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Abstract The medial amygdaloid nucleus (Me) is a key

node in the socio-sexual brain, composed of anterior

(MeA), posteroventral (MePV) and posterodorsal (MePD)

subdivisions. These subdivisions have been suggested to

play a different role in reproductive and defensive behav-

iours. In the present work we analyse the afferents of the

three Me subdivisions using restricted injections of flu-

orogold in female outbred CD1 mice. The results reveal

that the MeA, MePV and MePD share a common pattern of

afferents, with some differences in the density of retrograde

labelling in several nuclei. Common afferents to Me sub-

divisions include: the accessory olfactory bulbs, piriform

cortex and endopiriform nucleus, chemosensory amygdala

(receiving direct inputs from the olfactory bulbs), posterior

part of the medial bed nucleus of the stria terminalis

(BSTM), CA1 in the ventral hippocampus and posterior

intralaminar thalamus. Minor projections originate from

the basolateral amygdala and amygdalo-hippocampal area,

septum, ventral striatum, several allocortical and periallo-

cortical areas, claustrum, several hypothalamic structures,

raphe and parabrachial complex. MeA and MePV share

minor inputs from the frontal cortex (medial orbital, pre-

limbic, infralimbic and dorsal peduncular cortices), but

differ in the lack of main olfactory projections to the

MePV. By contrast, the MePD receives preferential pro-

jections from the rostral accessory olfactory bulb, the

posteromedial BSTM and the ventral premammillary

nucleus. In summary, the common pattern of afferents to

the Me subdivisions and their interconnections suggest that

they play cooperative instead of differential roles in the

various behaviours (e.g., sociosexual, defensive) in which

the Me has been shown to be involved.
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Abbreviations

1 Layer 1

2 Layer 2

2Cb 2nd cerebellar lobule

3 Layer 3

3V 3rd ventricle

4V 4th ventricle

7n Facial nerve or its root

8n Vestibulocochlear nerve

8vn Vestibular root of the vestibulocochlear nerve

AA Anterior amygdaloid area

AAD Anterior amygdaloid area, dorsal part

AAV Anterior amygdaloid area, ventral part

aca Anterior commissure, anterior part

aci Anterior commissure, intrabulbar part

Acb Accumbens nucleus

AcbC Accumbens nucleus, core

AcbSh Accumbens nucleus, shell

ACo Anterior cortical amygdaloid nucleus

AH Anterior hypothalamic area

AHA Anterior hypothalamic area, anterior part

AHC Anterior hypothalamic area, central part
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AHi Amygdalohippocampal area

AHP Anterior hypothalamic area, posterior part

AI Agranular insular cortex

AID Agranular insular cortex, dorsal part

AIP Agranular insular cortex, posterior part

AIV Agranular insular cortex, ventral part

AOB Accessory olfactory bulb

AOM Anterior olfactory nucleus, medial part

AON Anterior olfactory nucleus

AOP Anterior olfactory nucleus, posterior part

APir Amygdalopiriform transition area

Aq Aqueduct

Arc Arcuate hypothalamic nucleus

BAOT Bed nucleus of the accessory olfactory tract

BLA Basolateral amygdaloid nucleus, anterior part

BLP Basolateral amygdaloid nucleus, posterior

part

BLV Basolateral amygdaloid nucleus, ventral part

BMA Basomedial amygdaloid nucleus, anterior part

BMP Basomedial amygdaloid nucleus, posterior

part

BST Bed nucleus of the stria terminalis

BSTIA BST, intraamygdaloid division

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

BSTS Bed nucleus of stria terminalis, supracapsular

part

CA1 Field CA1 of hippocampus

CA3 Field CA3 of hippocampus

Ce Central amygdaloid nucleus

CeC Central amygdaloid nucleus, capsular part

CeL Central amygdaloid nucleus, lateral division

CeM Central amygdaloid nucleus, medial division

Cl Claustrum

CM Central medial thalamic nucleus

cp Cerebral peduncle

CPu Caudate putamen

csc Commissure of the superior colliculus

cst Commissural stria terminalis

CxA Cortex-amygdala transition zone

D3V Dorsal 3rd ventricle

DEn Dorsal endopiriform nucleus

DG Dentate gyrus

dlot Dorsal lateral olfactory tract

DM Dorsomedial hypothalamic nucleus

DP Dorsal peduncular cortex

DR Dorsal raphe nucleus

DTT Dorsal tenia tecta

E/OV Ependymal and subependymal layer/olfactory

ventricle

ec External capsule

EPl External plexiform layer of the

main olfactory bulb

EPlA External plexiform layer of the accessory

olfactory bulb

f Fornix

fi Fimbria of the hippocampus

fmi Forceps minor of the corpus callosum

fr Fasciculus retroflexus

Gl Glomerular layer of the main olfactory bulb

GlA Glomerular layer of the AOB

GrA Granule cell layer of the AOB

GrO Granular cell layer of the main olfactory bulb

HDB Nucleus of the horizontal limb of the diagonal

band

I Intercalated nuclei of the amygdala

ic Internal capsule

IL Infralimbic cortex

IM Intercalated amygdaloid nucleus, main part

IP Interpeduncular nucleus

IPAC Interstitial nucleus of the posterior limb of the

anterior commissure

IPl Internal plexiform layer of the main olfactory

bulb

LA Lateroanterior hypothalamic nucleus

La Lateral amygdaloid nucleus

LaDL Lateral amygdaloid nucleus, dorsolateral part

LaVL Lateral amygdaloid nucleus, ventrolateral part

LaVM Lateral amygdaloid nucleus, ventromedial part

LC Locus coeruleus

Ld Lambdoid septal zone

LDTg Laterodorsal tegmental nucleus

LEnt Lateral entorhinal cortex

LGP Lateral globus pallidus

LH Lateral hypothalamic area

LHb Lateral habenular nucleus

LPB Lateral parabrachial nucleus

LPO Lateral preoptic area

LO Lateral orbital cortex

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

mcp Middle cerebellar peduncle

MCPO Magnocellular preoptic nucleus

MD Mediodorsal thalamic nucleus

ME Median eminence
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Me Medial amygdaloid nucleus

me5 Mesencephalic trigeminal tract

MeA Medial amygdaloid nucleus, anterior

subnucleus

MeAD Medial amygdaloid nucleus, anterodorsal part

MeAV Medial amygdaloid nucleus, anteroventral part

MePD Medial amygdaloid nucleus, posterodorsal

subnucleus

MePV Medial amygdaloid nucleus, posteroventral

subnucleus

MGD Medial geniculate nucleus, dorsal part

MGM Medial geniculate nucleus, medial part

MGV Medial geniculate nucleus, ventral part

MHb Medial habenular nucleus

Mi Mitral cell layer of the main olfactory bulb

MiA Mitral cell layer of the AOB

ml Medial lemniscus

mlf Medial longitudinal fasciculus

MM Medial mammillary nucleus, medial part

MnR Median raphe nucleus

MO Medial orbital cortex

Mo5 Motor trigeminal nucleus

MOB Main olfactory bulb

MPA Medial preoptic area

MPB Medial parabrachial nucleus

MPO Medial preoptic nucleus

MS Medial septal nucleus

mt Mammillothalamic tract

mtg Mammillotegmental tract

ns Nigrostriatal bundle

opt Optic tract

ox Optic chiasm

Pa Paraventricular hypothalamic nucleus

PAG Periaqueductal gray

PB Parabrachial nucleus

pc Posterior commissure

Pe Periventricular hypothalamic nucleus

PH Posterior hypothalamic area

PIL Posterior intralaminar thalamic nucleus

Pir Piriform cortex

PLCo Posterolateral cortical amygdaloid nucleus

PMCo Posteromedial cortical amygdaloid nucleus

PMD Premammillary nucleus, dorsal part

PMV Premammillary nucleus, ventral part

PnC Pontine reticular nucleus, caudal part

Po Posterior thalamic nuclear group

PP Peripeduncular nucleus

Pr5VL Principal sensory trigeminal nucleus,

ventrolateral part

PRh Perirhinal cortex

PrL Prelimbic cortex

pv Periventricular fibre system

PV Paraventricular thalamic nucleus

PVA Paraventricular thalamic nucleus, anterior part

PVP Paraventricular thalamic nucleus, posterior

part

py Pyramidal tract

Re Reuniens thalamic nucleus

RLi Rostral linear nucleus of the raphe

S Subiculum

s5 Sensory root of the trigeminal nerve

scp Superior cerebellar peduncle

SG Suprageniculate thalamic nucleus

SHi Septohippocampal nucleus

SI Substantia innominata

SL Semilunar nucleus

sm Stria medullaris

SNR Substantia nigra, reticular part

sox Supraoptic decussation

sp5 Spinal trigeminal tract

SPF Subparafascicular thalamic nucleus

SPFPC Subparafascicular thalamic nucleus,

parvicellular part

st Stria terminalis

str Superior thalamic radiation

Su5 Supratrigeminal 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

VL Ventrolateral thalamic nucleus

VMH Ventromedial hypothalamic nucleus

VO Ventral orbital cortex

VP Ventral pallidum

vsc Ventral spinocerebellar tract

VTA Ventral tegmental area

VTT Ventral tenia tecta

ZI Zona incerta

ZID Zona incerta, dorsal part

ZIV Zona incerta, ventral part

Introduction

The medial amygdaloid nucleus of the amygdala (Me) is

one of the main structures receiving the projections origi-

nated in the accessory olfactory bulb (Scalia and Winans

1975). As a consequence, it is considered part of the so-

called chemosensory amygdala, together with other nuclei

receiving direct inputs from the main and/or accessory

olfactory bulbs, e.g. the cortical nuclei of the amygdala, the

nuclei of the lateral and accessory olfactory tracts and a

part of the medial posterior bed nucleus of the stria
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terminalis (Table 1; Gutiérrez-Castellanos et al. 2010). In

addition, the Me was very early identified as a relevant

structure for the control of sexual behaviour in male

hamsters (Lehman et al. 1980). Consequently, the Me has

been proposed to be a key node of the sexually dimorphic

network mediating socio-sexual behaviours in rodents

(Newman 1999) and other vertebrates (Goodson 2005),

which is typically enriched in neurones expressing steroid

hormone receptors (Simerly et al. 1990). In fact, there is

solid evidence indicating that the Me is involved in the

control of aggression (Koolhaas et al. 1990; Sano et al.

