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INTRODUCTION

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

hypothesis, according to which the olfactory and vomeronasal

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

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 Gi2a and Goa proteins (Berghard and Buck, 1996;
Jia and Halpern, 1996), VIR 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 CA1l)
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, 1.5mL/kg, 75mg/kg) and xylazine (Xilagesic,
Calier, Barcelona, 0.5mL/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. Tonophoretic 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 wm diameter tip) by means of positive current pulses
(717 s, 2=7 pA, 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 um) were obtained using a freezing
microtome.

For biotinylated dextran-amine detection, endogenous perox-
idase activity was quenched by means of 1% H,O; (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 0.05M Tris buffer saline, pH 7.6) and visual-
ized with 0.02% 3,3’-diaminobenzidine (Sigma, St. Louis, MO)
diluted in 0.05M Tris buffer (pH 8.0) with 0.1% ammonium
nickel sulfate and 0.01% H,O,. 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, Figure2A, 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 um, B-H: 400 um.

(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 wm, B-H: 400 pm.

(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 (Figure3D) and accessory
olfactory tract (Figure3E), 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,

B
DB
D

H

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 um, B-H:
400 wm.

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,FH) 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 um, C-H: 400 um.

As example, case RN21312 showed a dextran amine-labeled
RDA injection in the main olfactory bulb (4.3 mm from Bregma,
Figure4A) and a dextran amine-labeled FDA injection in
the accessory olfactory bulb, but that also contaminated the
main olfactory bulb (3.5mm from Bregma, Figure4B). 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, —0.2mm from Bregma, Figure 5A) including antero-
gradely labeled fibers in the ventral and dorsal portions of
the lateral olfactory tract (Figure5B). 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 um, B: 400 um, C,D: 40 um.

of the main olfactory bulb (Figure5C). 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 um, B,C: 40 pm.

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 um, B,C: 40 um.

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

Posteromedial cortical amygdaloid nucleus

Anterodorsal medial amygaloid nucleus
Ventral subiculum

Granule cell layer of the main olfactory bulb
Granule cell layer of the accessory olfactory bulb
Granule cell layer of the accessory olfactory bulb
Granule cell layer of the main olfactory bulb
Mitral cell layer of the accessory olfactory bulb
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 (Figures1 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 (Figures1, 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 (Figures3 and 7) and previous
reports (Cenquizca and Swanson, 2007; de la Rosa-Prieto et al.,
2009) confirm a projection from the ventral subiculum and CA1l
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
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