucleus antero-
gradely labeled fibers give rise to a moderate terminal field in
the medial (CeM) and capsular (CeC) parts (somewhat denser

FIGURE 2 | Continued
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FIGURE 2 | Semi-schematic drawings of transverse sections through the

mouse brain showing the distribution of anterogradely labeled fibers

following a tracer injection in the MeA. The injection site is depicted in

panel (I). A is rostral, M is caudal. The semi-schematic drawings were made
based on an injection in a C57BL/J6 mouse. For abbreviations, see list. Scale
bar: 1 mm.

at the CeC), and also in the amygdalostriatal transition area,
with sparse anterograde labeling observed in the lateral part
(CeL) (Figures 2I,J). Dense anterograde labeling appears also in
the intra-amygdaloid division of the bed nucleus of the stria

terminalis (BSTIA) (Figure 2J) and a moderate density in the
intercalated mass (I) located between the basolateral and baso-
medial nuclei (Figures 2I,J). Within the basolateral amygdaloid
complex, a moderate density of fiber labeling is present in the
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anterior basomedial amygdaloid nucleus (BMA) (Figures 2H–K),
and only sparse anterograde labeling appears in the lateral (La)
and basolateral nuclei (Figures 2I–M).

Olfactory bulbs and cerebral cortex. Fiber labeling arising from
the MeA injection extends rostrally through the accessory olfac-
tory tract to end in the AOB, where we observe dense anterograde

labeling in the ventral aspect of the mitral cell layer, a mod-
erate density of labeled fibers in the granular layer and a few
fibers in the glomerular layer, apparently in the posterior AOB
(Figures 2A,B, and 4A). Some labeled axons apposed to the wall
of the lateral ventricle run dorsally to the AOB, crossing the gran-
ular cell layer of the dorsomedial olfactory bulb (Figure 2B). Fiber
labeling from the MeA is also present in the prefrontal cortex,

FIGURE 3 | Anterograde labeling in the amygdala after tracer injections in

the different subdivisions of the medial amygdaloid nucleus.

Photomicrographs of transverse sections through the amygdala of CD1 animals

receiving tracer injections in the MeA (A), MePD (B), and MePV (C). (A–C) Note
that in all cases dense anterograde labeling is observed in the vomeronasal
amygdala. For abbreviations, see list. Scale bar in A (valid for B and C): 500 µm.

FIGURE 4 | Anterograde labeling in the accessory olfactory bulb,

olfactory tubercle, and bed nucleus of the stria terminalis after

tracer injections in the medial amygdaloid nucleus. (A) Nissl-stained
transverse section through the accessory olfactory bulb of a CD1 animal
with a tracer injection in the MeA, showing the centrifugal projections to the
deep aspect of the mitral cell layer. The inset shows a high magnification
view of a labeled fiber next to a glomerulus. (B) Nissl-stained transverse
section through the accessory olfactory bulb of a CD1 animal with a tracer
injection in the MePV, showing the centrifugal projections to the granule cell
layer. The inset shows a high magnification view of these labeled fibers.
(C) Photomicrograph of a transverse section through the ventromedial

olfactory tubercle of a C57BL/J6 animal with a tracer injection in
the MeA. Note that some of the labeled fibers apparently innervate the
islands of Calleja. (D–F) Photomicrographs of Nissl-stained transverse
sections through the bed nucleus of the stria terminalis of animals
receiving tracer injections in the MeA (D), MePD (E), and MePV (F). Note
that in D the densest labeling is in the medial posterointermediate division,
whereas in (E) and (F) the densest labeling is in the medial posteromedial
division. These photomicrographs correspond to a C57BL/J6 mouse
injection (D) and CD1 mice injections (E,F). For abbreviations, see list. Scale
bar in (A) [valid for (B) and (C): 250 µm. Scale bar in D [valid for (E) and (F)]:
500 µm.
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where sparse anterograde labeling is observed in the prelimbic
and infralimbic cortices (Figures 2C,D). A moderate amount of
fibers is present in the dorsal as well as ventral tenia tecta and
the piriform cortex (Pir) (with more labeled fibers present in lay-
ers 1 and 3) (Figures 2C,D). In addition, a sparse innervation is
observed in other cortical regions such as the anterior olfactory
nucleus (mainly in the medial and ventral areas), the endopir-
iform nucleus (Figures 2C–L), the agranular insular cortex and
claustrum (Figures 2F–H). Finally, a few axons extend caudally
into the entorhinal cortex (Ent) and field CA1 of the ventral
hippocampus (Figure 2M).

Septum, striatum and bed nucleus of the stria terminalis. In
the septum, at rostral levels there is moderate axonal label-
ing in the lateral septal complex, which appears denser in
its intermediate (LSI) than in its ventral division (LSV), with
sparse anterograde labeling appearing also in its dorsal division
(LSD) (Figures 2E,F). Some anterogradely labeled axons are also
observed in the medial septal nucleus (Figures 2E,F). In addi-
tion, moderately dense anterograde labeling is present at the
septohypothalamic nucleus (SHy), and a few fibers appear in the
septohippocampal nucleus (SHi) (Figures 2E,F). In the nucleus
of the diagonal band there is a moderate density of anterograde
labeling in the vertical and the horizontal limb, especially in the
anterolateral part of the horizontal limb (Figures 2E–G), next to
the boundary with the Tu. A number of fibers are also present next
to the medial border of the major island of Calleja (Figure 2E).

Within the ventral striatum, a small number of fibers are
observed in the nucleus accumbens (Figures 2D,E). There is a
moderate labeling in the Tu, with axons mainly surrounding the
islands of Calleja (Figures 2D–F and 4C). Only a few fibers enter
both the ventromedial and the major islands. This anterograde
labeling in the Tu appears denser in the injections performed in
the C57BL/6J than in the CD1 animals. In the ventral pallidum,
sparse anterograde labeling is observed (Figures 2D,E). In addi-
tion, the SI displays a moderate amount of anterograde labeling
and fibers of passage belonging to the ventral amygdalofugal path-
way (Figures 2F–I). Numerous fibers are also found in the inter-
stitial nucleus of the posterior limb of the anterior commissure
(IPAC) (Figures 2F–G).

Fibers arriving to the BST mainly course through the stria ter-
minalis, which shows a very dense fiber labeling (Figures 2H–J).
The injections in the MeA resulted in dense anterograde labeling
in the BST, both in its medial and lateral divisions (see Table 1).
A moderately dense terminal field is observed in the lateral BST,
especially in the laterodorsal BST (Figures 2F,G). Fiber labeling is
also very dense in the posterointermediate medial BST (BSTMPI),
dense innervation in the posterolateral medial BST (BSTMPL)
and moderate in the anteromedial BST (BSTMA), ventrome-
dial BST (BSTMV), and medial posteromedial BST (BSTMPM)
(Figures 2F–H and 4D).

Hypothalamus. Following injections in the MeA, abundant
anterograde labeling appears in many hypothalamic nuclei
(Table 1). At preoptic levels, there is a moderate amount of
anterograde labeling in the medial preoptic nucleus (MPO) and
MPA (Figures 2F,G). A few labeled fibers can also be found in

the lateral preoptic area (LPO) (Figure 2G). At anterior levels,
the anterior hypothalamic area has a moderate labeling (which
is less dense in its posterior part) (Figures 2H,I). A low density
of labeled fibers is also observed in the lateroanterior hypothala-
mic nucleus (LA), the paraventricular hypothalamic nucleus (Pa),
mainly in its anterior part, and the periventricular hypothalamic
nucleus (Pe) (Figures 2F–J). In the tuberal region, the ventrome-
dial hypothalamic nucleus shows a heterogeneous fiber labeling.
The central (VMHC) and dorsomedial (VMHDM) parts contain
dense anterograde labeling, whereas the ventrolateral (VMHVL)
part shown only moderate density of fiber labeling (Figures 2I,J
and 5A). In addition, a few axons can be observed in the dorsome-
dial nucleus (DM) and the arcuate nucleus (Arc) (Figures 2J–L).
Finally, scarce fiber labeling can be found in the lateral hypothala-
mic area (LH) (Figures 2H–K). At mammillary levels, moderate
anterograde labeling is seen in the ventral premammillary nucleus
(PMV), with a few fibers present also in its dorsal part (PMD)
(Figures 2K,L and 5D). There is also sparse labeling in the supra-
mammillary nucleus (SuM), medial mammillary nucleus (MM),
and the posterior hypothalamic area (PH) (Figures 2J–M).

Thalamus. The injections in the MeA do not result in a wide
distribution of anterograde labeling in the thalamus. Some axons
progress through the stria medullaris and apparently reach the
paraventricular thalamic nucleus (PV) and the lateral habe-
nula (LHb) (Figures 2H–J). A dense terminal field is observed
in the nucleus of the stria medullaris (not shown). There is
sparse labeling in the nucleus reuniens (Re) (Figures 2H,I),
mediodorsal nucleus (MD) and parataenial thalamic nucleus
(PT) (Figures 2H–J). Finally, a few labeled axons appear also in
the zona incerta, subthalamic nucleus (STh) and parasubthalamic
nucleus (PSTh) (Figures 2I–K).

Brainstem and midbrain. Anterograde labeling is present in the
periaqueductal gray (PAG) and the ventral tegmental area (VTA)
(Figures 2K–M and 6). Moreover, a few fibers can be seen in the
dorsal raphe nucleus and the rostral linear raphe nucleus (not
shown).

Contralateral labeling. Although injections in the MeA give rise
mainly to ipsilateral labeling, a few axons cross the midline in the
anterior commissure, the supraoptic decussation (sox) and the
supramammilary decussation. In the contralateral hemisphere,
scarce anterograde labeling appears generally in those structures
that present a dense ipsilateral projection (with the exception of
the contralateral amygdala, which appears devoid of labeling).
Thus, a few fibers can be observed in the contralateral tenia tecta,
Tu, diagonal band, lateral septum, BST, Re, and several parts of
the hypothalamus, mainly in MPA, ventromedial hypothalamic
nucleus, and PMV.

Anterograde labeling found in non-restricted injections. In the
two cases (Figure 1A, injections M1143R and M1144L) where
some tracer contamination appears in the ic, MGP, SI, and opt,
we observe fibers running through the forceps minor of the
corpus callosum (fmi), the external capsule (ec), the basal part
of the cerebral peduncle (cp), and sox. As a consequence, very
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FIGURE 5 | Anterograde labeling in the hypothalamus following

tracer injections in the medial amygdaloid nucleus. Photomicrographs
of transverse sections through the hypothalamus of animals receiving
tracer injections in the MeA (A,D), MePD (B,E), and MePV (C,F). (A–C)

Pattern of anterograde labeling in the ventromedial hypothalamic nucleus
(VMH) in CD1 animals. Injections in MeA resulted in dense fiber labeling in
the dorsomedial VMH (A), whereas injection in MePD give rise to dense
labeling in the ventrolateral VMH (B). The MePV does not appear to

innervate preferentially the dorsomedial or ventrolateral subdivision.
(D–F) Pattern of anterograde labeling in the premammillary hypothalamus.
All three subdivisions of the medial amygdaloid nucleus mainly project to
the ventral premammillary nucleus, with the densest projections originated
by the MeA (D) and the MePD (E). Premammillary hypothalamus
photomicrographs correspond to a C57BL/J6 mouse injection (D) and CD1
mice injections (E,F). For abbreviations, see list. Scale bar in A (valid for
B–F): 500 µm.

FIGURE 6 | Anterograde labeling in the ventral tegmental area

following a tracer injections in the anterior medial amygdaloid

nucleus. Arrowheads point to scattered labeled fibers. Experiment
performed in a CD1 mice. Scale bar: 25 µm.

scarce labeling is present in substantia nigra (SN), parafascicular
thalamic nucleus, and ventral posterior thalamic nuclei. We
observe sparse to moderate fibers in the caudate-putamen (CPu),
STh, supraoptic nucleus, and the lateral part of the LHb.

INJECTIONS IN MePD
Injections sites
The experiments performed resulted in eight injections affect-
ing the MePD. Six of them are confined almost entirely to
this nucleus (Figures 1C–F), while two of them affect both the
MePD and MePV. Three of the restricted injections correspond
to single tracer injections in the C57BL/6J strain and are used
to describe the ipsilateral and contralateral projections of the
MePD. The remaining restricted injections are done in CD1
mice that received also injections in the contralateral hemisphere,
and therefore are used only to corroborate the ipsilateral label-
ing. In one of the CD1 injections the tracer extended beyond
the boundary with the MePV (Figure 1D, injection M1205L). In
another case the injection involved the MeA (Figures 1C,D, injec-
tion M1206L). In both cases, some of the nuclei or fiber tracts
located along the micropipette track present small tracer deposits,
including the primary somatosensory cortex, trunk region, the
reticular thalamic nucleus (Rt), the ic, the MGP, and the opt
(Figures 1C,D, injections M1205L and M1206L).