2013; Wang et al. 2013), parental care (Morgan et al. 1999;

Oxley and Fleming 2000; Tachikawa et al. 2013), inter-

sexual recognition (Moncho-Bogani et al. 2005; Bergan

et al. 2014) and mating (Hari dass and Vyas 2014), as well

as in other behaviours and physiological processes.

Thus, understanding the neuroanatomical substrate of

social behaviours requires a close analysis of the connec-

tions of the Me. The efferent projections of the Me have

been previously characterized in several rodent species

including hamsters (Gomez and Newman 1992; Coolen

and Wood 1998; Maras and Petrulis 2010a), rats (Canteras

et al. 1995) and mice (Usunoff et al. 2009; Pardo-Bellver

et al. 2012). The results of those studies indicate that the

anterior (MeA), posteroventral (MePV) and posterodorsal

(MePD) subdivisions of the Me show some differential

projections. These anatomical data suggest that the pos-

terodorsal part is mainly involved in reproductive behav-

iours, whereas the posteroventral part plays a role in the

expression of defensive reactions, in particular elicited by

predator-derived chemicals (Choi et al. 2005).

However, recent findings about the type of information

perceived by the vomeronasal organ (VNO) have revealed

that, in addition to reproductive-related signals and pred-

ator-derived cues (Papes et al. 2010; Isogai et al. 2011), the

VNO detects chemical signals from competitors (Chamero

et al. 2007), stress-related signals (Nodari et al. 2008) and

illness cues (Riviere et al. 2009). Therefore, the view of the

medial amygdala as a relevant nucleus processing sexually

relevant signals versus chemicals from predators should be

revised taking into account these other possible types of

information. Moreover, the Me also receives direct pro-

jections from the main olfactory bulb (Scalia and Winans

1975; Pro-Sistiaga et al. 2007; Kang et al. 2009, 2011;

Cadiz-Moretti et al. 2013), and therefore it is also a critical

node to integrate olfactory and vomeronasal information.

To fully understand how theMeprocesses the information

derived from the different types of olfactory- and vomero-

nasal-detected chemicals, it is necessary to identify the rest

of the neural inputs received by this nucleus, and in particular

by its subdivisions. However, the topography of the afferents

to the subnuclei of theMehas not been studied in detail in any

mammalian species. In fact, our knowledge about the inputs

to the Me derive from a number of anterograde tracing

studies of some of the structures giving rise to projections to

the Me (see, for a review, Pitkanen 2000), and a few studies

using retrograde tracers encompassing several of the Me

subdivisions (Coolen andWood 1998; Ottersen and Ben-Ari

1979; Veening 1978). Anatomical information is available

mainly for rats (and, to a lesser extent, for hamsters). By

contrast, very little information is available for mice, a spe-

cies used in a large number of behavioural experiments to

understand the role of the vomeronasal system (Halpern and

Martinez-Marcos 2003). These studies have benefited from

the availability of genetically modified mice with alterations

of key genes for the function of the vomeronasal organ,

which have yielded relevant new information on the neural

basis of socio-sexual behaviours (Tirindelli et al. 2009; Zu-

fall and Leinders-Zufall 2007).

With the aim to comprehensively describe the neuro-

anatomical inputs to the different subdivisions of the

medial amygdala, in the present study, we have traced the

afferent projections to the anterior, posterodorsal and

posteroventral subdivisions of the Me by using the retro-

grade tracer fluorogold.

Materials and methods

Animals

For the present study, we used 21 adult female mice (Mus

musculus) from the CD1 strain (Janvier, Le Genest Saint-

Table 1 The amygdaloid structures receiving direct projections from

the olfactory bulbs are considered as the chemosensory amygdala

Chemosensory

amygdaloid subdivision

Amygdaloid structures

Olfactory amygdala Posterolateral cortical amygdaloid nucleus

Amygdalo-piriform transition area

Vomeronasal amygdala Posteromedial cortical amygdaloid nucleus

Posterior part of the posterior division of

the bed nucleus of the stria terminalis

Mixed chemosensory amygdala

Olfactory predominance Anterior cortical amygdaloid nucleus

Cortex-amygdala transition zone

Nucleus of the lateral olfactory tract

Vomeronasal

predominance

Medial amygdaloid nucleus

Bed nucleus of the accessory olfactory

tract

Anterior amygdaloid area

Structures receiving inputs only from the main olfactory bulb con-

stitute the olfactory amygdala. Those receiving inputs only from the

accessory olfactory bulb form the vomeronasal amygdala. Finally,

those receiving inputs from both the main and accessory olfactory

bulbs are considered the mixed chemosensory amygdala
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Isle, France), which were 8–27 weeks old and weighed

26.5–53.2 g. CD1 (also called ICR) is an outbred mouse

strain with a good reproductive rate, docile and useful for

analysis of social and sexual behaviours. In our laboratory

we have extensively used it in the analysis of the attractive

properties of male chemosignals in female mice (e.g.

Moncho-Bogani et al. 2005) and its neurobiological sub-

strate (e.g. Martinez-Ricos et al. 2008; Agustin-Pavón et al.

2014) including tract-tracing studies of the relevant con-

nections (Pardo-Bellver et al. 2012; Cadiz-Moretti et al.

2013).

Mice were kept in cages with food and water ad libitum

in a 12 h light: dark cycle at 25–26 �C. We treated the mice

according to the guidelines of the European Union Council

Directive of June 3rd, 2010 (6106/1/10 REV1). The Com-

mittee of Ethics on Animal Experimentation of the Uni-

versity of Valencia approved the experimental procedures.

Surgery and tracer injections

For surgery, animals received isofluorane (2–2.5 %)

delivered in oxygen (1–1.3 L/min) (MSS Isoflurane

Vaporizer, Medical Supplies and Services, UK) as anaes-

thetic using a mouse anaesthetic mask. They also received

a subcutaneous butorfanol injection (5 mg/kg, Turbugesic,

Pfizer, New York, USA) as analgesic. After fixing the

mouse head in the stereotaxic apparatus (David Kopf,

963-A, Tujunga CA, USA), we drilled a small hole above

the target zone.

To study the afferents to the three subdivisions of the

medial amygdaloid nucleus, mice received iontophoretic

injections of the fluorescent retrograde tracer Fluoro-Gold

(FG) (Hydroxystilbamidine bis(methanesulfonate), Sigma-

Aldrich, Cat # 39286) diluted at 2 % in distilled water. We

delivered the tracer from a glass micropipette (20–30 lm
diameter tips) by means of positive current pulses (7on/

7off, 3 lA) during 3 min. To avoid diffusion of the tracer

along the pipette track, we applied a mild retention current

(-0.1 lA) during the entrance and withdrawal of the

micropipette and left it in place for 10 min after finishing

the injection. Injection coordinates relative to Bregma were

adapted to the CD1 mice from the atlas of the mouse brain

(Paxinos and Franklin 2001) as follows: MeA: AP -1.40 to

-1.45 mm, L -2.0 to -2.1 mm, DV -5.55 to -5.60 mm;

MePV: AP -1.9 mm, L -2.05 to -2.10 mm, DV -5.48;

MePD: AP -1.9 mm, L -2.1 mm and DV -5.18 mm.

After the injection, we closed the wound with Histoacryl

(Braun, Tuttlinger, Germany). During the whole procedure,

animals rested on a thermic blanket to maintain their body

temperature, and they received eye drops (Siccafluid, Thea

S.A Laboratories, Spain) to prevent eye ulceration.

Histology

After 6–8 days of survival, we deeply anaesthetized the

animals with an overdose of sodium pentobarbital (intra-

peritoneal, 100 mg/kg, Eutanax, Laboratorios Normon S.A.

Madrid, Spain) and perfused them transcardially with sal-

ine solution (0.9 %) followed by 4 % paraformaldehyde

diluted in phosphate buffer (PB; 0.1 M, pH 7.6). Following

perfusion, brains were removed from the skulls, postfixed

for 4 h in the same fixative and cryoprotected in 30 %

sucrose in PB (0.1 M, pH 7.6) at 4 �C until they sank. We

used a freezing microtome to obtain sagittal sec-

tions (30 lm) from the bulbs and frontal sections (40 lm)

from the rest of the brain. In both cases, sections were

collected in four parallel series.

After checking the location of the FG injection using

fluorescence microscopy, we processed the sections of one

of the series of each brain for free-floating immunoper-

oxidase detection of FG. To do so, we first inactivated

endogenous peroxidase activity with 1 % H2O2 in Tris-

buffered saline (TBS) (0.05 M, pH 7.6) for 15 min. Then,

we incubated the sections in a blocking solution of TBS

with 0.3 % Triton X-100 (TBS-Tx) containing 8 % of

normal goat serum (NGS) and 4 % of bovine serum

albumin (BSA), for 2 h at room temperature (RT). After

that, we sequentially incubated the sections in: rabbit anti-

Fluorescent Gold (Millipore, Cat # AB153) diluted

1:3,000 in TBS-Tx with 4 % NGS and 2 % BSA over-

night at 4 �C; biotinyled goat anti-rabbit IgG (Vector, Cat

# BA-1,000) diluted 1:200 in TBS-Tx with 4 % NGS for

2 h at room temperature; and ABC Elite (Vectastain ABC

elite kit, Vector Labs, Burlingame, CA, USA) diluted 1:50

in TBS-Tx for 2 h at room temperature. Finally we

revealed the resulting peroxidase labelling with 0.0025 %

diaminobenzidine in PB (0.1 M, ph 8.0) with 0.01 %

H2O2.

The anti-FG antibody has been previously validated in

many papers (e.g. Gutiérrez-Castellanos et al. 2014; sum-

marized in the Journal of Comparative Neurology anti-

body database, available at http://onlinelibrary.wiley.com/

journal/10.1002/(ISSN)1096-9861/homepage/jcn_antibody_

database.htm). We also checked that the omission of the

primary antibody resulted in no labelling in our brain

tissue.

Sections were mounted onto gelatinized slides, dehy-

drated in alcohols, cleared with xylene and covereslipped

with Entellan (Merck Millipore, Cat # 1079610100).

To facilitate the identification of the neural structures

containing retrogradely labelled cells, in most cases we

processed a second series of sections for FG immunohis-

tochemistry and counterstained them with Nissl staining.
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Image acquisition and processing

We observed the sections using an Olympus CX41RF-5

microscope and photographed them using a digital Olym-

pus XC50 camera. Fluorescent images of the FG injection

sites (shown in Fig. 1) were captured with a Leitz DMRB

microscope with epifluorescence (Leica EL-6000) equip-

ped with a specific filter for FG (Leica, A) and a digital

Leica DFC 300 FX camera. Using Adobe Photoshop 7.0

(AdobeSystems, MountainView, CA, USA) pictures were

flattened by subtracting background illumination and

brightness and contrast were optimized. No further changes

were performed. Finally, illustrations were designed with

Adobe Photoshop 7.0 and Illustrator.

Results

For the description of the results we follow the cytoarchi-

tecture and nomenclature by Paxinos and Franklin (2001)

with a few modifications that are discussed where needed.

For the amygdaloid complex (see Tables 1, 2), we follow

the architecture proposed by Martı́nez-Garcı́a et al. (2012)

and the functional grouping of the chemosensory amygdala

proposed by Gutierrez-Castellanos et al. (2010): olfactory

nuclei, receiving inputs only from the main olfactory bulb

(MOB); vomeronasal nuclei, receiving inputs only from the

accessory olfactory bulb (AOB); and mixed nuclei,

receiving inputs from both bulbs, with either olfactory or

vomeronasal predominance.

Fig. 1 Injection sites in the anterior, posteroventral and posterodorsal

subdivisions of the medial amygdaloid nucleus in mice. a–h
Schematic drawings representing the extent of the tracer injections

in the anterior medial amygdaloid nucleus (MeA), posteroventral

medial amygdaloid nucleus (MePV) and posterodorsal medial amyg-

daloid nucleus (MePD). The MeA injections are represented in panels

a–c; MePV injections are shown in panels d, e (injections M1312 and

M1313 were almost identical, and therefore one drawing illustrates

both) and MePD injections are represented in panels g, h. Single
injections are identified with the animal code. Note that no injection

site is present in panel (f), shown only for the sake of the rostro-

caudal continuity of the figure. i–k Fluorescent photomicrographs

through the amygdala showing representative injections sites of

fluorogold. i Injection site in MeA, case M1310. j Injection site in

MePV, case M1303. k Injection site in MePD, case M1257. For

abbreviations, see list. Scale bar in i, valid for i–k = 500 lm
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Table 2 Semiquantitative rating of the density of the retrograde

labelling resulting after tracer injections in three subnuclei of the

medial amygdaloid nucleus

MeA MePV MePD

Olfactory system

Accessory olfactory bulb

MiA rostral/MiA caudal ???? ???? ????/??

Main olfactory bulb

Mi (?)a 0 (?)

Olfactory cortex

DTT/VTT ??/? ?/0 -/0

Pir ?? ? (?)

DEn/VEn ??/?? ??/? ?/(?)

Amygdala and BST

Vomeronasal

PMCo ???? ???? ??

Vomeronasal predominance

MeA injection ???? ????

MeAV/MeAD ???? ???/?? (?)/??

MePV ??? injection ????

MePD ?? ??? injection

BAOT ???? ???? ???

AAV/AAD ?? ??/? (?)/(?)

Olfactory

PLCo ??? ??? ??

APir ?? ? (?)

Olfactory predominance

ACo ??? ??? ???

CxA ?? ? 0

LOT ? (?) ?

Basolateral complex

BLA (?) (?) 0

BLP (?) ? (?)

BLV (?) ? 0

BMA ??? ?? ??

BMP ??? ?? (?)

LaDL/LaVM/LaVL (?)/?/? (?)/?/(?) 0/0/0

Amygdalo-hippocampal transition area

AHi ?? ?? ???

Central

CeC 0 (?) 0

CeL (?) 0 0

CeM ? ? ?

I ? ? (?)

IM ? ? (?)

BSTL

BSTLP (?) 0 0

BSTLV (?) (?) 0

BSTM

BSTMA (?) (?) 0

BSTMV (?) 0 0

Table 2 continued

MeA MePV MePD

BSTMPM ?? ?? ????

BSTMPI ??? ??? ??

BSTMPL ? (?) 0

BSTIA ??? ?? ??

Cortex and hippocampal formation

Al ?? (?) 0

PrL ? (?) 0

Cl (?) 0 (?)

MO ? ? (?)

LO (?) 0 0

IL ? (?) (?)

DP ? ? (?)

PRh (?) 0 (?)

Hippocampal formation

LEnt ?? ? ?

CA1 ??? ??? ??

S ?? ?? ?

Septum/striatum

Lateral septal complex

LSI ? ? ?

LSD (?) 0 0

LSV (?) (?) (?)

SHi ?? ? (?)

Medial septum/diagonal band

MS ?? ?? ?

HDB/MCPO ?? ? ?

VDB ?? ? (?)

Striato-pallidum

VP (?) ? 0

SL ??? ?? ?

SI ?? ?? ?

IPAC (?) 0 0

Thalamus

PVA/PV ??/? ??/? ?/-

PVP ??? ??? ??

Re ?? ?? ?

MD (?) 0 0

MHb (?) (?) 0

Zl ? (?) ?

pv ??? ?? ??

SPF ??? ?? ??

SPFPC ?? ?? ??

PIL ??? ??? ???

SG ?? ? (?)

PP ??? ??? ??

MGM ? ? (?)

Hypothalamus

Preoptic
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Retrograde labelling with FG typically appears as

granular staining of the cell body. Staining intensity ranged

from a few granules surrounding the neuronal nucleus to

darkly stained somata with labelling extending into the

proximal dendritic tree. Each injection was photographed

under fluorescence microscopy to map its location and

extent (Fig. 1). In addition, retrograde labelling in struc-

tures adjoining the injection sites was analysed in fluores-

cence material, since it was difficult to discern in

immunoperoxidase material.

Retrograde labelling after FG injections

into the anterior subdivision of the medial amygdaloid

nucleus (MeA)

Nine injections were aimed at the MeA, four of which were

restricted to this subnucleus (see Fig. 1a–c, i). Five more

injections were centred in the MeA but extended to some

neighbouring structures such as the substantia innominata

(M1242), the anterior amygdaloid area (M1248), the MePD

(cases M1316 and M1314) or the MePV (M1317). The

pattern of labelling was similar in all four restricted

injections (case M1310 is illustrated in Fig. 2; but see

below regarding labelling in the main olfactory bulb), and

the labelling in non-restricted injections is fully consistent

with the pattern described.

In general, the density of labelled cells was high in areas

of the olfactory systems and in several nuclei of the

amygdala and bed nucleus of the stria terminalis (BST),

moderate in the hippocampal formation and scarce in the

neocortex. Within the subcortical telencephalon, labelled

cells were also present in the septum and basal forebrain. In

addition, several populations of labelled cells were seen in

several nuclei of the thalamus, hypothalamus as well as in

some midbrain and brainstem centres.

Retrograde labelling in the olfactory system

As expected, injections of FG in the MeA gave rise to very

dense retrograde labelling throughout the mitral cell layer

of the accessory olfactory bulb (MiA) (Fig. 2a; Table 1),

which represents one of the main sources of inputs to the

MeA. In addition, the main olfactory bulb also displayed

labelled mitral cells, mainly located in the medial and

lateral aspects of the bulb (see Table 2). Labelling density

in the MOB is relatively higher in case M1256, in which

the injection is centred in the superficial layer of MeA, and

in the non-restricted injection M1242, which involved the

external layer of the MeA. By contrast, few labelled cells

are present in the MOB of case M1310 (see Fig. 2a) in

which the injection site was relatively deep and a small

portion of layer 1 was involved.

Secondary olfactory centres also showed remarkable

retrograde labelling. Thus, a moderate number of labelled

cells was observed in the dorsal tenia tecta (DTT, layer III)

(Fig. 3a), while the ventral tenia tecta (VTT) showed

scarce labelling mainly located in its layer II. The piriform

cortex (Pir) showed a heterogeneous pattern of retrograde

labelling, from very scarce in the anterior Pir to dense in its

caudal portion (Figs. 2b–j, 3d). Labelling was distributed

in layers II and III but, occasionally, labelled cells were

seen in layer I, just below the lateral olfactory tract (lo)

(Fig. 2b–d). In addition, the endopiriform nucleus, espe-

cially its dorsal portion (DEn), also showed retrograde

labelling, with a heterogenous antero-posterior distribution

(Figs. 2b–j, 3d).

Retrograde labelling in the amygdala and BST

The amygdala (together with the BST) presented the

densest populations of retrogradely labelled cells, and the

most intensely labelled neurones. Labelling was present in

the chemosensory nuclei, as well as in deep nuclei

Table 2 continued

MeA MePV MePD

MPA (?) 0 (?)

MPO ? ? ??

LPO (?) 0 (?)

Anterior

AH ? ? ?

Pa (?) 0 (?)

Tuberal

VMH ?? ?? ?

DM (?) (?) 0

LH ? ? ?

Arc (?) 0 (?)

TC (?) ? (?)

Mammilary

PMD/PMV 0/? 0/??? 0/????

SuM (?) ? (?)

PH ?? ?? ?

Brainstem and midbrain

PAG (?) (?) (?)

VTA (?) 0 0

RLi (?) 0 0

DR ? ? ?

IP (?) 0 0

MnR (?) (?) (?)