Anterograde labeling resulting from injections in the MePD
As shown for the MeA, the efferents of the posterodorsal region
of the Me (MePD) reach a complex range of cerebral nuclei.
Axons originated from the MePD follow the same major path-
ways described for the MeA. However, in this case the majority
of the labeled fibers courses through the stria terminalis, with less
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anterogradely labeled axons found in the ventral amygdalofugal
pathway. The output of the MePD is mostly ipsilateral, although
a few axons appear in contralateral nuclei (described below). As
reported above, the anterograde labeling resulting from experi-
ments in the C57BL/J6 and CD1 strains shows no difference.

Amygdala. From the MePD labeled axons extend to other
amygdalar regions (Table 1). There is a very dense anterograde
labeling in the rest of the Me (Figures 7E–G). In the corti-
cal amygdaloid nuclei, dense anterograde labeling is present
in ACo, and a moderate density of labeled fibers appears in

FIGURE 7 | Continued
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FIGURE 7 | Summary of the distribution of anterograde labeling

following a tracer injection in the MePD, plotted onto semi-schematic

drawings of transverse sections through the mouse brain. The injection

site is depicted in panel (F). A is rostral, J is caudal. The semi-schematic
drawings were made based on an injection in a C57BL/J6 mouse. For
abbreviations, see list. Scale bar: 1 mm.

the PLCo and PMCo (Figures 7D–J and 3B). Within the rest
of the chemosensory amygdala, the anterior amygdaloid area
shows also a moderate density of anterograde labeling, whereas
the cortex-amygdala transition zone displays only scarce labeled
fibers (Figures 7D,E) and the LOT is mostly devoid of axonal
labeling (although some labeled fibers can be observed in
layer 1, Figure 7D). In agreement with its proposed associa-
tion with the vomeronasal amygdala (Swanson and Petrovich,
1998), the AHi also contains a moderate density of labeled fibers
(Figures 7G–J) and the BAOT shows dense labeling (Table 1).
In the central nucleus, a heterogeneous innervation is found
following the injections in the MePD. A moderate density
of labeled fibers is observed in the CeM (and also in the
BSTIA), whereas sparse fiber labeling appears in the CeL and
CeC (and also in the I) (Figures 7E–G). Within the basolat-
eral amygdaloid complex, the basomedial nucleus shows mod-
erately dense axonal labeling in its anterior part (Figures 7E,F).
The posterior part of the basomedial nucleus, as well as the
basolateral and lateral nuclei, show sparse anterograde labeling
(Figures 7F–I).

Olfactory bulbs and cerebral cortex. The anterograde labeling
observed in olfactory and cortical structures following injections
into the MePD is very scarce. Only a small terminal field appears
in the CA1 field of the hippocampus (Figure 7J). Apart from
that, sparse labeling is observed in the Pir (with more labeled
fibers present in its posterior zone) and endopiriform nucleus
(Figures 7A–I), and at caudal telencephalic levels in the Ent
(Figures 7I,J).

Septum, striatum, and bed nucleus of the stria terminalis. In
the septum, sparse anterograde labeling is present in the dorsal,
intermediate, and ventral divisions of the lateral septal com-
plex (Figures 7A–C), with no fiber labeling being observed in
the medial septum/diagonal band complex. A moderate innerva-
tion is observed in the SHy and a few fibers are present in the
SHi (Figures 7A,B). In the ventral striatum, sparse innervation is
present in the medial core and shell of the nucleus accumbens
(Figure 7A), but no labeling appears in the Tu or the associ-
ated islands of Calleja. Anterograde labeling is also very scarce in
the ventral pallidum (Figure 7A). Finally, the SI has a moderate
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labeling as well as fibers of passage coursing through the ventral
amygdalofudal pathway (Figures 7B–E).

Regarding the BST, dense anterograde labeling appears in its
medial division, especially in the BSTMPM, where it is very dense
(Figure 7C, Table 1). In addition, dense anterograde labeling is
observed in the BSTMPL and a moderate density of fiber labeling
is present in the BSTMA, BSTMV, and BSTMPI (Figures 7B–D
and 4E). In contrast, the subnuclei composing the lateral division
of the BST show very scarce labeling.

Hypothalamus. In the preoptic hypothalamus, dense fiber label-
ing is observed in the MPO (Figures 7C,D), while the anteroven-
tral periventricular nucleus and the anterior MPA show a moder-
ately dense labeling (a lower number of labeled fibers is observed
in the caudal MPA) (Figures 7B–D). A few fibers can also be
found in the LPO (Figure 7C). At anterior levels, the ante-
rior hypothalamic area has a moderate labeling (especially in its
rostral part) (Figures 7D,E). In the rest of the anterior hypothala-
mus, only a sparse innervation is observed in the LA, suprachias-
matic nucleus, Pa and Pe (Figures 7D,E). In the tuberal region,
labeled axons resulting after the MePD injections give rise to
a dense innervation in the shell of the ventromedial hypotha-
lamic nucleus and in the VMHVL, whereas only a scarce den-
sity of labeled fibers is present in the VMHDM and VMHC
(Figures 7E–G and 5B). In addition, a few axons can be observed
in the DM, Arc, and LH (Figures 7D–G). At mammillary levels,
the PMV shows dense anterograde labeling, while the PMD shows
sparse labeling (Figures 7H and 5E). A few anterogradely labeled
fibers are also present in the SuM, MM, and PH (Figures 7G–J).

Thalamus. The injections in the MePD results in scarce antero-
grade labeling in the thalamus. Only the axons coursing through
the stria medullaris apparently give rise to dense anterograde
labeling in the nucleus of the stria medullaris (Figure 7D). In
addition, sparse fiber labeling is present in the Re, PV, STh, and
the PSTh (Figures 7D–G).

Brainstem and midbrain. In animals with injections in the
MePD, some labeled axons run caudally to reach the PAG and to a
lesser extent also the VTA (Figures 7H–J). Sparse labeling is also
observed in the SN (Figures 7H–J), mainly in its reticular part.

Contralateral labeling. The anterograde labeling resulting from
the injections in the MePD is mostly ipsilateral, but a few labeled
axons are observed to cross the midline in the anterior commis-
sure and the sox. Contralateral labeling is present in the same
nuclei that show dense ipsilateral fiber labeling. Thus, sparse
anterograde labeling appears in the lateral septum, BST, and
the hypothalamus, mainly in MPA, ventromedial hypothalamic
nucleus, and PMV.

Anterograde labeling found in non-restricted injections. In the
injections M1206L and M1205L, in which tracer contamina-
tion occurred in the somatosensory cortex (trunk region), Rt, ic,
MGP, and opt, we observe sparse labeling in areas in which no
fiber labeling appears following the restricted injections in the
MePD. Labeled fibers run through the ec, optic chiasm and the

sox, and anterograde labeling is present in the parietal insular
cortex, CPu, the ventral posterior thalamic nuclei, posterior tha-
lamic nuclear group (Po), SN, and several structures in the visual
thalamus.

We observe sparse to moderate fiber labeling in the lateral part
of LHb, which also contains labeled axons in the restricted MePD
injections.

INJECTIONS IN MePV
Injections sites
We have obtained four injections confined almost entirely to
the MePV, two in the C57BL/6J strain (Figures 1E,F, injections
M1202L and M1215) and two in the CD1 strain (Figures 1C–F,
injections M1205R and M1207L). In the injections M1205R and
M1207L, small tracer deposits are present along the micropipette
track, located at the primary somatosensory cortex (trunk
region), the cp, the opt, the STh (Figures 1C–F), and caudally
the SN, pars reticulata. In another case, small tracer deposit
are present in the cp, STh, and the pyramidal cell layer of the
hippocampus (Figures 1E,F, injection M1215). In addition, to
describe the MePV projections we also study the two injections
encompassing the MePD and MePV described above (see section
“Injections sites”) and an additional one that affected the cau-
dal MePV and the medial aspect of the PMCo. In the case of
the MePV the contralateral projections are described based on a
C57BL/J6 injection (Figures 1E,F, M1215).

Anterograde labeling resulting from injections in the MePV
The labeled fibers resulting from the injections in the MePV
course through the same pathways described above for the MeA
and MePD injections, the stria terminalis and the ventral amyg-
dalofudal pathway. In fact, a very dense group of axons leaving
the injection site surrounds the MePD to reach the stria termi-
nalis in their way out of the amygdala (Figure 8I). As reported
with MePD efferents, no differences between strains appear in
the anterograde labeling observed following tracer injections
in the MePV. The output of the MePV is mostly ipsilateral,
although a few axons appear in contralateral nuclei, as described
below.

Amygdala. Following MePV injections, dense anterograde label-
ing is found in the other subnuclei of the Me (Figures 8G–I). In
the rest of the vomeronasal amygdala, there is very dense antero-
grade labeling in the PMCo (Figures 8I–L and 3C) and a dense
labeling in the BAOT (not shown, see Table 1). In addition, the
anterior amygdaloid area shows moderate labeling in its ventral
part (Figure 8F). The AHi (which is strongly interconnected with
the vomeronasal amygdala, Swanson and Petrovich, 1998) dis-
plays also moderately dense anterograde labeling (Figures 8I–K).
In the olfactory amygdala, moderately dense axonal labeling is
present in the ACo and the PLCo (Figures 8F–J), while the cortex-
amygdala transition zone has only a very sparse anterograde label-
ing (Figures 8F,G). The LOT is mostly devoid of the MePV axons,
but some fibers can be observed in layer 1 (Figure 8F). The central
nucleus and associated intra-amygdaloid BST show scarce and
heterogeneous anterograde labeling following the MePV injec-
tions, with light labeling in the CeM, only a few fibers in the
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FIGURE 8 | Continued

CeL and no labeling in the CeC (Figures 8G–I). Scarce labeling
is observed in the I and, in contrast, the BSTIA shows mod-
erately dense labeling (Figures 8G–I). Finally, within the baso-
lateral amygdaloid complex, only the basomedial nucleus has a

moderate innervation both in its anterior and posterior parts
(Figures 8G–J), whereas sparse anterograde labeling is observed
in the ventral basolateral amygdaloid nucleus, and only a few
fibers are present in the La (Figures 8G–J).
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FIGURE 8 | Semi-schematic drawings of transverse sections through the

mouse brain showing the distribution of anterogradely labeled fibers

following tracer injections in the MePV. The injection site is depicted in

panel I. A is rostral, L is caudal. The semi-schematic drawings were made
based on two injections, one in a C57BL/J6 mouse and another in a CD1
mouse. For abbreviations, see list. Scale bar: 1 mm.

Olfactory bulbs and cerebral cortex. Axons from the MePV
course rostrally to innervate the AOB, where dense anterograde
labeling is present in the granular layer and sparse labeling in
the deep mitral cell layer (Figures 8A and 4B). In the olfactory

system, sparse innervation is present in the Pir (with more
labeled fibers present in its posterior zone) and dorsal tenia tecta
(Figures 8B–K). In addition, very scarce labeling is present in the
agranular insular cortex, endopiriform nucleus, and medial part
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of the anterior olfactory nucleus (Figures 8B–K). Within the hip-
pocampal formation, a few axons extend caudally into the Ent
and a moderate amount of labeling appears in the CA1 field of
the hippocampus (Figure 8L).

Septum, striatum, and bed nucleus of the stria terminalis. In
the septal complex, at rostral levels the injections in the MePV
result in anterograde labeling in the lateral septal nucleus (mod-
erate in the LSV and scarce in the LSI and LSD divisions,
Figures 8C,D). In addition, the SHy has a dense innerva-
tion (Figure 8D) while only a few axons are observed at the
SHi (Figure 8C). Scarce labeling is found in the medial sep-
tum/diagonal band complex (Figures 8C,D).

In the ventral striatum, very scarce labeling is observed in the
nucleus accumbens, Tu and islands of Calleja (Figures 8C,D).
Also the SI has moderately dense labeling (Figures 8E–G) and
very few fibers are present in the IPAC (Figure 8D).

From the injection site in the MePV labeled fibers run in the
stria terminalis to reach the BST, where they give rise to a het-
erogeneous pattern of anterograde labeling. In the medial BST,
labeling is very dense in the BSTMPM, dense in the BSTMA,
intermediate in the BSTMPL and the BSTMPI, and relatively light
and diffuse in the BSTMV (Figures 8D–F and 4F). In contrast,
all the subnuclei of the lateral BST show very scarce anterograde
labeling (Figures 8D,E; see Table 1).

Hypothalamus. None of our injections in the MePV shows dense
labeled terminal fields in the hypothalamus (Table 1). At preop-
tic levels, moderately dense labeling is observed in the MPO and
sparse anterograde labeling appears in the MPA (Figures 8D–F),
with very few fibers present in the LPO (Figures 8D,E). At ante-
rior levels, the anterior hypothalamic area and LA show a low
density of anterograde labeling (Figures 8F,G). In the tuberal
region, there is a moderately dense labeling in the VMHVL and
VMHDM (Figures 8G–I and 5C). Of note, dense labeling is
observed just ventrolateral to the VMHVL (Figures 8H,I). A few
labeled axons can be also observed in the LH and Arc, and very
few in the DM (Figures 8F–J). At mammillary levels, the pre-
mammillary nucleus shows a few labeled fibers in the PMD, but a
dense labeled terminal field in the PMV (Figures 8J and 5F). Also,
a few fibers are observed in the SuM and MM (Figures 8K,L).

Thalamus. The injections in the MePV result in anterograde
labeling in a few thalamic nuclei. Some axons give rise to sparse
terminal labeling in the PV and, to a lesser extent, in the Re
and STh (Figures 8F–I). Axons progressing through the stria
medullaris apparently provide a moderately dense innervation to
the nucleus of the stria medullaris (Figure 8F).

Brainstem and midbrain. Axons from the MePD course cau-
dally and give rise to sparse anterograde labeling in the PAG and
VTA (Figure 8L).

Contralateral labeling. The anterograde labeling resulting from
the injections in the MePV is mostly ipsilateral, but a few labeled
axons cross the midline in the anterior commissure and the sox.
In the contralateral hemisphere, anterograde labeling appears

generally in those structures that present a dense ipsilateral pro-
jection. Thus, sparse anterograde labeling appears in the ventral
lateral septum, BST, and the hypothalamus, mainly in MPO,
anterior hypothalamic area, ventromedial hypothalamic nucleus,
and PMV.

INJECTIONS IN THE SUBSTANTIA INNOMINATA AND THE
OPTIC TRACT
In the injection located in the SI, dorsal to the MeA, we observe
fiber labeling in the telencephalon coursing through the fmi, with
anterograde labeling present in the parietal insular cortex and
CPu. In the diencephalon, axonal labeling appears in the lat-
eral LHb, lateral geniculate complex, ventral posterior thalamic
nuclei, Po, STh, and sox. Finally, in the brainstem labeled fibers
are located in the SN, both in its parts compacta and reticulata.

We obtained one injection restricted to the opt medial to the
MePV. As expected, this case resulted in anterograde labeling
being present in the different structures composing the visual
thalamus, the pretectum and the superior colliculus (not shown).

DISCUSSION
The results presented in this work confirm in female mice the
heterogeneity of the efferent projections of the Me previously
reported in other male rodents (Gomez and Newman, 1992;
Canteras et al., 1995; Coolen and Wood, 1998). This cytoarchi-
tectonic and hodological compartmentalization of the Me is con-
sistent also with the heterogeneous developmental territories that
give rise to neuronal populations of this nucleus (García-López
et al., 2008; García-Moreno et al., 2010; Bupesh et al., 2011),
as well as with the expression of the genes encoding different
transcription factors of the Lhx family (Choi et al., 2005).

In the present work we have compared the pattern of effer-
ent projections of the anterior, posteroventral, and posterodorsal
subdivisions of the Me in two different strains of mice, namely
C57BL/6J (an inbred strain very often used in the generation of
genetically modified animals) and CD1 (an outbred strain com-
monly used in behavioral studies). The results show that there
are no relevant differences in the organization of the efferent
projections of the three subdivisions between the two strains. In
fact, the results we have found in female subjects of both strains
are very similar to those reported in male rats and hamsters,
suggesting that the inter-strain and inter-species differences in
reproductive (Vale et al., 1973, 1974; Burns-Cusato et al., 2004;
Dominguez-Salazar et al., 2004) and defensive (Belzung et al.,
2001; Yang et al., 2004) behaviors cannot be attributed to dif-
ferences in the pattern of efferent projections originated by the
Me. Instead they may be due to differences at molecular level
(e.g., expression of neurotransmitters or their receptors in the rel-
evant connections). In addition, in the present work we have used
female mice as experimental subjects. As far as we know, all of
the previous reports of the efferent projections of the Me used
male subjects (rats: Canteras et al., 1995; hamsters: Gomez and
Newman, 1992; Coolen and Wood, 1998; mice: Choi et al., 2005;
Usunoff et al., 2009). As already stated, the efferent projections
of the Me subdivisions found in female mice are very similar to
the previous results in male mice, as well as in male rats and ham-
sters. Since the medial amygdala, and specifically its posterodorsal
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subdivision, has been shown to be sexually dimorphic (Cooke
et al., 1999), the present results suggest that the sexual dimor-
phism does not include the pattern of organization of its efferent
projections (Simerly, 2002), at least as revealed by our qualita-
tive study. Of course, quantitative analysis of particular pathways
may uncover sexual differences in the magnitude of some of these
efferent projections, or in their neurochemical features.

The efferent projections originated from all three subnuclei
of the Me present a common component and a number of rele-
vant differences. As described previously for the other amygdaloid
efferents in the rat and mouse (Canteras et al., 1995; Petrovich
et al., 1996; Novejarque et al., 2011) efferents from all three sub-
nuclei of the Me course through the same tracts, namely the
stria terminalis and the ventral amygdalofugal pathway (ansa
peduncularis), which converge at rostral levels. Within the stria
terminalis, the efferent projections from the Me course medially,
as described also in male rats (Canteras et al., 1995) and male
hamsters (Gomez and Newman, 1992). On the other hand, as
reported in male rats (Canteras et al., 1995), the MeA contributes
to the ventral amygdalofugal pathway more than the posterior
Me. Experimental evidence in male hamsters suggests that the
projection to the hypothalamus courses exclusively through the
stria terminalis (Maragos et al., 1989). Consistent with this view,
our results suggest that the ventral amygdalofugal pathway con-
tains mainly fibers directed to the ventral striato-pallidum, some
of which apparently continue rostrally to reach the AOB. In fact,
the existence of a non-strial pathway from the vomeronasal amyg-
dala to the AOB has been demonstrated in the mouse (Barber,
1982).

The projections of all three medial amygdaloid subnuclei
are mainly ipsilateral, with only a few axons observed crossing
the midline through the anterior commissure, the supraoptic
commissure, and the supramammilary decussation. These con-
tralateral axons lightly innervate the zones corresponding to the
densest terminal fields observed in the ipsilateral hemisphere, as
reported previously in male rats (Canteras et al., 1995).

The additional labeling that we obtained in the cases in which
tracer leakage occurs along the pipette track does not interfere
with the labeling found following restricted injections, since most
of it terminates in different structures. The only target that proba-
bly receives a light projection from the Me and also an important
one from the dorsally located SI is the LHb, as revealed by
restricted injections in both MeA and SI (see “Results”). This is
consistent with previous reports on the projections of the Me
(Gomez and Newman, 1992; Canteras et al., 1995; Coolen and
Wood, 1998) and of the SI (Grove, 1988). In addition, the SI
also shows important projections to the VTA (Geisler and Zahm,
2005), and accordingly our injections in the Me and in the SI
result in anterograde labeling in the VTA. Nevertheless, retro-
grade tracing after injections in the VTA confirm that at least
the MeA and MePD do project to the VTA (Martinez-Hernandez
et al., unpublished data).

INTRAMYGDALOID PROJECTIONS OF THE MEDIAL
AMYGDALOID NUCLEUS
As described in previous works, our results confirm in the mouse
that the different subnuclei of the Me show dense bidirectional

interconnections. However, our material reveals that the projec-
tions of the MePD to the rest of the Me are more important
than suggested by previous studies in male rats (Canteras et al.,
1995). By analysing the effects of lesions of the Me in the male
Syrian hamster, Maras and Petrulis (2010a,b,c) proposed a func-
tional interpretation for these anatomical data, which is fully
supported by our findings in female mice. The MeA would fil-
ter the chemosensory information received from the olfactory
bulbs that would then be relayed to the posterior medial amyg-
dala. The abundant cells expressing receptors for sexual steroids
in the MePD of the hamster (Wood et al., 1992) and the mouse
(Mitra et al., 2003) make it a nodal center for the hormonal
control of the response to odors and pheromones in the con-
text of reproductive behavior. On the other hand, the projec-
tions from the MePD to the rest of the Me, which according
to our results are very important in the mouse, would allow
an integration of odor/pheromone information with endocrine
signals.

In addition, it has been shown in male hamsters that the
MeA responds to heterospecific chemosensory stimuli, whereas
the MePD seems to be inhibited by this type of stimuli (Meredith
and Westberry, 2004). It has been suggested that the anatomical
basis of this phenomenon include a projection from the MeA to
the GABA-enriched intercalated cell mass, which in turn would
inhibit the MePD cells (Meredith and Westberry, 2004). Our
anatomical results indicate that the projection from the MeA to
the intercalated cell mass located next to the MePD is present in
female mice, and therefore a similar mechanism may operate so
that the reproductive-related circuit is inhibited by heterospecific
odors. However, a recent study in rats show that the exposure to a
live cat induce c-fos expression in all subdivisions of the medial
amygdala (Martinez et al., 2011), thus suggesting that, at least
in this situation, heterospecific-induced inhibition of the MePD
does not take place.

The Me gives rise to important intramygdaloid projections,
especially directed to the chemosensory amygdala (Gutiérrez-
Castellanos et al., 2010). Among the projections to the olfactory
amygdala (Kevetter and Winans, 1981a; Cadiz-Moretti et al., in
press; see Figure 8), all three subdivisions project to the ante-
rior cortical and posterolateral cortical nuclei, as it has been
reported previously in different male rodents (hamsters, Coolen
and Wood, 1998; rat, Canteras et al., 1995; mice, Usunoff et al.,
2009). Our results reveal also a previously unnoticed sparse
projection of the Me to the the cortico-amygdaloid transition
area and the LOT (only mentioned by Gomez and Newman,
1992).

Among the projections innervating the vomeronasal amygdala
(Kevetter and Winans, 1981b; see Figure 8), projections from the
three subnuclei terminate in the posteromedial cortical nucleus
and in the anterior amygdaloid area (which also receives direct
projections from the AOB, Cadiz-Moretti et al., in press). In
addition, the amygdalo-hippocampal transition area (which is
not strictly chemosensory amygdala but it is strongly related
to vomeronasal structures, see Swanson and Petrovich, 1998;
Martínez-García et al., 2012), is also interconnected with the
Me, especially with the posterodorsal and posteroventral divisions
(present results, Canteras et al., 1992, 1995).
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In summary, the Me not only receives direct projections from
the main and AOBs (Scalia and Winans, 1975; Pro-Sistiaga et al.,
2007; Kang et al., 2009, 2011; Cadiz-Moretti et al., in press), but
also shows strong connections with both the olfactory and the
vomeronasal components of the amygdala. In male rats and ham-
sters these intra-amygdaloid connections are reciprocal (Coolen
and Wood, 1998; Pitkänen, 2000; Majak and Pitkänen, 2003), sug-
gesting that the Me plays a relevant role in processing together
the olfactory and vomeronasal chemical signals from conspecifics
and heterospecifics (Baum and Kelliher, 2009; Keller et al., 2009;
Martínez-García et al., 2009).

In contrast to the dense projection to the chemosensory corti-
cal nuclei of the amygdala, the Me gives rise to relatively minor
projections to the nuclei that compose the basolateral amyg-
daloid complex. Only the anterior basomedial nucleus apparently
receives a moderate projection from all three medial amygdaloid
subnuclei, although a minor projection to the lateral (ventral
subnuclei) and basolateral nuclei also exists. These results are
in agreement with the previous reports in several male rodents
(Canteras et al., 1995; Coolen and Wood, 1998; Usunoff et al.,
2009). Since the lateral and basolateral nuclei play a critical role
in fear learning (Nader et al., 2001), the Me might play a sec-
ondary role in olfactory fear conditioning, an issue that remains
to be clarified (Otto et al., 2000; Walker et al., 2005). Of note,
when cat odor is used as unconditioned stimulus, the contextual
fear acquired is dependent of both the basolateral and the medial
amygdaloid nuclei (Li et al., 2004). In addition, the projection
to the basolateral nucleus might also be involved in attach-
ing incentive value to olfactory stimuli. In fact, the basolateral
nucleus densely innervates the ventral striatum (Novejarque et al.,
2011), a projection that is known to play a critical role in many
motivated behaviors (Shiflett and Balleine, 2010; Stuber et al.,
2011).