PB ?? ?? ?

a Retrograde labelling in the MOB is scarce in the injections not

affecting significantly the superficial layer of the MeA, but moderate

in the cases encompassing the superficial layer. ???? very dense;

??? dense; ?? moderate; ? scarce; (?) very scarce; 0 not found
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Fig. 2 Semi-schematic drawings of parasagittal (a) and frontal (b–l)
sections through the mouse brain showing the distribution of

retrogradely labelled somata following a fluorogold tracer injection

in the anterior medial amygdaloid nucleus. The injection site is

depicted in panel (g). The semi-schematic drawings are based on the

case M1310, which presented the largest restricted injection. Despite

being relatively large, this injection was centred in deep layers of the

MeA and the injection site only encompassed the superficial layer 1

marginally. Accordingly, labelling in the main olfactory bulb (a) is
much scarcer then in other injections in the MeA. b Is rostral, l is
caudal. For abbreviations, see list
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belonging to the basolateral/amygdalo-hippocampal or

central divisions.

Within the chemosensory amygdala, labelling was dense

in the PMCo (Fig. 2h–k), the only vomeronasal nucleus

that does not receive direct olfactory projections. In gen-

eral, this nucleus showed a very dense labelling, with

labelled somata located in the cellular layers (layers II

and III). Retrogradely labelled neurones appeared

Fig. 2 continued
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heterogeneously distributed: labelling was very dense in

the rostral PMCo (adjacent to the MePV, Fig. 2h), mod-

erate in intermediate levels, where labelled cells

were located mainly in the lateral aspect of the nucleus

(Fig. 2i, j), and very dense in the caudal edge of the

nucleus (Fig. 2k).

With regard to the mixed chemosensory amygdala,

within the nuclei with vomeronasal predominance,

Fig. 3 Photomicrographs of frontal sections illustrating the retro-

grade labelling through the mouse brain of animals receiving a

fluorogold injection in the anterior medial amygdaloid nucleus. The

images correspond to the retrograde labelling presented in the cases

M1310 (a, b, c, f) and M1319 (d, e, g). a Retrograde labelling in the

prelimbic and infralimbic areas of the prefrontal cortex and the rostral

areas of the septum. b Retrogradely labelled neurones in the boundary

between the deep olfactory tubercle and the nucleus accumbens.

c Retrogradely labelled neurones in the ventromedial hypothalamus.

d Numerous labelled cells in the posterodorsal and posteroventral

subnuclei of the medial amygdala, as well as in the anterior and

posterolateral cortical amygdaloid nuclei. e Retrogradely labelled

cells in the midline thalamus and posterior hypothalamus. The inset

shows the Golgi-like stained neurones observed in the posterior

hypothalamic area. f Retrogradely labelled neurones in the posterior

intralaminar thalamic complex. g Retrograde labelling in the

parabrachial nucleus of the brainstem. For abbreviations, see list.

Scale bar in a (valid for b–f): 500 lm. Scale bar in g: 250 lm. Scale

bar in inset in b: 100 lm. Scale bar in inset in e: 50 lm
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labelling was present in the different divisions of the Me,

the bed nucleus of the accessory olfactory tract (BAOT)

and the anterior amygdaloid area (AA) (Table 2). Within

the Me very dense labelling was observed in the non-

injected portions of the MeA, including the dense-celled

regions of the anteroventral (MeAV) and the anterodorsal

(MeAD) parts of the MeA, which are rostral to the injection

site (Fig. 2f). The MePV showed a heterogeneous pattern

of labelling along its antero-caudal axis, very dense at

rostral levels (Fig. 3d) and less so caudally (Fig. 2h, i).

Finally, the MePD presented, in general, moderate label-

ling with a conspicuous heterogeneity in the distribution of

labelled cells (Fig. 2h, i). As Fig. 3d illustrates, at least at

rostral levels of the MePD, labelled cells apparently lined

up the outer boundary of the cell layer, with deeper regions

showing a lower density of stained cells. In addition, the

BAOT showed also very dense labelling with darkly

stained somata (Fig. 2f), whereas the ventral and dorsal

divisions of the AA (AAV, AAD) presented a moderate

density of retrograde labelling.

Regarding to the olfactory amygdala (Table 2), the

posterolateral cortical amygdaloid nucleus (PLCo) dis-

played a high density of labelled cells (Fig. 2h–j), most

cells being located in layer II and to a lesser degree in layer

III (see Fig. 3d). By contrast, the amygdalo-piriform tran-

sition area (APir) showed a moderate density of labelled

cells (Table 2; Fig. 2k).

Among the nuclei of the mixed chemosensory amygdala

with olfactory predominance (Table 2), the anterior corti-

cal amygdaloid nucleus (ACo) showed a dense population

of labelled neurones in the cell layer (Figs. 2e–g, 3d). The

cortex-amygdala transition zone (CxA) displayed moderate

labelling density, with the labelled somata mainly located

in layer II (Fig. 2e). Finally, the nucleus of the lateral

olfactory tract (LOT) showed just a few retrogradely

labelled cells confined to layer I (Fig. 2e).

Within the multimodal or deep amygdala (Table 2), in

the basolateral complex, the anterior and posterior parts of

the basomedial amygdaloid nucleus (BMA, BMP, respec-

tively) showed a heterogeneous labelling density (dense, in

average). In both nuclei dense labelling was present in their

rostral parts while in their posterior parts the labelling

decreased to moderate (Fig. 2e–j). In the basolateral

amygdaloid nucleus, the anterior (BLA), ventral (BLV)

and posterior (BLP) parts showed scarce labelling

(Fig. 2h–k). In the lateral amygdaloid nucleus labelling

was scarce in its ventromedial and ventrolateral parts

(LaVM, LaVL) and very scarce in its dorsolateral part

(LaDL) (Fig. 2h–j). Finally, in the amygdalo-hippocampal

area (AHi) labelling was denser in the rostral half than its

caudal aspect (Fig. 2i–k).

To complete the description of retrograde labelling in

the amygdala, scarce or very scarce labelling was observed

in the central amygdaloid nucleus (Table 2), mainly in its

medial division (CeM, Fig. 2f–h), and in the intercalated

nuclei of the amygdala (I), including the main intercalated

nucleus (IM; Fig. 2f–h).

Within the BST complex, the posterior part of the

medial subdivision presented the strongest labelling

(Fig. 2d). The posterointermediate part of the medial

division of the BST (BSTMPI) showed dense labelling

whereas in the posteromedial (BSTMPM) and posterolat-

eral (BSTMPL) parts labelled cells were relatively scarcer

(Fig. 4a, d). Other parts of the BST (results not shown)

display a low number of labelled cells, including the ven-

tral (BSTMV) and anterior parts of the medial BST

(BSTMA), and the posterior and ventral parts of the lateral

BST (BSTLP and BSTLV, respectively; Table 1). Finally,

the intraamygdaloid part of the BST (BSTIA) showed

dense labelling with the stained cells located more fre-

quently in its medial aspect adjoining the MePD (Figs. 2h,

i, 3d).

Retrograde labelling in the cerebral cortex, including

the hippocampal formation

According to (Palomero-Gallagher and Zilles 2015), the

cerebral cortex is composed of isocortical areas showing 6

cell layers, and several allocortical regions with 1 (hippo-

campal formation, archicortex) or 2 cell layers (primary

olfactory cortex). The isocortex and allocortex are sepa-

rated by stepwise transition zones known as mesocortex.

After injections in the MeA, retrograde labelling was

absent in the isocortex, scarce in the transitional meso-

cortical areas, prominent in some areas of the hippocampal

formation and even abundant in paleocortical areas (see

above). Thus, a low density of retrogradelly labelled cells

was observed in regions of the prefrontal cortex, including

the medial orbital (MO), prelimbic (PrL), infralimbic (IL)

and dorsal peduncular cortices (DP) (Figs. 2b, 3a;

Table 2). Except for case M1257, in which the IL dis-

played a moderate number of labelled cells, the rest of the

areas in the medial prefrontal cortex showed very scarce

labelling. In the lateral aspect of the mesocortex, few

labelled cells were observed in the lateral orbital cortex

(LO), a moderate density of labelled cells appeared in the

agranular insular cortex (ventral and posterior parts; AIV,

AIP) and scarce labelling was present in the perirhinal

cortex (PRh) (Fig. 2c–k). In addition, a few retrogradelly

labelled neurones were occasionally observed in the

claustrum (Fig. 2c), a cortical derivative (Puelles et al.

2000) located deep to the insula.

More caudally, a moderate number of labelled neurones

were seen in the lateral entorhinal cortex (LEnt; Fig. 2i–k),

where labelling was especially dense immediately caudal

to the APir.
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Finally, regarding the hippocampus, a dense population

of labelled somata appeared restricted to the ventralmost

region of the field CA1 of the caudal hippocampus (CA1)

(Fig. 2k).

Labelling in the septum and ventral forebrain

In the septal complex, a moderate density of labelling

appeared in the rostral septohippocampal nucleus (SHi),

just ventral to the DTT (Figs. 2b, 3a). The intermediate

part of the lateral septum (LSI) displayed scarce labelling,

with the labelled somata located next to the medial septal

nucleus (MS) (Fig. 2b, c). In the rest of the complex, we

observed very scarce labelling in the dorsal and ventral part

of the lateral septum (LSD, LSV, respectively).

The vertical and horizontal limb of the diagonal band

(VDB, HDB, respectively) and the MS presented a mod-

erate number of labelled somata lining up at the boundary

with the LSI (Fig. 2c). At the rostral HDB, labelled somata

clustered in the lateral edge of the HDB, next to the

olfactory tubercle (Tu; Fig. 2c). In contrast, more caudally

intensely labelled somata were distributed homogeneously

in the caudal HDB and adjacent magnocellular preoptic

nucleus (MCPO; Fig. 2d). Within the basal cerebral

hemispheres, at rostral levels a number of darkly stained

cells were observed in the territory located between the

nucleus accumbens (Acb) and the Tu (Fig. 3b). In addition,

a group of intensely labelled cells was observed in the

semilunar nucleus (SL; Figs. 2b, 3a). Finally, the substantia

innominata (SI) presented moderate labelling, and the

Fig. 4 Photomicrographs of frontal sections illustrating the retro-

grade labelling present in the medial subdivision of the bed nucleus of

the stria terminalis (BSTM) after fluorogold injections in the medial

amygdaloid nucleus. a, d Retrograde labelling after an injection in the

anterior part of the medial amygdala, case M1318, showing the

resulting dense labelling in the posterointermediate part of the BSTM

(a is rostral, d is caudal). b, e Retrograde labelling after an injection in
the posteroventral part of the medial amygdala, case M1303,

illustrating the dense labelling observed in the posterointermediate

part of the BSTM and the heterogeneous labelling present by the

posteromedial part of the BSTM (b is rostral, e is caudal). c,
f Retrograde labelling after an injection in the posterodorsal part of

the medial amygdala, case M1257, illustrating the dense labelling

showed by the posteromedial part of the BSTM (c is rostral, f is

caudal). Note also the dense labelling in the anterior paraventricular

thalamic nucleus in a and b. For abbreviations, see list. Scale bar in

a valid for (b–f): 500 lm
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ventral pallidum (VP) and interstitial nucleus of the pos-

terior limb of the anterior commissure (IPAC) showed a

few, scattered labelled somata (Fig. 2c–e).