Finally, parts of the central nucleus of the amygdala receive
substantial projections from the Me. In particular, the medial sub-
division of the central nucleus receives moderate projections from
all three Me subnuclei, and only the MeA gives rise to substan-
tial projections to the capsular subdivision of the central nucleus.
These results agree with previous reports in male mice (Usunoff
et al., 2009) and hamsters (Gomez and Newman, 1992; Coolen
and Wood, 1998), although in hamsters the capsular subdivision
was not considered. The results reported in male rats are slightly
different, since the MeA, MePD and MePV were found to mod-
erately project to the capsular subdivision of the central nucleus
and only the MeA gives rise to a moderate projection to the CeM
(Canteras et al., 1995). The central nucleus of the amygdala is
known to project to hypothalamic and brainstem targets that
directly mediate fear and anxiety responses (Davis, 2000). These
descending projections originate mainly from the medial division
of the central nucleus (Rosen et al., 1991), and therefore the pro-
jections from the medial amygdala to the CeM are a direct link
with a key structure mediating fear responses. However, lesions of
the Me significantly reduce the unconditioned freezing induced
by cat-derived odors, whereas lesions of the central nucleus
have no effect (Li et al., 2004). Therefore, the functional signif-
icance of the projections from the Me to the CeM remains to be
clarified.

PROJECTIONS OF THE MEDIAL AMYGDALOID NUCLEUS TO THE
BED NUCLEUS OF THE STRIA TERMINALIS, HIPPOCAMPUS,
SEPTUM, AND VENTRAL STRIATUM
The BST is a major recipient of efferent projections of the Me. Our
results indicate that the different BST subdivisions display differ-
ential inputs from the subnuclei of the Me. Thus, the MeA gives
rise to moderate projections to the lateral subdivisions of the BST
(especially to the laterodorsal subnuclei of the BST). In contrast,
the MePD and MePV originate only scarce projections to the lat-
eral BST. This specific projection from the MeA to the lateral BST
has not been reported in previous works (Gomez and Newman,
1992; Canteras et al., 1995), although a minor projection to lateral
aspects of the anterior BST was illustrated by Coolen and Wood
(1998). However, differences in the parcellation scheme of the
BST may partially explain this discrepancy: in the rat projections
from the MeA have been described to the anterolateral, subcom-
missural, and rhomboid subnuclei of the BST (Dong et al., 2001),
which are included in the lateroventral BST and lateral posterior
BST in our study (following the atlas of Paxinos and Franklin,
2004). In fact, a moderate input from the MeA to the lateroventral
BST has been confirmed by means of retrograde tracing studies
in the rat (Shin et al., 2008). In general, the lateral divisions of
the BST are strongly interrelated with the central nucleus and are
believed to be involved in eliciting fear and defensive or stress-
related responses (Gray et al., 1993; Choi et al., 2007). A recent
study in mice has revealed that the vomeronasal organ has many
more receptors for predator-derived stimuli than it was previously
believed (Isogai et al., 2011), and therefore it is not surprising that
the Me has direct projections to the relevant areas of the BST. In
this sense, the fact that mainly the MeA and, to a lesser extent, the
MePV project to the lateral BST is consistent with the data show-
ing that these subnuclei respond to predator-derived chemicals
(Samuelsen and Meredith, 2009).

In contrast to the moderate and restricted projection to the
lateral BST from the MeA, the medial subnuclei of the BST are
densely innervated by all three medial amygdaloid subdivisions.
The density of the main projections is different according to
the subnucleus of origin: the MeA innervates most densely the
medial posterointermediate BST subdivision, whereas the MePD
innervates preferentially the medial posteromedial subdivision,
and the MePV gives rise to the densest projection to the medial
anterior BST. A similar pattern of projections has been shown
previously for the MeA and MePD in several male rodents (ham-
sters: Gomez and Newman, 1992; Coolen and Wood, 1998; rats:
Canteras et al., 1995; Dong et al., 2001; mice: Usunoff et al.,
2009). It should be noted, however, that the efferents of the
MePV have only been studied previously in male rats (Canteras
et al., 1995; Dong et al., 2001). In our results the main pro-
jection from the MePV terminates in the medial anterior BST,
whereas in male rats the main efferent from the MePV inner-
vates the posterointermediate BST (interfascicular and transverse
subnuclei of the posterior division, in their nomenclature, see
Dong et al., 2001). Two alternative explanations to this dis-
crepancy are possible, interspecies differences between rats and
mice or sex differences between males and females. Further
research on the MePV efferents will be necessary to solve this
question.
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The pattern of projections to the medial divisions of the BST
is consistent with the proposed functional roles of the differ-
ent subnuclei of the Me. The MeA seems to filter and categorize
the received chemosensory information, which would be relayed:
(1) to the neural circuit for socio-sexual behavior (pheromones)
through projections to the MePD and posteromedial BST; and
(2) to the neural circuit for defensive behavior (e.g., predator-
derived chemosignals) through projections to the MePV and
posterointermediate BST (Samuelsen and Meredith, 2009). In
fact, the MePD projects massively to the posteromedial BST,
and both nuclei are sexually dimorphic and enriched in steroid-
sensitive cells involved in the control of sexual behavior (Mitra
et al., 2003; Swann et al., 2009). In contrast, the MePV has been
said to project mainly to structures involved in defensive behavior
(Canteras, 2002; Choi et al., 2005). However, our results indi-
cate that the MePV innervates the posteromedial BST and the
anteromedial BST. The latter, in turn, gives rise to important pro-
jections to the hypothalamic neurosecretory system (Dong and
Swanson, 2006), including the vasopressinergic and oxytocinergic
neurons of the paraventricular nucleus. Since these neuropeptides
in the Me have been shown to play a role in diverse social behav-
iors (Arakawa et al., 2010; Gabor et al., 2012), these data suggest
that the MePV may be involved not only in defensive responses
to predators, but also in the control of other non-sexual behav-
iors, such as agonistic encounters with same sex conspecifics or
aversion to illness-derived social odors (Arakawa et al., 2010).

The three subdivisions of the Me give rise to moderate pro-
jections to the lateral septum, which target mainly its ventral
and intermediate divisions. Noteworthy, the ventral division
is enriched in vasopressin innervation, and this projection is
sexually dimorphic (Wang et al., 1993) with more density of
vasopressinergic terminals in males. This pathway may convey
sociosexual (and maybe also predator-derived) chemosensory
information to the lateral septum so that it can be integrated
with the special and contextual information relayed by the hip-
pocampal formation. The convergence of sociosexual and con-
textual information would allow the animal to elicit appropriate
reproductive/defensive/aggressive behaviors as a function of its
contextual situation (Lanuza and Martínez-García, 2009). In this
regard, we have observed a minor projection to the ventralmost
tip of the ventral hippocampus, which is common to all three sub-
divisions of the Me. Although this projection is certainly a very
small one, it provides a direct route for the chemosensory stimuli
processed in the Me to influence the contextual information pro-
cessed in the ventral hippocampus (Figure 9). In rats, this same
area of the ventral hippocampus has also been shown to receive
substantial projections from the posteromedial cortical nucleus
of the amygdala (Kemppainen et al., 2002) and to project back
to AOB (de la Rosa-Prieto et al., 2009). Therefore, it is clearly
a distinct subdivision of the ventral hippocampus that may be
involved in integrating information about chemical signals with
spatial or contextual cues.

FIGURE 9 | Summary and functional interpretation of the efferent

projections arisen from the medial amygdaloid nucleus. Schematic
representationof the main efferent projectionsof the medial amygdaloid nucleus,

organized by functional systems. The differential projections of the different
subdivisions are represented in red (MeA), green (MePD) and blue (MePV) colors.
The thickness of the arrows roughly represents the density of the projections.
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According to our results, the Me displays scarce projections
to some areas within the ventral striatum, mainly the ventro-
medial accumbens shell and adjacent Tu, which, as reported
previously in male rats (Canteras et al., 1995) and hamsters
(Gomez and Newman, 1992; Coolen and Wood, 1998), mainly
arise from the MeA. The MePD and MePV contribute only
with a few axons to this projection, although Usunoff et al.
(2009) recently reported a significant projection from the MePD
to the accumbens core, Tu and some islands of Calleja which
we have not observed. The innervation in the medial Tu from
the MeA reaches the vicinity of the ventromedial islands of
Calleja. This area has also been reported to receive a direct
input from the posteromedial cortical amygdala (Ubeda-Bañon
et al., 2008; Novejarque et al., 2011), the other major target of
the vomeronasal information. Therefore, this area of the ventral
striato-pallidum may be specialized in processing the biological
significance of pheromonal signals (Figure 9). In fact, the Tu is
strongly related to the reward system of the brain (Ikemoto, 2007)
and it may play a role in social odor processing (Wesson and
Wilson, 2011).

DIFFERENTIAL CENTRIFUGAL PROJECTIONS TO THE AOB FROM
THE MEDIAL AMYGDALOID SUBNUCLEI (FIGURE 9)
Our results confirm and extend previous works showing that
the Me gives rise to important feedback projections to the AOB
(Barber, 1982; Gomez and Newman, 1992; Canteras et al., 1995;
Coolen and Wood, 1998; Fan and Luo, 2009). However, a num-
ber of differences between the present results and previous works
should be highlighted. On the one hand, we have found that
the projection from the MeA innervates mainly the ventral
aspect of the mitral cell layer, in agreement with the descrip-
tion in mice (Barber, 1982), male rats (Canteras et al., 1995)
and male hamsters (Gomez and Newman, 1992; Coolen and
Wood, 1998). In the context of the cytoarchitecture of the AOB,
this portion of the ill-organised mitral cell layer might repre-
sent the internal plexiform layer (Larriva-Sahd, 2008). However,
a recent report in C57BL/6 male mice did not found this pro-
jection (Fan and Luo, 2009), maybe because the injections of
retrograde tracers in the mitral cell layer of the AOB were too
small. However, sex differences cannot be currently discarded.
In addition, we also found that tracer injections in the MeA
result in a few fibers in the glomerular layer of the poste-
rior AOB, a light projection that may have important func-
tional significance as it might modulate the input to particular
glomeruli.

Regarding the feedback projection from the MePV to the
granular layer of the AOB, it was not found in previous works
in male rats (Canteras et al., 1995) or male hamsters (Gomez
and Newman, 1992; Coolen and Wood, 1998), in the latter
case probably because the injections in the posterior Me were
located in a dorsal position. In contrast, this projection has been
reported in male mice (Fan and Luo, 2009), and characterized
as glutamatergic. Since the MePV contains a subpopulation of
glutamatergic cells originated by the ventral pallium (Bupesh
et al., 2011), it is likely that at least some of them give rise to
the excitatory feedback projection to the granular layer of the
AOB.

PROJECTIONS OF THE MEDIAL AMYGDALOID NUCLEUS TO THE
OLFACTORY SYSTEM
In addition to the projections targeting olfactory or vomeronasal
amygdaloid nuclei already discussed, direct projections of the Me,
originated mainly from the MeA, innervate a variety of structures
of the olfactory system (including the piriform and entorhinal
cortices, endopiriform nucleus, anterior olfactory nucleus and
tenia tecta) (Figure 9). Only the MeA gives rise to significant pro-
jections to the anterior Pir, particularly around the lo, where they
may converge with a light innervation directly originated by the
mitral cells of the AOB (Cadiz-Moretti et al., in press). Therefore,
as suggested previously (see Martínez-García et al., 2012), the Pir
should not be viewed as a primary olfactory cortex, but as an
associative chemosensory cortex.

PROJECTIONS OF THE MEDIAL AMYGDALOID NUCLEUS TO THE
HYPOTHALAMUS
The hypothalamus is, together with the BST, the main target of
the efferent projections of the Me. This fact has frequently led
to the interpretation that the Me relays the information about
pheromones, detected by the vomeronasal organ, to the hypotha-
lamic circuits involved in the control of social and reproductive
behavior (Tirindelli et al., 1998; Luo and Katz, 2004). However,
as we have already discussed, the Me has a more complex role
and, accordingly, its projections to the hypothalamus show a com-
plex pattern (Choi et al., 2005). In general, the MeA and MePV
project to hypothalamic structures involved both in reproductive
and defensive behaviors, whereas the MePD shows a much more
delimitated pattern of projections, innervating mainly hypotha-
lamic structures known to be involved in reproductive behaviors
(Petrovich et al., 2001; Choi et al., 2005). Our results are con-
sistent with this pattern of organization (Figure 8), with some
exceptions that are discussed below.

As described in male rats (Canteras et al., 1995; Petrovich et al.,
2001) and hamsters (Gomez and Newman, 1992; Coolen and
Wood, 1998), the hypothalamic targets of the MeA include not
only the structures of the behavioral column controlling repro-
ductive responses (Swanson, 2000), such as the MPO, ventrolat-
eral VMH, and PMV, but also the structures of the behavioral col-
umn controlling defensive responses (Swanson, 2000; Canteras,
2002), such as the anterior hypothalamic area, dorsomedial VMH
and (lightly innervated) the dorsal premmamillary nucleus. In
contrast, the main hypothalamic targets of the MePD are the
nuclei involved in reproductive behavior (MPO, anteroventral
periventricular nucleus, ventrolateral VMH, and ventral prem-
mamillary nucleus, Canteras et al., 1995; Petrovich et al., 2001).
Regarding the hypothalamic projections of the MePV, our injec-
tions in this subdivision have resulted in relatively scarce antero-
grade labeling of hypothalamic structures. This may be due either
to interspecific differences or to the presence of sexual dimor-
phism in these particular efferent projections. In any case, the
major discrepancy of our results with those in male rats (Canteras
et al., 1995; Petrovich et al., 2001) is the scarcity of projections to
the hypothalamus of the MePV and, in particular, to the anterior
hypothalamic area, which is part of the neural circuitry for defen-
sive behaviors. In addition, we have found a very light projection
to the dorsal premammillary nucleus, originated mainly in the
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MeA, but also in the MePD and MePV. A minor projection from
the MeA and MePV to the dorsal premammillary nucleus has
also been described in male rats using retrograde tracing (Comoli
et al., 2000).

Another interesting result of our experiments is the presence
of a relatively dense field of anterograde labeling in the PMV after
tracer injections in the MePV. Although this confirms previous
observations in the rat by Canteras et al. (1995), it does not fit a
simple role of the MePV in anti-predatory defensive reactions, but
suggests instead a possible modulation of socio-sexual behaviors
mediated by this subnucleus. Since cells in the MePV are prefer-
entially activated by predator-related chemosignals (Choi et al.,
2005) this pathway might contribute to inhibiting sexual behav-
ior in threatening contexts, an issue that clearly requires further
study.

PROJECTIONS TO THE THALAMUS AND THE BRAINSTEM
ORIGINATED BY THE MEDIAL AMYGDALOID NUCLEUS
The only thalamic nucleus that receives a dense input from the
Me (all three subdivisions) is the nucleus of the stria medullaris,
as described previously by Usunoff et al. (2009) in male mice. In
addition, a light projection common to the three medial amyg-
daloid subdivisions innervate the paraventricular and reuniens
nuclei of the midline thalamus. The Re projects (among other
targets) to the piriform and entorhinal cortices (Vertes et al.,
2006). Therefore, this thalamic relay provides an additional indi-
rect pathway for vomeronasal information to influence olfactory
inputs to the hippocampal formation. On the other hand, the par-
aventricular nucleus projects back to the Me, as well as to other
amygdaloid structures and to the nucleus accumbens, Tu and bed
nucleus of stria terminalis (Vertes and Hoover, 2008). These con-
nections suggest that the paraventricular nucleus is likely involved
in the set of emotional behaviors controlled by the amygdala/BST
and the ventral striatum.

The Me provides only a light input to the brainstem, target-
ing the VTA and the PAG. The input to the VTA may be related
to the reinforcing value that sexual pheromones have been shown
to possess (Martínez-Ricós et al., 2007, 2008), although lesions
of the dopaminergic cells of the VTA do not affect the attraction
elicited by these sexual stimuli (Martínez-Hernández et al., 2006).
In contrast, the projections of the PAG may be related to the
elicitation of defensive behaviors by predator odors or chemical
signals from dominant conspecifics (Motta et al., 2009). However,
the few axons observed are not located in any of the longitudi-
nal columnar regions of the periaqueductal grey described to be
involved in different emotional behaviors (Bandler and Shipley,
1994), but oriented dorsoventrally next to the ventricle.

CONCLUSIONS AND FUNCTIONAL REMARKS
The efferent projections of the three subdivisions of the Me
revealed by our results show the following main characteristics
(Figure 9):

1. The pattern of efferent projections of the medial amygdaloid
subnuclei found in female mice is very similar to that reported
in male rats and male hamsters. However, there are two rel-
evant exceptions regarding the main projections originated

from the MePV. First, in the present report in female mice
we have found a very dense projection to the BSTMPM and
a moderate projection to the BSTMPI, while the opposite pat-
tern was found in male rats (Canteras et al., 1995). Second, in
female mice the MePV gives rise to relatively light projections
to the hypothalamus, whereas dense projections were reported
in male rats (Canteras et al., 1995). Further research will be
necessary to check whether these discrepancies are due to
interspecific differences or to the presence of a certain degree
of sexual dimorphism in these projections.

2. The Me (especially its anterior part) is strongly interconnected
with the other structures receiving vomeronasal information
from the AOB. This connectivity suggests that the information
detected by the vomeronasal system is subjected to a complex
intrinsic processing before being relayed to other structures.
The necessity of complex processing of vomeronasal stimuli
prior to its relay may be related not only to the complexity of
the vomeronasal stimuli involving both volatile and involatile
components (Zufall and Leinders-Zufall, 2007), but also to
the fact that these vomeronasal stimuli are not merely related
to reproductive behavior, as originally thought (Powers and
Winans, 1975). For instance, it is known that the vomeronasal
organ detects also aggression-eliciting chemical signals from
same-sex conspecifics (Clancy et al., 1984; Chamero et al.,
2007), molecules derived from a wide range of predators which
induce defensive behaviors (Papes et al., 2010; Isogai et al.,
2011), illness-related molecules (Rivière et al., 2009) which are
likely to induce an avoidance response (Arakawa et al., 2010),
and sulphated steroids present in the urine of conspecifics,
which are likely to signal their physiological status (Nodari
et al., 2008). Obviously, different neural circuits should be
activated in response to each one of these vomeronasal stimuli.

3. The Me (especially its anterior part) has strong interconnec-
tions also with different structures of the main olfactory sys-
tem, including the olfactory amygdala and the Pir. Therefore,
there are anatomical pathways allowing for ample integra-
tion of olfactory and vomeronasal information in structures
usually considered strictly as part of the olfactory system
(Gutiérrez-Castellanos et al., 2010). This strongly supports
new views on the complementary role of the olfactory and
vomeronasal systems (Baum and Kelliher, 2009; Martínez-
García et al., 2009).

4. The Me shows light projections to the basolateral amygdaloid
complex and moderate projections to the central amygdala.
These anatomical data suggest a minor role of the Me in
fear learning (at least in the fear conditioning paradigm). In
contrast, the Me has been showed to be involved in both
unconditioned (Li et al., 2004) and learned (Takahashi et al.,
2007) fear responses to predator odors.

5. The anterior and posteroventral subdivisions of the Me project
to key structures of the circuit involved in the defensive
response against predators. This circuit includes the posteroin-
termediate part of the medial BST, the anterior hypothalamic
area, the dorsomedial part of the VMH, and the dorsal pre-
mmamillary nucleus (Canteras, 2002). However, as suggested
above, parts of this circuit may also be involved in agonis-
tic behaviors, such as aggressive responses against same-sex
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conspecifics (Motta et al., 2009), or avoidance of parasitized
conspecifics (Arakawa et al., 2010). Further research is needed
to clarify whether there are subsystems within this global
defensive system for these different behavioral responses. In
this context, the projections of the MePV to nuclei related
to reproductive behaviors (e.g., the ventral premammillary
hypothalamus) can be interpreted as a pathway for inhibition
of reproduction in the presence of predators or parasitized
conspecifics.

6. The posterodorsal medial amygdaloid subnucleus mainly
projects to the neural circuit for reproductive behaviors
(Swanson, 2000), which includes the posteromedial part of
the medial BST, the MPO, the ventrolateral part of the VMH,
and the ventral premmamillary nucleus. Although there are
numerous experimental evidences in support to this view (see
Swann et al., 2009, for a review), we want to point out that
parts of this circuit may be involved in non-sexual aspects
of reproductive behavior, such as maternal aggression (Hasen
and Gammie, 2006). In fact, a recent study has revealed the
presence within the ventrolateral part of the VMH of male
mice of mainly distinct neuronal subpopulations involved in
fighting against male intruders and in mating (Lin et al., 2011).
Therefore, the systems mediating reproductive and aggressive
responses are not fully segregated.

7. It is interesting to note that the Me (especially the MeA)
gives rise to light projections to the major structures of the
brain system of reward, namely the VTA, the medial shell
of the nucleus accumbens, and the Tu (including the islands
of Calleja). Indirect projections to the ventral striatum also
exist through the basolateral amygdala. Previous work has

shown that male pheromones are attractive to female mice
and can be used as appetitive unconditioned stimuli to induce
learning (Moncho-Bogani et al., 2002; Agustín-Pavón et al.,
2007; Martínez-Ricós et al., 2007; Ramm et al., 2008; Roberts
et al., 2010). The projections from the Me to the reward
system may be involved in processing the hedonic value of
sexual pheromones. This hypothesis is consistent with data in
hamsters showing that lesions of the Me abolish the female
attraction toward male-derived chemical signals (Petrulis and
Johnston, 1999). A recent report in mice has also shown
that lesions of the medial amygdala blocked the preference
of females for male urine, although in this case only lesions
that included the posterior medial amygdala were effective
(DiBenedictis et al., 2012), whereas lesions restricted to the
anterior subdivision had no effect, suggesting that the con-
nections originated by the posterior subdivisions are sufficient
to mediate the female preference for male-derived chemi-
cals. Of note, the basolateral amygdala is known to play a
relevant role in reward learning (Baxter and Murray, 2002),
but the extent to which the Me (and other structures of the
chemosensory amygdala) participate in the rewarding aspects
of pheromones (or chemical signals with hedonic value) is
unknown.
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The olfactory cortex (OC) is a complex yet evolutionarily well-conserved brain region, made
up of heterogeneous cell populations that originate in different areas of the developing
telencephalon. Indeed, these cells are among the first cortical neurons to differentiate. To
date, the development of the OC has been analyzed using birthdating techniques along
with molecular markers and in vivo or in vitro tracking methods. In the present study, we
sought to determine the origin and adult fate of these cell populations using ultrasound-
guided in utero injections and electroporation of different genomic plasmids into the lateral
walls of the ventricles. Our results provide direct evidence that in the mouse OC, cell
fate is determined by the moment and place of origin of each specific cell populations.
Moreover, by combining these approaches with the analysis of specific cell markers, we
show that the presence of pallial and subpallial markers in these areas is independent of
cell origin.

Keywords: mouse, olfactory system, pallium, subpallium, Tbr1

INTRODUCTION
The cell populations that give rise to different structures dur-
ing the embryonic development of the nervous system originate
in multiple and distinct germinative regions, frequently far from
the site at which they ultimately settle. These cells migrate along
well-established routes to occupy their final position and differen-
tiate into adult neurons. Accordingly, neuroblast displacement is
a source of cellular variability in any given structure. Neuroblasts
migrate using radial and/or tangential migratory pathways. While
radial movement involves the use of the radial glia as a scaffold
(Rakic, 1972), tangential migration occurs independent of glial
cells and follows an orthogonal route, parallel to the pial surface.
This latter form of migration allows migratory cells to colonize
locations at a significant distance from their origin (De Carlos
et al., 1996; García-Moreno et al., 2010).

It has been proposed that each encephalic structure is
comprised of multiple cell populations that are generated at
diverse locations during a specific embryonic time-window, each
expressing distinctive cell markers (García-Moreno et al., 2008).
However, extreme caution is required when attributing a spe-
cific marker to a given cell population, which may display
non-uniform expression during its spatio-temporal development.
Several specific markers for distinct areas of the nervous system
have been described. For example, the telencephalon is anatom-
ically divided into the pallium and subpallium, due to the influ-
ence of dorsal (Lee and Jessell, 1999; Liem et al., 2000) and ventral
(Echelard et al., 1993; Fan and Tessier-Lavigne, 1994; Martí et al.,
1995) cues during development. These zones give rise to cell pop-
ulations that express specific markers, such as the T-box brain 1
(Tbr1), proposed to be a typical marker of pallium-derived cells
(Puelles et al., 2000). However, Tbr1 expression in pallial cells

has also been described, regardless of their site of origin (Bulfone
et al., 1995).

The olfactory cortex (OC) is composed of a variety of struc-
tures located in the most ventrolateral region of the mammalian
telencephalon, namely the anterior olfactory nucleus, olfactory
tubercle (OT), piriform cortex (PC), olfactory amygdaloid nuclei,
and enthorrinal cortex (EC). Efferent projections from the olfac-
tory bulb converge to form the lateral olfactory tract (lot), which
runs through the outer portion of the PC. In rodents, the OC
is one of the first structures to form in the telencephalon, even
before the neocortex (García-Moreno et al., 2008). Several prolif-
erative areas have been described from which cells migrate toward
the OC, specifically colonizing the PC and OT. These include the
lateral ganglionic eminence (LGE), dorsal telencephalon, rostro-
medial telencephalic wall, and the septoeminential sulcus. Each
area gives rise to a cell population expressing specific mark-
ers in the embryo, including Tbr1, calretinin (CR), calbindin
(CB), and reelin (Reln). However, the differentiation of these
cells, which are derived from distinct germinative areas, and their
expression during the development of the OC remain poorly
understood. To better understand how this structure matures
and how the distinct cell populations that contribute to this tis-
sue are established, we have studied the expression of specific
markers (Tbr1, CR, CB, and Reln) during the development of
the OC.