Retrograde labelling in the thalamus

After FG injections in the MeA, retrograde labelling was

observed in the anterior, midline and posterior-intralami-

nar-peripeduncular thalamic regions. Within the anterior

thalamus the paraventricular thalamic nucleus (PVA) dis-

played a large number of labelled cell bodies (Figs. 2d, e,

4a), with a very striking heterogeneous distribution

(Table 2). In its rostral edge, it presented a very dense

labelling with darkly stained cells. At intermediate rostro-

caudal levels, the labelling decreased to scarce (Fig. 2e–g),

and even more caudally, the posterior paraventricular tha-

lamic nucleus (PVP) showed a high density of intensely

labelled cells (Figs. 2h, i, 3e).

In addition, a low density of labelled cells could be

observed in the mediodorsal nucleus (MD) and medial

habenula (MHb). In one injection (M1256), the central

medial thalamic nucleus and the lateral habenular nucleus

also showed a few labelled cells. Ventrally, a group of

labelled neurones appeared in nucleus reuniens (Re;

Figs. 2e–g, 4d) and the zona incerta (ZI) also showed a few

labelled cell bodies (Fig. 2f, g).

In the caudal thalamus, dense retrograde labelling

appeared in the SPF, and a group of labelled cells appeared

near the midline, among the tracts of the pv, apparently

connecting the cell groups in the PVP and SPF (Figs. 2i, 3e).

Within the SPF, a small group of labelled cell bodies

extended caudo-laterally into its parvocellular part (SPFPC;

Fig. 2j). Even more caudally, a high density of retrogradely

labelled cells was seen in the posterior intralaminar (PIL) and

peripeduncular nucleus (PP). Retrogradely labelled cells

appeared also in the medial division of the medial geniculate

nucleus (MGM) (Figs. 2k, 3f) and the suprageniculate

nucleus (SG), where labelling was scarcer.

Retrograde labelling in the hypothalamus

In the hypothalamus labelled cells were present from pre-

optic to mammillary levels, but their density was quite low

with two exceptions, the ventromedial hypothalamic

nucleus (VMH) and the posterior hypothalamic nucleus

(PH).

In the preoptic hypothalamus, sparse labelled neurones

were present in the medial preoptic nucleus (MPO) and the

medial and lateral preoptic areas (MPA, LPO; Fig. 2d;

Table 2). At anterior levels, sparse labelled cell bodies

were seen in the anterior hypothalamic area (AH) and

paraventricular hypothalamic nucleus (Pa). At tuberal

levels the VMH showed a moderate number of labelled

cells (Fig. 2g, h) bilaterally, with clear ipsilateral domi-

nance, present both in its dorsolateral and ventrolateral

divisions (Fig. 3c). In addition, sparse labelled cells

appeared in the dorsomedial (DM) and arcuate nucleus

(Arc), in the tuber cinereum (TC) and in the lateral hypo-

thalamic area (LH; Figs. 2e–i, 3c).

Within the mammillary hypothalamus, labelled cells

were present in the PH (Fig. 2h–j), mainly at at caudal

levels. In addition, retrograde labelling was scarce in the

ventral premammillary nucleus (PMV). Finally, the su-

pramammillary nucleus (SuM) displayed a few, sparse

retrogradely labelled cells (Fig. 2k).

Retrograde labelling in the midbrain and brainstem

Labelled cells were very scarce and scattered in diverse

nuclei of the midbrain and brainstem, including the ventral

tegmental area (VTA), interpeduncular nucleus (IP), peri-

aqueductal gray (PAG), rostral linear nucleus of the raphe

(RLi) and the dorsal (DR) and median raphe nuclei (MnR)

(Table 2). The few retrogradely labelled cells found in the

PAG were scattered across its different subdivisions. In

addition, the parabrachial nucleus (PB) presented a mod-

erate density of labelled cells, both in its medial and lateral

divisions (Figs. 2l, 3g).

Contralateral labelling

Although FG injections in the MeA gave rise mainly to

ipsilateral retrograde labelling, labelled cells were also

observed in the side of the brain contralateral to the

injection. In general, these nuclei were the contralateral

counterparts of the ipsilateral structures that presented very

dense or dense labelling. Thus contralateral labelling was

scarce in the amygdaloid PLCo and PMCo, the thalamic

SPF, PIL and PP, the VMH in the hypothalamus and the PB

in the brainstem. Occasional (very scarce) labelling was

also observed in the contralateral LEnt, in the hippocampal

formation; the LSI, VDB, and HDB in the septal complex;

the SL and SI in the striato-pallidum; numerous structures

in the amygdala and BST (MeA, BLA, BMP, APir,

BSTMPM, BSTMPI); the PVA, Re, ZI, pv and SPFPC in

the thalamus; the MPO, Pa, PH, PMV and Arc in the

hypothalamus; and the PAG, AH and DR in the midbrain

and brainstem.

Retrograde labelling after FG injections

into the posteroventral subdivision of the medial

amygdaloid nucleus (MePV)

Six injections of FG involved the MePV, three of which

were restricted to this subnucleus (cases M1303, M1312

and M1313; Fig. 1d, e, j) and the remaining encompassed
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also adjoining regions such as the caudal MeA (M1249),

the ventral MePD (M1259) and the ACo and PMCo

(M1301). The results of non-restricted injections are con-

sistent with the pattern of labelling revealed by restricted

cases, which is described below.

Experiment M1303 is illustrated as representative case

of retrograde transport of FG from the MePV (Fig. 5). In

general, retrograde labelling was present in the same nuclei

observed after FG injections in the MeA. Differences

pertained to the relative density of labelled cells and their

distribution within the nucleus in some centres of the

olfactory systems, cortex, septum, striato-pallidum, thala-

mus and hypothalamus (see Table 2). Therefore, we will

focus our description on those differences.

Retrograde labelling in the olfactory system

As in the case of FG injections in the MeA, very dense

labelling was observed throughout the MiA of the AOB

(Figs. 5a, 6a). In contrast, no labelling appeared in theMOB.

Among the secondary olfactory centres, the observed

retrograde labelling was in general less dense than after the

injection in the MeA. Thus, the DTT and anterior Pir

presented scarce labelling (Fig. 5b–d), and only in the

caudal part of the Pir (next to the PLCo), we observed a

moderate density of retrogradely labelled cells (mainly in

layer II, Fig. 5h, j). Similar to the Pir, the DEn showed

scarce labelling in its rostral part and moderate labelling

caudally (Fig. 5c, j). Last of all, the VEn showed moderate

labelling (Fig. 5d, j).

Retrograde labelling in the amygdala and BST

Within the vomeronasal amygdala, as described in the

injections in the MeA, the PMCo showed in general a very

dense labelling with darkly stained somata (Table 2). The

intranuclear distribution of labelled stomata was heteroge-

neous (although not as conspicuous as in the case of MeA

injections), with labelling being dense rostrally and cau-

dally but moderate at intermediate levels (Figs. 5j, k, 6d).

Regarding to the mixed nuclei with vomeronasal pre-

dominance (Table 2), the MeA showed also a very dense

labelling (Figs. 5h, 6c). Within the MeA, the labelling

presented a heterogeneous distribution, with moderate and

dense labelling observed in the MeAD and MeAV,

respectively (Figs. 5g, 6b). The MePD showed in general a

dense labelling (Table 2), with a heterogeneous distribu-

tion of labelled somata (Fig. 5i, j). Darkly stained somata

were aligned along the most medial part of the cellular

layer in the limit with the external layer. The inner part of

the cellular layer presented moderate labelling (which was

denser than that observed in the same location after the

MeA injections) (Fig. 5i, 2h respectively). In addition, the

BAOT presented very dense labelling (Figs. 5g, 6b) and

the AAV and AAD, showed moderate and scarce labelling,

respectively (Fig. 5e, f).

Within the olfactory amygdala (including the mixed

nuclei with olfactory predominance) the retrograde label-

ling observed was very similar to that obtained following

the injection in the MeA (Table 2). Thus, the PLCo

(Fig. 5i, j) and ACo (Figs. 5f–i, 6b, c) presented dense

labelling, while the APir (Fig. 6d) and CxA (Fig. 5e–h)

showed scarce labelling. Finally, in the LOT we observed

very scarce labelling with the labelled neurones present in

layer I (Fig. 5f).

Within the basolateral complex, the BMA and BMP

showed in general a moderate labelling (Table 2) with a

heterogeneous distribution. In the BMA the labelling was

mainly located in its anterior part (Fig. 5f–i), whereas in

the BMP retrogradely labelled cells were more frequent in

its posterior aspect (Fig. 5i–k). Within the lateral amyg-

daloid nucleus, the LaVM presented scarce labelling and

only a few cells were present in the LaDL and LaVL

(Fig. 5i, j). Retrograde labelling was also scarce in the

basolateral nucleus, where it was mainly observed in the

BLP and BLV (Fig. 5h–k).

With regard to the AHi, as observed following MeA

injections, it showed a moderate amount of labelling

(Table 2), present mainly in its rostral part (Fig. 5j, k).