MATERIALS AND METHODS
ANIMALS
C57BL6 mice were raised at the animal facility of the Cajal
Institute, in compliance with the current Spanish legisla-
tion (R.D. 1201/2005 and L.32/2007) and European Union
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Council Guidelines (2003/65/CE) concerning the care and use
of experimental animals. The day of detection of the vagi-
nal plug was considered embryonic day 0 (E0). Embryos were
anesthetized by hypothermia, while pregnant mice (n = 10)
were anesthetized by intraperitoneal injection with Equithesin
(3 mL/kg body weight). Thirty embryos were used for immuno-
histochemistry studies and an additional 20 were electroporated
in utero. The distribution of the animals used and their survival
time is shown in the table below.

Pregnant E11 E12 E14 E18 P15
mice

Immunohistochemistry 7 8 8 8 6
In utero experiments 3 20 Survival until P15 75%

ULTRASOUND-GUIDED in utero PLASMID INJECTIONS AND
ELECTROPORATION
The plasmids used were pPB-Ubc-EGFP and mPBase (trans-
posase), kindly provided by Prof. A. Bradley [Cambridge, UK;
plasmid described in Yusa et al. (2009)]. The GFP-plasmid con-
tains specific regions recognized by the transposase that facilitates
its integration into the genome. Using an ultrasound guided
injection system (VeVo 770®:VisualSonics Inc. Toronto, Canada),
embryos were injected to specifically label newly generated cells
(pallium or subpallium). Briefly, E10–E12 pregnant mice were
anesthetized with isoflurane (Isova vet, ref. 240055: Centauro,
Barcelona, Spain), their uterine horns were exposed through
the abdominal wall and they were covered with pre-warmed
ultrasound gel (Parker Laboratories Inc., NJ, USA). A volume
of 1–2 µl of the recombinant plasmid solution was injected in
the lateral ventricle of each embryo and they were electropo-
rated with 5 pulses (50 ms) using a BTX Electroporator ECM
830 (BTX: MA, USA). Electroporation was achieved by dis-
charging a 500 µF capacitor charged to 25 V with a sequencing
power supply via a pair of round platinum plates (5 mm diam-
eter). The uterine horns were then set back into the abdominal
cavity, which was filled with warm physiological saline, and
the abdominal muscle and skin were closed with silk sutures.
After surgery, pregnant mice received a subcutaneous injec-
tion of the antibiotic enrofloxacine (Baytril, 5 mg/Kg: Bayer,
Leverkusen, Germany) and an intraperitoneal injection of the
anti-inflammatory/analgesic ketorolac (Droal, 300 µg/Kg VITA
Laboratories, Barcelona, Spain). The injected embryos were tran-
scardially perfused at postnatal stages, with 4% paraformaldehyde
(PF) in 0.1 M phosphate buffer (PB, pH 7.2), and their brains
were removed, embedded in agar, and coronal sectioned at 50 µm
with a vibratome.

IMMUNOHISTOCHEMISTRY
Single and dual immunohistochemistry was performed as
described previously (García-Moreno et al., 2008), using the
following primary antibodies: mouse-anti-Reelin (1:1000;
MAB5364, Clone G10, Chemicon; Temecula, CA); rabbit-
anti-Calbindin-D28K (1:10,000; CB38, Swant, Bellinzona,
Switzerland); rabbit-anti-Calretinin antiserum (1:2000; 7699/4,
CR, Swant); rabbit-anti-Tbr1 (1:1000; AB9616, Chemicon);

rat-anti-GFP (1:20,000; 4404-84, Nacalai Tesque, Kyoto,
Japan).

The following secondary antibodies were used: Alexa 568 goat-
anti-rabbit IgG (1:2000; A11011, Molecular Probes); Alexa 568
anti-mouse IgG (1:2000; A11004, Molecular Probes); Alexa 488
anti-rat (1:2000; A11034, Molecular Probes).

For all antibodies a series of control sections was processed
without the primary antibody in which no specific staining was
detected. Sections were mounted on gelatinized slides and coun-
terstained with 0.002% bisbenzimide in PBS (Hoechst 33258:
Sigma, St. Louis, MO).

EQUIPMENT AND SETTINGS
Injected embryos were examined under a fluorescence-dissecting
microscope (Leica MZFL-III) and after mounting with a mix-
ture of glycerol-phosphate buffer (PB, 1:1), fluorescent sections
were analyzed under a fluorescent microscope (Nikon, Eclipse
E600) equipped with a digital camera (Nikon DMX 1200F) and
the appropriate filter cubes: rhodamine (569–610 nm) and fluo-
rescein (450–490 nm), to visualize Alexa 568 and GFP/Alexa 488,
respectively. Bisbenzimide labeling was analyzed with ultraviolet
illumination.

RESULTS
TEMPORAL EXPRESSION PATTERNS IN THE OLFACTORY CORTEX
To analyze the spatio-temporal expression of different proteins
during the development of the OC, we performed immunohis-
tochemistry for the following markers at E12, E14, E18, and in
adulthood: Tbr1, CR, CB, and Reln.

Tbr1 expression during olfactory cortex development
At the earliest selected embryonic stage, E12, significant Tbr1
expression was observed in the rostral and caudal areas of the PC
(Figures 1A,B), and in the mantle zone of the LGE, but not in the
OT. At E14, Tbr1 expression was clearly detected in both the cor-
tical neuroepithelium and the PC (Figures 2A,B), and Tbr1 was
consistently expressed from the rostral to caudal portions of the
PC. At E18, Tbr1 expression was restricted to the PC and endopir-
iform nucleus (End; Figures 3A,B), and finally, Tbr1 expression
was restricted to layers II and III in the mature PC (Figures 4A,B).

CR expression during olfactory cortex development
The expression pattern of CR observed at E12 was similar to that
of Tbr1, albeit more restricted to the PC (Figures 1C,D), with no
labeling observed in the OT. CR expression persisted in the PC
at E14 (Figures 2C,D) and this protein was also detected in the
lot (Figure 2D). CR expression in the lot was maintained at E18
(Figures 3C,D) and in adult mice (Figure 4C), as well as in layer
II of the PC (Figures 4C,D).

CB expression during olfactory cortex development
In contrast to Tbr1 and CR, at E12 (Figures 1E,F) and E14
(Figures 2E,F) CB expression was restricted to the OT, with no
labeling detected in the PC. Similarly, unlike Tbr1 and CR, CB
expression was limited to the End at E18 (Figure 3E) and in
adulthood, CB expression was limited to layer III of the PC
(Figures 4E,F).
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FIGURE 1 | Tbr1, CR, CB, and Reln (red) expression in the olfactory

cortex at E12. (A–D) Tbr1 and CR expression in the rostral and caudal
regions of the piriform cortex. (E,F) CB is expressed in the OT but not the
PC. (G) Reln expression is restricted to the outermost portion of the PC.
Coronal sections; midline is to the left and dorsal is up. Blue corresponds to
the bisbenzimide counterstaining. Scale bars: A–F, 500 µm; G, 100 µm.

Reln expression during olfactory cortex development
Reln expression at E12 was limited to the most superficial portion
of PC (Figure 1G). At E14, this pattern had changed and Reln
occupied the inner portion of the PC (Figures 2G,H). A global
increase in Reln expression was observed at later stages.

MARKERS ASSOCIATED WITH SITES OF CELL ORIGIN
Because cell tracers did not allow all pallial/subpallial-derived cells
to be identified, we tracked cells originating in the pallial or sub-
pallial areas and characterized them at the molecular level upon
reaching their destiny.

In order to mark the injection site (site of cell origin) through-
out our lengthy experiments, we electroporated a GFP-expressing
plasmid that becomes integrated into the genome of the cells.

FIGURE 2 | Tbr1, CR, CB, and Reln (red) expression in the olfactory

cortex at E14. (A–D) Tbr1 and CR expression in the rostral and the caudal
regions of the piriform cortex. CR expression in the lot (D). (E,F) CB is
expressed in the OT but not the PC. (G,H) Reln expression is restricted to
the outermost portion of the PC. Coronal sections; midline is to the left and
dorsal is up. Blue corresponds to the bisbenzimide counterstaining. Scale
bars: A–F, 500 µm; G and H, 100 µm.

If integration is not achieved, the tagged plasmid is diluted
over successive cell divisions and ultimately disappears, provid-
ing a means of identifying the precise area where electroporation
occurred (site of origin of the labeled cells).

At P15, GFP cells transfected in the pallium at E11 were
detected in the OC (Figures 5A–C). Despite being gener-
ated in pallium (with no contamination from subpallial areas;
Figure 5A), we observed few GFP cells co-expressing Tbr1,
which has been proposed as a marker of pallial-generated
cells (Figures 5A,B), and we detected no pallial-generated cells
expressing CR (Figure 5C). Unexpectedly, after electroporation
of cells generated in the subpallium (Figure 5D), most GFP cells
co-expressed Tbr1 (Figure 5E) but not CR (Figure 5F) in the OC.

DISCUSSION
RESTRICTION AND SPECIFICITY OF MARKERS IN DIFFERENT AREAS
DURING THE DEVELOPMENT OF THE OLFACTORY CORTEX
Marker expression in distinct telencephalic cell populations varies
during embryonic development and adulthood. This reflects
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FIGURE 3 | Tbr1, CR, and CB (red) expression in the olfactory cortex at

E18. (A–D) Tbr1 and CR expression in the rostral and the caudal regions of
the piriform cortex. Both Tbr1 and CR are expressed in the End (A,B,D),
whereas only CR is expressed in the lot (C). (E) CB is only expressed in the
End. Coronal sections; midline is to the left and dorsal is up. Blue
corresponds to the bisbenzimide counterstaining. Scale bars: 500 µm.

either the cellular contribution of different germinative areas, the
rearrangement of distinct cell populations, and the silencing or
new expression of specific markers.

The formation of the OC begins early in development and
continues throughout the embryonic stages. This region is com-
prised of several structures that are formed by many cell pop-
ulations that originate in diverse areas of the telencephalon
(García-Moreno et al., 2008), resulting in significant phenotypic
variability. Accordingly, the different markers analyzed are not
expressed constantly throughout development. We previously
demonstrated that at early developmental stages, Tbr1, Reln,
and CR serve as specific markers of the presumptive PC, while
CB is expressed in the presumptive OT (García-Moreno et al.,
2008). In the present study, we performed a temporal analysis of
these markers from early murine developmental stages through
adulthood.

Tbr1 expression was relatively constant throughout develop-
ment, and was initially expressed in the presumptive PC before
it was subsequently limited to layers II and III in adulthood. CR
expression was constant in the PC throughout development, but
was restricted to layer II and the lot in the adult OC. By contrast,
CB labeling was absent in the embryonic OC, but was expressed
in layer III of the PC in adult mice. Reln expression was profusely
observed in early embryonic stages and becomes diffuse in late
stages.

FIGURE 4 | Tbr1, CR, and CB (red) expression in the olfactory cortex in

adult mice. (A,B) Tbr1 expression in layers II and III of the PC. (C,D) CR is
expressed in layer II of the PC and in the lot. (E,F) CB expression is
restricted to the layer III in the piriform cortex. Coronal sections; midline is
to the left and dorsal is up. Blue corresponds to the bisbenzimide
counterstaining. Scale bars: 500 µm.

In summary, because Tbr1 and CR expression remain constant
throughout the development of the OC, they represent valid and
useful markers of specific structures within the OC. The same
cannot be said of CB and Reln, due to their fluctuating expression
during the development of the OC.

Tbr1 AS A USEFUL STRUCTURAL MARKER BUT IS NOT A
RELIABLE MARKER OF PALLIAL-DERIVED CELLS
The origins of diverse brain structures remains a contentious
issue, in part because most studies are based on the use of specific
markers, the expression of which may fluctuate during develop-
ment. We propose that these currently used tracking methods
are inadequate and as such, we have tracked the development
of two specific cell populations derived from the pallium and
subpallium. Although electroporation labels a larger area than
that labeled using tracers (such as CFDA) or retroviruses, this
experimental approach allows the origin of the labeled cells to
be identified (taking into account that we labeled either pallial
or subpallial origins, but not both), which is not possible using
the other methods cited above. Thus, this technique allowed us to
analyze the migration of some cell populations from their site of
generation to the OC.