Finally, the central amygdala and associated intercalated

cell masses showed almost the same pattern of retrograde

labelling that we observed following the MeA injections

(Table 2), with only a few labelled cells observed mainly

in the CeM, the IM and I (Fig. 5f–h; Table 2).

The labelling obtained in the BST followed the same

pattern described after the injections in the MeA (Table 2).

The densest labelling was present in the BSTMPI (Figs. 4b,

e, 5d, e), and a moderate density of labelled cells was

observed in the BSTMPM (Figs. 4b, e, 5d, e). In addition,

very scarce labelling was present in the BSTMA and the

BSTLV (Table 2). Finally, the BSTIA showed a moderate

amount of retrogradely labelled cells, with darkly stained

somata located along its limit with the MePD (Fig. 5i).

Retrograde labelling in the cerebral cortex, including

the hippocampal formation

In general, the retrograde labelling resulting from the

MePV injections was less dense than the one observed in

the MeA injections (Table 2). Scarce retrogradely labelled

cells were present in the MO and DP, with only a few cells

observed in the IL, PrL and AI (Fig. 5b–k). Within the

hippocampal formation, the CA1 showed dense labelling,

with the labelled cells restricted to its ventral part (Fig. 6d).

By contrast, the LEnt presented scarce labelling

(Fig. 5j, k).
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Fig. 5 Summary of the distribution of retrograde labelling following

a fluorogold injection in the posteroventral medial amygdaloid

nucleus, plotted onto semi-schematic drawings of parasagittal

(a) and frontal (b–l) sections through the mouse brain. The injection

site is depicted in panel (i). a Is rostral, l is caudal. The semi-

schematic drawings are based on the case 1303, which presented the

largest restricted injection. For abbreviations, see list
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Labelling in the septum and ventral forebrain

As described for the cortex, the septum and striatum

showed less retrograde labelling than that observed after

the MeA injections (Table 2). The SHi presented scarce

labelling (Table 2), with darkly stained somata mainly

clustered dorsal to the SL (as shown in the MeA injections,

see Fig. 3a). The LSI and LSV showed scarce or very

Fig. 5 continued
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scarce labelling respectively (Fig. 5c; Table 2). No label-

ling appeared in the LSD.

In the MS, VDH and HDB/MCPO, the location and

distribution of the labelled somata were similar to that

previously described for the MeA injections (see descrip-

tion above). The main difference was a relatively scarcer

number of labelled cells in the diagonal band (Fig. 5c–e).

In the rostral striato-pallidum, as described in the MeA

injections, a group of darkly stained somata was located

between the Tu and the Acb (Fig. 5b). In addition, the SL

presented moderate labelling (Table 2), with some darkly

stained cells. More caudally, a few labelled cells were

present in the VP (Fig. 5c). Finally, the SI showed also

moderate labelling (Fig. 5d–f).

Retrograde labelling in the thalamus

The PVA, PV, PVP and Re showed the same densities and

distribution of retrograde labelling described in the MeA

injections (see description above, Table 2). Briefly, the

PVP and PVA showed dense and moderate labelling,

respectively, with only scarce labelling observed at inter-

mediate levels (PV) between the PVA and the PVP

(Figs. 4b, e, 5d–j). The Re presented a moderate number of

retrogradely labelled cells.

Regarding to the structures of the posterior intralaminar

thalamus (SPFPC, PIL, PP and MGM), all showed the

same densities of labelling, distribution of labelled somata,

and presence of darkly stained somata as described in the

MeA injections (see the description above, Table 2). In

summary, the PIL and PP showed dense labelling, the

SPFPC presented moderate labelling and only a few

labelled cells were present in the MGM (Fig. 5j, k).

Retrograde labelling in the hypothalamus

The VMH, MPO, AH, LH and DM presented the same

densities of retrograde labelling (Table 2) and distribution

Fig. 6 Photomicrographs of parasagittal (a) and frontal (b–d) sections
through the mouse telencephalon, illustrating the retrograde labelling

observed in animals receiving a fluorogold injection in the postero-

ventral medial amygdaloid nucleus. The images correspond to the

retrograde labelling presented in the cases M1313 (a, d) and M1303

(b, c). a Retrogradely labelled mitral cells in the accessory olfactory

bulb. b Numerous labelled cells in the anterodorsal and anteroventral

subdivisions of the anterior medial amygdaloid nucleus, as well as in

the bed nucleus of the accessory olfactory tract, the anterior cortical

amygdaloid nucleus and the basomedial nucleus. c Very dense

retrogradely labelled cells in the anterior medial amygdaloid nucleus,

just rostral to the injection site. d Retrogradely labelled cells in the

posteromedial cortical amygdaloid nucleus and in the ventral

hippocampus. For abbreviations, see list. Scale bar in a (valid for

b–d): 500 lm
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of labelled somata previously described for the MeA

injections (see description above). Briefly, the VMH

showed moderate labelling. In the MPO, AH and LH we

observed scarce labelling, and only very few cells appeared

in the DM (Fig. 5d–j).

The most relevant difference with the retrograde label-

ling observed after the injection in the MeA is the dense

labelling with darkly stained somata present in the PMV of

the mammillary hypothalamus (Fig. 5j; Table 2). We also

observed minor differences in the PH, SuM and TC. In the

case of the PH, the labelling was moderate (as in the MeA

injections) but labelled cells were strikingly clustered

ventrally to the pv and dorsally to the PMD (Fig. 5i, j;

Table 2).

Retrograde labelling in the midbrain and brainstem

The PB showed a moderate density of labelled cells with

the somata mainly located between its rostral part and the

beginning of the fourth ventricle (Fig. 5l). In addition, the

DR presented a low number of retrogradely labelled cells

(Fig. 5l) and only very scarce labelling was present in the

PAG and the MnR (Table 2).

Contralateral labelling

As described in the injection in the MeA, the retrograde

labelling resulting from the MePV injections was mostly

ipsilateral, although some structures showed bilateral

labelling. We observed moderate labelling in the contra-

lateral PMCo, and scarce labelling in the PIL, PP, VMH

and PB. In addition, we observed very scarce labelling in

several amygdaloid structures (MeA, MePV, AVV, ACo

and BMA), in some BST subnuclei (BSTMPM and

BSTMPI), in the hippocampal CA1, in the septum and

ventral forebrain (LSI, MS, HDB, VDB, SL and SI), in the

thalamus (PVA, PV, PVP, pv, Re, ZI, SPF and SPFPC), in

the hypothalamus (MPO, LH, Arc and PH) and finally in

the PAG and MnR of the midbrain and brainstem.

Retrograde labelling after FG injections

into the posterodorsal division of the medial

amygdaloid nucleus (MePD)

We obtained six injections in the MePD, three of them

(cases M1209, M1257 and M1320) restricted to this sub-

nucleus (Fig. 1g, h). All these injections affected the cel-

lular layer of the caudal half of the MePD. Case M1257

(Fig. 1k) was used to illustrate the observed retrograde

labelling throughout the brain (Fig. 7). The non-restricted

injections affected adjoining structures, such as the MePV

(case M1307), the MeA (case 1308) or the BMA (case

M1307), but were useful to corroborate the observed

labelling.

The three restricted injections gave rise to a similar

pattern of retrograde labelling, described below and sum-

marized in Table 2. In general, a smaller number of neural

structures presented labelling and they showed less density

of labelled cells compared with the MeA and MePV

injections. Differences were mainly observed in the AOB

and some centres of the amygdala, BST and hypothalamus

(see Table 2). We will focus our description on those

differences.

Retrograde labelling in the olfactory system

In contrast to the results obtained following the injections

in the MeA and MePV, the retrograde labelling observed in

the AOB was strikingly heterogeneous, being denser in the

rostral than in the caudal MiA (Figs. 7a, 8a). Regarding to

the MOB, in two injections (cases M1257 and M1209), the

Mi presented very scarce labelling, with lightly stained

somata observed in the lateral and medial aspects of the

MOB (Table 2).

In the secondary olfactory centres, including the DTT,

Pir and endopiriform nucleus, the distribution of retrograde

labelling was similar to that observed after the injections in

the MePV (Fig. 7b–h), although a lesser amount of retro-

gradely labelled cells was observed (Table 2).

Retrograde labelling in the amygdala and BST

In the vomeronasal amygdala, the injections in the MePD

resulted only in a moderate amount of retrogradely labelled

cells in the PMCo. This contrasts with the result obtained

after MeA and MePV injections, in which the PMCo pre-

sented very dense labelling. The intranuclear distribution of

the retrograde labelling follows the same pattern described

following the injections in the MeA and MePV, that is,

dense in its rostral and caudal parts (Fig. 7g, i, 8c), and

moderate at intermediate levels (Fig. 7h).

Within the mixed chemosensory nuclei with vomero-

nasal predominance (Table 2), the MeA showed very dense

labelling, with labelled cells located mainly at the caudal

MeA (Fig. 7f). Noteworthy, in contrast to the results

obtained following the injections in the MeA, at rostral

levels the MeAD and MeAV subnuclei showed only

moderate and very scarce labelling, respectively (Fig. 7e).

More caudally, the MePV presented very dense labelling

(Fig. 7g). The BAOT presented dense labelling (Fig. 7e),

with darkly stained cells. Finally, the AAV and AAD

showed very few labelled cells, in contrast with the mod-

erate labelling observed after MeA and MePV injections

(Table 2).
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The structures composing the olfactory amygdala, includ-

ing the mixed nuclei with olfactory predominance, showed

less density of labelling following the injections in the MePD

than after the injections in theMeA andMePV (Table 2). The

densest labelling was observed in the ACo, mainly present in

the caudal aspect of the nucleus (Fig. 7e, f). The PLCo pre-

sented moderate labelling, with darkly stained cells located

mainly in the medial part of the layer II (Figs. 7g, h, 8b). In

addition, the APir (Fig. 7i) and the LOT presented only a few

labelled cells. Noteworthy, the CxA was devoid of labelled

somata, in sharp contrast to what we observed in the case of

MeA and MePV injections (Table 2; Fig. 7e, f).