While Tbr1 has been proposed as a specific marker of pallium-
derived cells (Puelles et al., 2000), our findings demonstrate that
the OC contains many cells of pallial origin that do not express
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FIGURE 5 | Electroporation of a GFP plasmid into pallial (A–C) and

subpallial (D–F) areas of E11 mice (sacrificed at P5). (A–C) Many of
GFP cells that originate in the ventricular zone of the pallium (green) do
not co-express Tbr1 (red; A,B). (C) Pallial-derived GFP cells do not

express CR (red). (D–F) Many of the GFP-cells that originate in the
ventricular zone of the subpallium (green) co-express Tbr1 (red; D,E). (F)

Subpallial-derived cells do not express CR (red). Coronal sections; midline
is to the right and dorsal is up. Scale bars: A,D, 200 µm; B,C,E,F, 100 µm.

this marker. Moreover, we found that many cells originating
in subpallium express this marker in the OC. Taken together,
these results underscore the importance of using cellular track-
ing methods to determine the origin of different cell populations,
instead of relying solely on the expression patterns of specific cell
markers.
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This study describes the microscopic organization of a wedge-shaped area at the
intersection of the main (MOB) and accessory olfactory bulbs (AOBs), or olfactory limbus
(OL), and an additional component of the anterior olfactory nucleus or alpha AON that
lies underneath of the AOB. The OL consists of a modified bulbar cortex bounded
anteriorly by the MOB and posteriorly by the AOB. In Nissl-stained specimens the OL
differs from the MOB by a progressive, antero-posterior decrease in thickness or absence
of the external plexiform, mitral/tufted cell, and granule cell layers. On cytoarchitectual
grounds the OL is divided from rostral to caudal into three distinct components: a stripe
of glomerular-free cortex or preolfactory area (PA), a second or necklace glomerular area,
and a wedge-shaped or interstitial area (INA) crowned by the so-called modified glomeruli
that appear to belong to the anterior AOB. The strategic location and interactions with the
main and AOBs, together with the previously noted functional and connectional evidence,
suggest that the OL may be related to both sensory modalities. The alpha component of
the anterior olfactory nucleus, a slender cellular cluster (i.e., 650 × 150 μm) paralleling the
base of the AOB, contains two neuron types: a pyramidal-like neuron and an interneuron.
Dendrites of pyramidal-like cells (P-L) organize into a single bundle that ascends avoiding
the AOB to resolve in a trigone bounded by the edge of the OL, the AOB and the dorsal
part of the anterior olfactory nucleus. Utrastructurally, the neuropil of the alpha component
contains three types of synaptic terminals; one of them immunoreactive to the enzyme
glutamate decarboxylase, isoform 67.

Keywords: olfactory limbus, interstitial neurons, anterior olfactory nucleus, cytology

INTRODUCTION
While the cytological organization of the rodent main and acces-
sory olfactory bulbs (AOB) has been depicted and most of its
constituent neurons are known, growing evidence suggests that
the structural and functional differentiation of the bulbar cortex
is not homogeneous. In fact, both the main (MOB) and AOBs
possess distinct neurons embedded in a neuropil that yields the
characteristic laminated appearance when studied with both sil-
ver and aniline stains (Macrides and Davis, 1983). Neurons in
the MOB are distributed into two structural domains: a stratified
cortex and a medulla or core. Periglomerular or juxtaglomeru-
lar superficial short axon neurons, external tufted, satellite, and
von Gehughten cells are primarily found in the external gran-
ule and external plexiform (EPL) layers. A distinct row of mitral
cells underscores the EPL. Below the mitral cell layer, there is
a cell-poor stratum or internal plexiform area bounding the
deeper granule cell layer that arbors the homonymous cells and

Abbreviations: aAON, anterior olfactory nucleus, alpha component; AOB,
Accessory olfactory bulb; EPL, external plexiform layer; GAD67, enzyme glutamic
acid decarboxylase, isoform 67; GAD-i, immunoreactivity to the enzyme glutamic
acid decarboxylase, isoform 67; INA, interstitial area of the olfactory limbus; INBi,
Interstitial neuron bulbi, interneuron; INBp, Interstitial neuron bulbi, projecting
cell; LOT, lateral olfactory tract; MOB, Main olfactory bulb; NG, necklace glomeru-
lus; NGA, Olfactory limbus, area of the necklace glomeruli; OL, olfactory limbus;
PA, Preolfactory area of the olfactory limbus; P-L, pyramidal-like cell.

scattered local circuit neurons, namely, Blanes, Cajal, and Golgi
neurons (Valverde, 1965, see Kosaka and Kosaka, 2011). Neurons
having structural and immunohistochemical features of interneu-
rons may send collaterals to supragranular layers in the main
and accessory (Larriva-Sahd, 2008) olfactory bulbs, or even send
projecting fibers beyond the confines of the MOB (Kosaka and
Kosaka, 2007; Eyre et al., 2008).

The bulbar medulla, pierced by a rostral extension of the lateral
ventricle that in laboratory rodents obliterates after birth, con-
tains clustered epithelial ependymal cells, and cell progentiors in
various stages of differentiation (Doetsch et al., 1997) to gran-
ule and periglomerular cells (Lledo et al., 2008). An additional
set of neurons, has been recently described in association with to
the rostral migratory stream, the so-called “medullary neurons”
(Paredes and Larriva-Sahd, 2010).

Although most neuron types found in the AOB mimic those
encountered in the MOB, striking regional differences in their
overall organization have been detected (see Larriva-Sahd, 2008).
Indeed, structural and physiological evidence suggests that the
transition between the MOB and AOB is not sharp. A distinct
set of glomeruli outlining those in the posterior aspect of the
MOB, and the foremost of the AOB, have been described. These
glomeruli that have been referred to as the glomerular necklace
(NG) (Shinoda et al., 1989), exhibit striking physiological (see
Stowers and Logan, 2010) and, connectional (Ring et al., 1997;
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Fuss et al., 2005) differences, from those in the rest of the bulbar
cortex. Unlike olfactory glomeruli that are known to be responsive
for volatile substances interacting with nasal olfactory receptors,
modified glomeruli are selectively activated by a nipple-associated
pheromone (Greer et al., 1982). Further, connectional evidence
has defined that those glomeruli adjacent to the AOB represent
a unique subset of the NG (Fuss et al., 2005) as they receive
axons from the ganglion discovered by Grueneberg (1973) in
the nasal vestibule. Interestingly, expression of mRNA’s encoding
neuromodulators (i.e., CCK and VIP) and hypothalamic releas-
ing hormones (TRH and CRH) (Senba et al., 1990), is higher in
both glomeruli and neuropil at the MOB-AOB boundary with
respect to both the MOB and AOB themselves. Lastly, are the
so-called interstitial neurons of the bulbi (INBs) that represent
another marked structural specialization in the oral interaction
of the AOB with the MOB. In fact, INBs seem to be a unique neu-
ron group whose pyramidal-like and short axon neurons stand
out from the native neurons populating the adjacent MOB and
AOB (Larriva-Sahd, 2008).

A third small neuron group lies between the base of the AOB
and the bulbar core white matter. Santiago Ramón y Cajal (1904)
discovered this cluster in aniline-stained sections defining that it
was composed by large, polygonal neurons, hence, different from
those observed in the rest of the bulbar cortex. Likewise, in the
1960s Lohman (1963), studying the AON in Nissl-stained sections
incorporated this nucleus to the “pars rostralis of the anterior
olfactory nucleus.” Similarly, Macrides and Davis (1983) endorsed
this neuron group to the AON including it to the “dorsal sector of
pars externa of the AON.” Then, Valverde et al. (1989) outlined
the first Golgi description of the “cell group alpha of the nucleus
olfactorius anterior” (aAON). Lastly, DeCarlos et al. (1989) study-
ing the connectivity of the AON in the same species, found that
the “α group” projects to the contralateral MOB.

As part of a series of ongoing studies aimed at depicting the
neuronal organization of the rodent rhinencephalon (Larriva-
Sahd, 2008, 2010; Paredes and Larriva-Sahd, 2010), the present
study was conducted to describe the cytological organization of
the aAON and a complex region between the anterior aspect of
the AOB and the caudal limit of the MOB. The study was pri-
marily conducted in specimens from adult rats, although mouse
and guinea—pig specimens from our collection were examined to
define interspecies homology. The study combines silver, aniline,
immunohistochemistry, and electron microscopic techniques.

MATERIALS AND METHODS
ANIMALS
Male Sprague-Dawley rats killed at 10 weeks of age were used. The
animals were kept at constant temperature (24◦C) and photoperi-
ods (14 h light—10 h dark), with free access to food and water. All
experimental manipulations and sacrifices were made according
to the ethical policies of animal care and handling of our institute.

SILVER IMPREGNATIONS
Rapid golgi
Due to the capriciousness of impregnation obtained with the
rapid-Golgi technique, 330 adult rat brains were used from our
archive (Larriva-Sahd, 2008, 2010). Additionally, one-hundred

brains from age-matched adult CD3 mice (n = 90) (Paredes and
Larriva-Sahd, 2010) and guinea pigs (n = 10) were included.
Each animal was sacrificed by decapitation under deep anesthesia
with pentobarbital (30 mg/kg), and the brain was removed. Tissue
blocks consisted of 3 to 4-mm-thick brain samples trimmed in
sagittal, coronal, or horizontal planes. Each tissue block was left
for 15–20 days in an aqueous solution containing 3% potassium
dichromate and 0.25% osmium tetroxide and transferred to a
0.75% silver nitrate solution for the following 20 days. Then,
each tissue block was held within an external shell of paraffin,
and 150 μm-thick sections were cut on a sliding microtome. The
sections were then left for 10 min in 70% ethyl alcohol, dehy-
drated in graded solutions of propyl alcohol-water, cleared in
terpineol-xylene, mounted, and coverslipped with Entellan.

Golgi-Cox-Nissl
Additional adult rat brains (n = 20) were obtained (vide supra)
and stored for 15–20 weeks in a solution containing: 1% potas-
sium dichromate, 0.8% potassium chromate, and 1% mercuric
chloride dissolved in deionized water. Each brain was cut sagit-
tally or coronally into 140 μm sections in a sliding microtome.
Next, the sections were mounted on slides and immersed in a
solution of T-Max (Kodak) in deionized water (1:65) for 30 min,
following a 15-min fixation in rapid-fixer (Kodak) diluted 1:30
into water. Then, the slides were left for 15 min in deionized water
and counterstained with the Nissl technique. Finally, sections
were dehydrated in graded solutions of ethanol-water, cleared in
terpineol-xylene, and coverslipped with resin.

Nissl staining
The cytoarchitecture of the olfactory bulb was studied in trans-
verse and sagittal sections from the brains of five adult Wistar
albino rats that were successively weighed, deeply anesthetized
with pentobarbital (300 mg/2.5 kg), and perfused through the
heart with 4% paraformaldehyde dissolved in phosphate buffer
(PB, 0.15 M, pH 7.4). The brains were transferred to fresh fixa-
tive and left overnight at 4◦C. Then, each brain was cryoprotected
with 40% sucrose dissolved in distilled water and cut at 40 μm
intervals. Then, the tissue samples were immersed for 20 min in
a solution containing 0.1 gm of cresyl-violet, 0.3 ml glacial acetic
acid dissolved in 100 ml of distilled water. Following staining sec-
tions were dehydrated in graded etyl-alcohols, cleared in xylene
and coverslipped with Entellan.

Electron microscopy
To determine the ultrastructural characteristics of the aAOB
neurons and surrounding neuropil, the brains of six adult rats
were processed as detailed elsewhere (Larriva-Sahd, 2004, 2006).
In short, deeply anesthetized rats (vide supra) were perfused
through the left ventricle with 250 ml of 4% paraformaldehyde-
2.5% glutaraldehyde in 0.15 M PB, pH 7.3. Following dissec-
tion, the brain was immersed in additional fixative and stored
overnight at 4◦C. After 24 h, half to one millimeter sagittal slices
through the olfactory bulb and its peduncle were obtained. Areas
of interest were sampled under a dissecting microscope and post-
fixed for one h in 1% osmium tetroxide dissolved in the same
buffer as the aldehydes, dehydrated, and flat embedded in epoxy
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resins. Half to one-micrometer-thin sections were obtained from
the tissue blocks with a Leica ultramicrotome equipped with
glass knives. The sections were stained with toluidine blue and
coverslipped. From the surface of these trimmed blocks, ultra-
thin sections ranging from 80 to 90 nm were obtained with a
diamond knife and mounted on 200-mesh copper grids. The
sections were sequentially stained with aqueous solutions of ura-
nium acetate and lead citrate and then studied in a JEOL 1010
electron microscope.