Compared with the MeA and MePV injections, the

basolateral complex was almost devoid of labelled cells

with the exception of the BMA, which showed a moderate

density a labelling (Fig. 7e, f). In addition, within the deep

amygdaloid nuclei, the AHi presented, in general, a denser

labelling than that observed following injections in the

MeA and MePV, with retrogradely labelled cells located

mainly in its rostral and medial aspect (Figs. 7g, h, 8c).

Finally, within the central amygdala the CeM showed a

low number of retrogradely labelled cells (as observed after

injections in the MeA and MePD, Table 2), while the I and

IM presented very scarce labelling (Fig. 7e–g).

Within the BST complex, unlike the MeA and MePV

injections, only the BSTMPM, the BSTMPI and the BSTIA

presented retrograde labelling (Table 2). The BSTMPM

presented very dense labelling (much denser than after

injections in the MeA and MePV, Table 2), with more

labelled neurones present in its dorsal part (Figs. 4c, f, 7c).

In contrast, the BSTMPI presented moderate labelling

bFig. 7 Semi-schematic drawings of parasagittal (a) and frontal

(b–j) sections through the mouse brain showing the distribution of

retrogradely labelled somata following a fluorogold injection in the

posterodorsal medial amygdaloid nucleus. The injection site is

depicted in panel (g). a Is rostral, j is caudal. The semi-schematic

drawings are based on case M1257, which presented the largest

restricted injection. For abbreviations, see list

Fig. 7 continued
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(Fig. 7c, d), less dense than following MeA or MePV

injections. Finally, the BSTIA showed a moderate number

of retrogradely labelled cells (Fig. 7g, h), similar to that

observed after the MePV injections.

Retrograde labelling in the cerebral cortex, including

the hippocampal formation

The retrograde labelling in mesocortical structures was

very scarce following the injections in the MePD (and

scarcer if compared with the results of injections in the

MeA and MePD), with a few cells present in the MO, IL,

DP, Cl and PRh (Table 2). Within the hippocampal for-

mation, similar to the findings after injections in the MeA

and MePV, the CA1 showed moderate labelling, with the

labelled cells restricted to its ventral part (Fig. 7i), and a

low number of labelled cells were observed in the LEnt

(Fig. 7i).

Labelling in the septum and ventral forebrain

The distribution of the labelled somata within these areas

was similar to that observed in the MeA and MePD

injections. In the lateral septum, the LSI showed scarce

labelling, and only a few labelled cells appeared in the LSV

and SHi (Fig. 7b; Table 2). The MS and HDB/MCPO

showed scarce labelling while the VDB presented very

scarce labelling (Fig. 7b–d). Within the striato-pallidum,

the SL and SI displayed scarce labelling.

Retrograde labelling in the thalamus

The injections in the MePD gave rise to a smaller number

of retrogradely labelled cells in the anterior midline thal-

amus, but the location and distribution of labelled cells

follow a similar pattern to that described following the

injections in the MeA and MePV (Table 2; Figs. 4c, 7c–g).

Fig. 8 Photomicrographs of parasagittal (a) and frontal (b–d) sections
through the mouse forebrain, illustrating the retrograde labelling

present in animals receiving a fluorogold injection in the posterodor-

sal medial amygdaloid nucleus (MePD). The images correspond to

the retrograde labelling presented in the cases M1257 (a, b) and

M1302 (c, d). a Retrogradely labelled mitral cells in the accessory

olfactory bulb, mainly present in its anterior part. b Numerous

labelled cells in the posteroventral medial amygdaloid subnucleus, as

well as in the posterolateral cortical amygdaloid nucleus. Note that

only scarce labelling is present at this level in the posteromedial

cortical amygdaloid nucleus. c Dense retrograde labelling in the

lateral aspect of the posteromedial cortical amygdaloid nucleus and in

the medial part of the amygdalo-hippocampal area. d Retrogradely

labelled cells in the ventral premammillary nucleus of the hypothal-

amus. For abbreviations, see list. Scale bar in a (valid for b–d):
500 lm
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In the posterior intralaminar thalamic complex, the distri-

bution and density of the observed labelling was very

similar to that described following the MeA and MePD

injections (Fig. 7g–i), with the exception of the PP and SG

which presented less labelled cells (Table 2).

Retrograde labelling in the hypothalamus

Retrograde labelling in the hypothalamus following the

MePD injections differed from the one observed after the

tracer injections in the MeA and MePD mainly in the PMV,

the MPO and the VMH (Table 2). Within the preoptic

hypothalamus, the MPO showed moderate labelling (only

scarce labelling was obtained after the injections in the

MeA and MePV), with darkly stained cells mainly located

next to the BSTMPM (Fig. 7c, d; Table 2). Within the

tuberal hypothalamus, the VMH presented scarce labelling

(Fig. 7e, f), compared to the moderate labelling showed

after the MeA and MePV injections (Table 2). Within the

mammillary hypothalamus, the PMV showed very dense

labelling (Figs. 7h, 8d), compared with the few labelled

cells found after the MeA injections. Finally, in the anterior

hypothalamus, and the rest of structures of the tuberal and

mammillary hypothalamus, the observed labelling was

very similar to that described after the injection in the MeA

and MePV (Table 2).

Retrograde labelling in the midbrain and brainstem

The retrograde labelling obtained was virtually identical to

that observed following the injections in the MePV

(Fig. 7h–j; Table 2), with the PB being the only exception.

It showed scarce labelling present both in its medial and

lateral divisions (Fig. 7j).

Contralateral labelling

As described before in the MeA and MePV injections, the

retrograde labelling found after FG injections in the MePD

was mainly ipsilateral, and only a few labelled neurones

were present in the contralateral hemisphere. Within the

contralateral amygdala, the PMCo and MePV presented

scarce labelling with darkly stained somata, and a few

labelled cells were also present in the MeA and PLCo. In

the BST, the BSTMPM and BSTMPI presented very scarce

labelling. Within the septum and ventral forebrain, the MS,

HBD and SL showed a very low number of labelled cells.

Regarding to the thalamus, the SPF displayed scarce

labelling, while the PVA, Re, SPFPC, PP and PIL pre-

sented only occasional labelling. Finally, within the

hypothalamus, brainstem and midbrain the Arc, VMH, LH,

TC, PMV, PH, PAG and PB showed a few scattered

labelled cells.

Discussion

The results presented in this work describe for the first

time, using restricted injections of retrograde tracers, the

pattern of afferent projections to the main subdivisions of

the Me in female mice. The results obtained confirm the

general pattern of afferents to the Me (as a whole) inferred

from a number of anterograde tracing studies in other

rodents, mainly male rats and hamsters (see Pitkanen,

2000). This indicates that, despite the interspecies and

intersexual differences in socio-sexual behaviours in which

the Me is likely to be involved, the connectivity of the Me

is similar. In addition, the analysis of the centripetal con-

nections to the three subnuclei the medial amygdala reveals

that, although a small number of differences in the inputs to

the anterior, posteroventral and posterodorsal subdivisions

of the Me exists, a common pattern of inputs predominates

(see Fig. 9). The MePD is the subnucleus that shows more

important differences in connectivity compared to the MeA

and MePV, with these two subnuclei being more similar

(see discussion below). The projections to all three medial

amygdaloid subnuclei are mainly ipsilateral, although some

of the afferent inputs are bilateral with ipsilateral

predominance.

Projections to the medial amygdaloid nucleus

from the olfactory system

Our results confirm and extend previous works that dem-

onstrated that the Me receives convergent projections

arising from the AOB and the MOB (Pro-Sistiaga et al.

2007; Kang et al. 2009; Cadiz-Moretti et al. 2013). The

AOB provides massive inputs to the three subnuclei of the

Me. These projections are a direct source of pheromonal

information to the Me (Zufall and Leinders-Zufall 2007).

In addition, our results reveal that the MePD is dominated

by inputs from the anterior AOB, whereas the remaining

divisions of the Me receive afferents from both AOB

divisions (Fig. 9). Similar results have been reported in rats

(Mohedano-Moriano et al. 2007). In addition, the work of

Mohedano-Moriano et al. (2007) has also shown that the

AOB projections to the BSTMPM originate in the rostral

part of the AOB. The preferential projection from the

anterior AOB to the MePD was not found in previous

tracing studies in mice (retrograde: Salazar and Brennan

2001; anterograde: von Campenhausen and Mori 2000).

However, Salazar and Brennan (2001) injected retrograde

tracers only in the MeA and MePV, and therefore could not

observe the differential retrograde labelling in the AOB. In

the case of the injections of anterograde tracers in the

rostral and caudal AOB divisions, it is difficult to detect a

difference in the density of the anterograde labelling.

However, a careful examination of the terminal fields in the
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MePD shown in the Fig. 4 of von Campenhausen and Mori

(2000) suggests that the injections in the rostral AOB gave

rise to a denser anterograde labelling in the MePD layer I.

Therefore, the anterior part of the AOB projects more

strongly to the MePD and the BSTMPM, two structures

strongly interconnected (present results, Pardo-Bellver

et al. 2012). The rostral part of the AOB receives inputs

from vomeronasal sensory neurones expressing the V1 type

of receptors (V1R), which are activated by small, volatile

molecules with pheromonal activity (Leinders-Zufall et al.

2000; Fortes-Marco et al. 2013). In contrast, the posterior

AOB receives inputs from vomeronasal sensory neurones

expressing the V2 type of receptors, which are activated by

nonvolatile proteinaceous compounds of high molecular

weight (Krieger et al. 1999; Fortes-Marco et al. 2013).

Volatiles detected by V1R induce neuroendocrine effects

(oestrous induction, puberty acceleration or delay, among

others; see Halpern and Martinez-Marcos 2003) and

therefore the MePD and BSTMPM may be particularly

involved in mediating the effects of these volatile

pheromones.

Regarding to the MOB, our results of retrograde tracing

confirm that it sends moderate projections to the MeA and

very weak projections to the MePD (Kang et al. 2009;

Cadiz-Moretti et al. 2013; Fig. 9). As indicated in the

results, of the three restricted injections in the MeA only

one case was superficial enough as to encompass the ter-

minal field of the MOB axons, which terminate even more

superficial than the AOB projection (see Kang et al. 2009).