Immunocytochemistry
Three supplementary aldehyde-fixed rat brains were utilized for
pre-embedding immunocytochemistry. Eighty-micron-thick sec-
tions were obtained with a vibratome, at room temperature.
Sagittal sections containing the areas of interest were processed.
Sections were collected in 0.1 M PB, pH 7.2, and preincu-
bated for 60 min in a 0.1 M solution containing 0.1 M PB, 0.8%
bovine serum albumin, 0.9% sodium chloride, 0.5% normal goat
serum (NGS), and 2 mM sodium azide. Then, sections were
incubated overnight (i.e., 10 h) with the rabbit polyclonal anti-
serum directed against GAD 67 (Chemicon, International). The
primary antibody was diluted 1:3000 or 1:2500 in 0.1 M Tris-
PB (TBP) with 3% NGS. After rinsing in PB (three times for
10 min each), the sections were incubated for 1 h in the biotiny-
lated secondary antibody that consisted of goat anti-rabbit IgG
(Vector Laboratories, Burlingame, CA, USA) diluted to 1:500 in
0.1 M PB with 3% NGS. Sections were then incubated with the
avidin-biotin-peroxidase conjugate (1:100 in 0.1 M TPB; Vector
Laboratories) for 40 min, and rinsed sequentially in TPB and
0.05 M Tris-HCl buffer, pH 7.6. For visualization of immunoreac-
tive sites, sections were treated with 0.05% 3,3′-diaminobenzidine
and 0.01% hydrogen peroxide for 5 min. Lastly, sections were
rinsed, and postfixed in osmium tetroxide and further processed
for electron microscopic observations.

DATA ANALYSIS
Light microscopy
A total of 30 drawings from complete neurons were used to assess
the structure and proportions of each cell type. Measurements
from the two neuron types found at the “alpha anterior olfac-
tory nucleus or cell group α” (aAON) according to Valverde et al.
(1989) were obtained from digital reproductions of drawings with
a personal computer aided by Kontron 400 software (Carl Zeiss).
Size of the neuron somata was determined in toloudine—blue
stained specimens that had been sectioned at one micrometer
and included the aAON and the dorsal component of the ante-
rior olfactory nucleus. A total of 100 neurons were photographed
per animal (n = 5) and the somatic areas measured with the
Kontron software. Areas were pooled per site and compared with
the Students t-test.

Illustrations obtained by scanning representative drawings
were framed, sized, and labeled with photoediting software
(Adobe Photoshop 7). Photomontages from specimens were
made from series of 4–25 images obtained at different focal
depths with a digital camera (AxioCam MRc, Zeiss; Carl Zeiss,
Germany). Then, areas in sharp focus were “cut” and merged
down with the software. No modifications other than in color,
contrast, size, and labeling were made of the original images.

Electron microscopy
To define the numerical densities of synapses, synaptic bou-
tons, and axo-axonic (i.e., synapto-synaptic) terminals, speci-
mens from five adult male rats were utilized. Numerical density
of synaptic boutons included those showing pre-, and post-
synaptic specializations and a florid granular content, allowing
unambiguous identification (vide infra); terminals that were par-
tially sectioned, or lacked an identifiable postsynaptic target were
neglected.

RESULTS
Given the fact that the transition between the AOB with the MOB
is not sharp (Larriva-Sahd, 2008), and since this territory has not
previously been described, it is necessary to provide a general
description of this frontier before dealing with the native cellular
elements. Hence, the term olfactory limbus (OL) will be used to
refer to it throughout this study. The use of this term is further
justified by the fact that in adult rodents the cytological char-
acteristics of the OL differ from those of the MOB and AOB as
presented next.

INTERACTION BETWEEN THE MAIN AND ACCESSORY
OLFACTORY BULBS: THE OLFACTORY LIMBUS
Olfactory limbus
Naked eye or low magnification inspection of the dorsal sur-
face of the rat olfactory bulb reveals an almond-shaped elevation
that follows the anterior pole of the frontal lobe, lying dor-
sally (Figures 1,2A,3E,4). This eminence between the MOB and
AOB encompasses a heterotypical bulbar cortex or OL. The
most obvious characteristic of the OL is the variable extent
of modification from the laminar pattern observed throughout
the olfactory bulb. Laterally and medially (i.e., distal) to the
AOB, the OL is continuous with the caudal end of the MOB

FIGURE 1 | Digital photograph from the dissecting microscope

showing the rat olfactory bulb after a sagittal cut. At the junction of the
main (MOB) and accessory (AOB) olfactory bulbs, the olfactory limbus
(encircled) protrudes dorsally. LOT, lateral olfactory tract. AONd, dorsal
component of the anterior olfactory nucleus. Inset: high magnification view
of the alpha anterior olfactory nucleus (arrow) lying in the bulbar white
matter, underneath the AOB. Scale bars: 0.4 mm in A, 150 μm in insert.
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FIGURE 2 | Survey pictures of the olfactory bulb and the alpha

component of the anterior olfactory nucleus as seen after thionine

staining. (A) Sagittal section. The alpha component of the anterior olfactory
nucleus (shaded) is embedded in the bulbar core white matter (BCWM),
coursing horizontally, beneath the accessory olfactory bulb (AOB). FL, frontal
lobe. (B) The spindle-shape alpha nucleus surrounded by the deep bulbar
white matter is composed of dense packaged neurons. (C) High
magnification micrograph from the alpha nucleus that is composed of

polygonal (white arrow) and oblong, somewhat smaller, neurons (black
arrow). The former neurons may exhibit an associated satellite cell
(arrowheads). (D) Serial transverse sections from caudal (right) to rostral (left)
showing the alpha component (encircled) in its rostrocaudal extent; note that
the nucleus lies in a triangular area bounded by the granule cell (black arrow)
and internal cellular (white arrow) layers of the main and accessory olfactory
bulbs, respectively. Scale bars = 200 μm in A and D, 50 in B, and 10 in C.
Nissl technique, adult rat brain.
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FIGURE 3 | Light micrographs from plastic-embedded longitudinal

sections through the olfactory bulb. (A) Section at the caudal intersection
of the main olfactory bulb with the accessory olfactory bulb (right side). Note
the dendritic bundle (circle) arising from the external cellular layer (EC) and
resolving at the base of a modified glomerulus (asterisk), adjacent to the
olfactory limbus (OL). Beneath, embedded in the bulbar core white matter
(BC), lies the alpha component of the anterior olfactory nucleus (boxed). VN,
vomeronasal nerve layer; Gl, glomerular layer; LOT, lateral olfactory tract; IC,
internal cellular layer. At the glomerular-free area of the accessory olfactory
bulb the linea alba (dashed) separates the external cellular layer in a rostral
(left) and caudal halves. (B) Higher magnification of the alpha
component of the anterior olfactory nucleus. (C) Neuron somata from the
alpha component of the anterior olfactory nucleus (boxed in B). A neuronal
cluster made up of medium-sized neurons (solid arrow) and a large neuron
whose cytoplasm contains Nissl substance (hollow arrow). (D) Neuron

somata in the dorsal part of the anterior olfactory nucleus at the same
magnification as the micrograph shown in C; note the difference in size and
distribution of neurons in comparison to those from the alpha component
shown in C. (E) Micrograph depicting the olfactory limbus between the main
(left) and accessory olfactory bulbs. At the upper left is the caudal end of the
main olfactory bulb, followed by the glomerular-free preolfactory (asterisk)
area. The latter faces a second area or the necklace glomeruli whose external
plexiform (EPL) and mitral/tufted cell (M-T) layers become indistinct and
hypocellular (arrow), respectively. Following caudally is a wedge-shaped or
interstitial area (double asterisik) (INA) that lacks laminar organization,
having clusters of cells of assorted size (arrow-heads). Gl-AOB, glomerular
layer of the accessory olfactory bulb; IPL, internal plexiform layer; GrCL,
granule cell layer. Scale bars: 100 μm in A, 40 in B and E, and 10 in
C and D. One-micrometer-thick sections, adult rat brain, toluidine blue
staining.
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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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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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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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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.
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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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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 14 | Microscopic organization of the alpha component of the

anterior olfactory nucleus. (A) Fiber systems associated with the olfactory
bulbar cortex and alpha component of the anterior olfactory nucleus (framed).
The inset shows the distribution of a single axon and its terminal field in the
nuclear neuropil. (B) Contribution of the pyramidal-like cell (blue and red) and
interneuron (black) axons to the nuclear neuropil. (C) High magnification view
of the soma and proximal dendrites of an interneuron in the alpha component;
an axon collateral arising from a fiber in the deep bulbar white matter at the
top. (D) Proximal dendrites of a short-axon (left) and pyramidal-like neurons.

(E) Contribution of axons and their collaterals to the neuropil of the alpha
component (blue). Proximal dendrites from an interneuron (left) and a
pyramidal-like cell. Note that the latter is covered by numerous dendritic
spines. (F) Immunohistochemistry for glutamic acid decarboxylase, isoform
67 (GAD67) in the alpha component in a one-micron thin section
counterstained with toluidine-blue. (G) Unstained, plastic-embedded section
showing the pattern of GAD67 immunoreactivity in the alpha component.
Note the lack of labeling in the white matter (upper right and lower left). Scale
bars = 100 μm in A, 20 in inset and E, 40 in B, 15 in C, D, F and G.

occurring centrally or adjacent to the nuclear envelope. The
cytoplasm exhibits focal areas of rough endoplasmic reticu-
lum (RER) adopting the form of isolated, scattered cisternae.
Adjacent to the RER there are two or three Golgi areas associated
with membrane—bounded structures with high electron—dense

matrices (Figure 16A) and multivesicular bodies. The cell pro-
file is smooth although occasional indentations due to synaptic
terminals can be seen. In appropriate sectioning planes one
or two proximal dendrites from the somatic cytoplasm can be
seen.
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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.
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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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communication systems or foraging strategies may explain the
convergent deterioration of the vomeronasal genes (Zhao et al.,
2011) Similarly, the OR gene repertoire has shown high levels
of deterioration in New World and Old World primate species
that convergently evolved trichromacy (Gilad et al., 2004). The
independent acquisition of aquatic habits in several mammalian
lineages has resulted in deteriorarion of OR genes (Kishida et al.,
2007; Hayden et al., 2010) and VNS components in cetaceans,
manatees, and some pinnipeds (Meisami and Bhatnagar, 1998).
Accordingly, genomic analyses of receptor genes in mammals have
shown that ecological adaptations affect the pattern of expres-
sion of components from both MOS and VNS. For example,
OR gene repertoires cluster species acording to similar ecotypes
(aquatic, semi-aquatic, terrestrial, flying) rather than by phy-
logenetic relatedness (Hayden et al., 2010). For instance, the
amount of functional V1R genes is higher in nocturnal and nest-
living species than in diurnal and open-living species, respectively
(Wang et al., 2010; Young et al., 2010). In carnivores, ungulates
and primates, the V2R gene family has degenerated (Young and
Trask, 2007), possibly associated to independent origins of visu-
ally conspicuous sexual dimorphisms, as recently proposed as a
possible explanation for the independent loss of the posterior
AOB in squirrels and hyraxes (Suárez et al., 2011a; Figure 6B).

Interestingly, although in most mammals studied so far the
vomeronasal nerve follows the medial line on its way to the AOB,
in caviomorph rodents it follows a lateral course, regardless of
the ecotype of species (Suárez and Mpodozis, 2009; Suárez et al.,
2011b), reflecting that not all olfactory traits show correlation
with life history but rather some traits can be shared within a
phylogenetic group.

In summary, the similar directions of change observed in both
MOS and VNS under different ecological adaptations reveal their
constant mutual interactions throughout phylogeny. These inter-
actions, together with their close relationship with the ecological
contexts of species, may allow us to make predictions relating life
history to olfaction (and vice versa) in less studied species and
may provide valuable tools for conservation efforts.

CONCLUDING REMARKS
The recent findings of shared mechanisms between the MOS and
VNS have challenged the notion of olfaction as a dichotomous
process and instead suggest that many sensory and behavioral
processes require the interaction between them. We have pre-
sented and discussed evidence supporting the hypothesis that
these interactions are not only present during olfactory percep-
tion and generation of behavior at particular moments of the
life of an individual, but rather they are constantly affecting the
course of development and evolution.

This strong interaction is reflected in the molecular and cellu-
lar mechanisms controlling early development of both olfactory
systems, to shared sensory activity and behavioral responses at
postnatal stages and similar patterns of adaptation to environ-
mental changes during evolution. The convergent patterns of
ecological adaptations of both systems in species that acquire sim-
ilar ecological niches may become instrumental for conservation
efforts of endangered or poorly studied species through the effec-
tive prediction of lifestyle aspects based on olfactory structures
and vice versa.

Furthermore, the study of the interactions between the MOS
and VNS may open new routes of discovery of brain function. For
example, the continuous production and integration of new neu-
rons, both at the periphery (OE and VNO) and central structures
(OB and AOB), may shed new light on the understanding of nor-
mal and pathological brain function, with possible applications
in the design of therapeutic strategies for neural regeneration.
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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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