In this case the retrograde labelling in the MOB was rel-

atively dense. Another non-restricted injection affecting the

superficial MeA and part of the SI located rostral to the

MeA confirms this result. The scarcity of retrograde

labelling observed in Figs. 2a and 3a is due to the deep

location (the cell layer of the MeA) of the injection site in

this case.

Among the structures receiving direct projections from

both the AOB and MOB, the strongest degree of conver-

gence is found in the MeA. Thus, on anatomical grounds,

the MeA is the most important place of integration of

vomeronasal and olfactory information within the amyg-

daloid complex (Petrulis 2013). In this regard, an unan-

swered question is the nature of the olfactory information

relayed to the Me. An interesting possibility is that only

mitral cells receiving information from sensory neurones

with specialist receptors, such as those expressing TRPM5

Me
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Fig. 9 Schematic diagram summarizing the main afferent projections

to the medial amygdaloid nucleus, with indication of the relative

density of the projections to its three subdivisions. The differential

afferent projections to the different subdivisions are represented in

red (MeA), green (MePV) and violet (MePD) colours. The thickness

of the arrows roughly represents the density of the projections
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(Thompson et al. 2012) innervate the Me. By this pathway,

information about semiochemicals detected by the MOB

may be integrated in the Me with the vomeronasal infor-

mation relayed by the AOB. In agreement with this view, it

has been shown that mitral cells of the MOB projecting to

the Me are activated by male urinary volatiles in female

mice, but not by female urinary volatiles or by predator

odours (Kang et al. 2009). Moreover, olfactory sensory

cells expressing a particular receptor, OR37C, innervate

mitral cells that project specifically to the MePD (Bader

et al. 2012). The sensory cells expressing receptors of the

OR37 family respond to the presence of long-chain fatty

aldehydes (Bautze et al. 2012), some of which are present

in anal gland secretions (Bautze et al. 2014). These data

reinforce the idea that the Me receives an olfactory input

carrying information about specific semiochemicals.

Within the olfactory system, the olfactory cortex sends

more projections to the MeA compared to the MePV, while

it sends only very light projections to the MePD, in

agreement with McDonald (1998). Regarding to the input

from the Pir, the Me received stronger projections arising

from the posterior Pir compared to the anterior Pir, cor-

roborating previous descriptions (Christensen and Freder-

ickson 1998).

Haberly (2001) suggested that the Pir functions more as

an associative cortex than a primary sensory region. The

posterior Pir presents more bidirectional connections with

the amygdala than the anterior Pir (Haberly 2001). In

addition, electrophysiological data revealed that, while the

anterior Pir processes sensory information of the odorants,

the posterior Pir shows associative encoding characteristics

(Calu et al. 2007). Thus, the posterior Pir may act as an

associative cortex that sends, mainly to the MeA and to a

less extent to the MePV, highly processed olfactory

information that includes the behavioural significance of

the odorant.

Intramygdaloid projections to the medial amygdaloid

nucleus

In agreement with our previous anterograde study (Pardo-

Bellver et al. 2012), the injections of retrograde tracers in

the different Me subnuclei confirmed the existence of a

dense and intricate set of intranuclear connections. Previ-

ous anatomical and functional data obtained in hamsters

(Meredith and Westberry 2004; Maras and Petrulis 2010a,

b, c) and mice (Choi et al. 2005; Samuelsen and Meredith

2009a, b) have suggested that the MeA would act as a filter

for the chemosensory information received from the bulbs.

From the MeA, conspecific-related information would be

sent through the MePD and predator-related information

through the MePV. Our results show that the intercon-

nections between the MePD and MePV allow the activity

in each one of these subnuclei to influence the other. In

addition, both the MePV and the MePD project back to the

MeA (as shown previously in rats, Canteras et al. 1995),

and therefore the information flow through the Me is, by no

means, unidirectional.

The Me shows also an important set of intraamygdaloid

inputs, originated mainly in other nuclei of the chemosen-

sory amygdala (Gutiérrez-Castellanos et al. 2010; Fig. 9).

As shown by previous anterograde (rat: Canteras et al.

1995; mice: Gutiérrez-Castellanos et al. 2014), and retro-

grade (hamster: Coolen andWood 1998) tracing studies, the

PMCo gives rise to an important projection to all three Me

subnuclei, allowing strong intraamygdaloid processing of

vomeronasal information. The Me is composed to a large

extent by neurones originated in subpallial territories (Bu-

pesh et al. 2011), whereas the PMCo is a cortical structure

(Gutiérrez-Castellanos et al. 2014). The projection from the

PMCo to the Me can therefore be interpreted as a cortico-

subcortical pathway within the vomeronasal system. This

view is supported by retrograde tracing experiments with

sodium selenide, revealing that the projection from the

PMCo to the Me is originated by zinc-positive (putative

glutamatergic) cells (Christensen and Frederickson 1998).

Like in other circuits of the cerebral hemispheres, the cor-

tical component, the PMCo, is mainly involved in intrate-

lencephalic pathways (Gutiérrez-Castellanos et al. 2014),

while the subcortical element (the Me) gives rise to the

major extratelencephalic outputs (Canteras et al. 1995;

Pardo-Bellver et al. 2012). Our results also indicate that the

projection from the PMCo to the MePD is apparently less

dense than to the other Me subnuclei (thus confirming

previous anterograde tracing data, Gutiérrez-Castellanos

et al. 2014) and arises preferentially from a specific portion

of this nucleus, suggesting the possibility of a topographical

organization of this cortico-subcortical pathway within the

vomeronasal system. This possibility, however, needs

experimental confirmation.

The Me also receives projections from the amygdalar

BAOT and AA, which receive a predominant input from

the AOB. In the latter case, however, it is noteworthy that

the projection from the AA innervates mainly the anterior

and posteroventral Me subnuclei. Although there is little

information available on the connections and function of

the AA (Martı́nez-Garcı́a et al. 2012), this finding suggests

that it is more related to the MeA and MePV than to the

MePD, which in turn is the Me subnucleus more strongly

involved in reproductive-related functions (Simerly 2002).

In contrast with the strong inputs to the Me originated in

the vomeronasal amygdala, the olfactory amygdaloid

nuclei are heterogeneous regarding their projections to the

Me. The PLCo and CoA give rise to important projections

to the Me, whereas the CxA, APir and LOT originate only

a light projection to the Me. The inputs from the CxA, APir
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and LOT target mainly the MeA and MePV, as exemplified

by the projection from the APir (see Table 2). Therefore,

on anatomical grounds, the MePD is less influenced by the

olfactory information processed in the amygdaloid nuclei.

Similar results regarding the projections from the olfactory

amygdala to the Me were observed in rats and hamsters

(Coolen and Wood 1998; Pitkanen, 2000; Majak and Pit-

kanen 2003).

The deep structures of the amygdala, namely the baso-

lateral complex and the central nucleus, originate only

minor projections to the Me, with the exception of the

basomedial nucleus, which has an important interconnec-

tions with the MeA (present results; Petrovich et al. 1996;

Pardo-Bellver et al. 2012). The MePV receives also a

moderate projection from the basomedial nucleus, whereas

the MePD shows only very minor afferents from the

basolateral amygdaloid complex. In contrast, the MePD

receives an important projection from the AHi, in agree-

ment with previous anterograde data (Canteras et al.

1992a). This is consistent with the interpretation that the

AHi is strongly related to the vomeronasal system (see

Swanson and Petrovich 1998; Martı́nez-Garcı́a et al. 2012).

Regarding the central amygdala, its medial subdivision

gives rise to a very light projection to the Me. These

afferents are reciprocated by a much denser projection

from the Me to the medial Ce (Pardo-Bellver et al. 2012).

We hypothesize that this connection may play a role in the

fear behaviour elicited by predator-derived chemicals. In

fact, recent findings show that the Me is critically involved

in the acquisition (and expression) of olfactory conditioned

fear (Cousens et al. 2012). In addition, lesions of the

basolateral complex (encompassing the lateral nucleus and

neighbouring structures) also abolish olfactory fear condi-

tioning (Cahill and McGaugh 1990; Cousens and Otto

1998). Since both the Me and the basolateral complex play

a key role in olfactory fear conditioning, the direct inter-

connections between the Me and the basomedial nucleus

(present results, Canteras et al. 1995; Petrovich et al. 1996;

Pardo-Bellver et al. 2012) may provide the link allowing

the information related to the odour-shock association to be

integrated in both structures.

Afferent projections to the medial amygdaloid nucleus

from the bed nucleus of the stria terminalis

The interconnections of the BST with the Me and the

central amygdala constitute the canonical circuit of the so-

called extended amygdala. The concept of extended

amygdala stems in the observations that the amygdala

seems to extend into the basal telencephalon (see de Olmos

et al. 2004), where portions of the BST, the sublenticular

substantia innominata and the interstitial nucleus of the

posterior limb of the anterior commissure, show similar

neurochemical and hodological properties to the Me and

Ce. This allows recognising two divisions in the extended

amygdala. The medial extended amygdala is intercon-

nected with the Me with which it shares some hodological

and neurochemical properties, whereas the central exten-

ded amygdala is reciprocally connected with the Ce and

has connections and neurochemical markers similar to it

(see Olucha-Bordonau et al. 2015).

In line with this, the BSTMP, the main structure of the

medial extended amygdala, is one of the main targets of the

efferent projections of the Me (Gomez and Newman 1992;

Canteras et al. 1995; Coolen and Wood 1998; Dong et al.

2001; Pardo-Bellver et al. 2012). The present experiments

show that, by contrast, the projections from the BST back

to the Me are, on anatomical grounds, not so important

(although this not necessarily means lack of functional

relevance). Exceptions to this rule are the afferents from

the posteromedial subdivisions of the BST (BSTMPI and

BSTMPM), which, together with the BSTIA, give rise to

substantial projections to the Me subnuclei. These projec-

tions are topographically organized: the BSTMPI projects

preferentially to the MeA and MePV, whereas the

BSTMPM innervates preferentially the MePD (Fig. 9). The

reciprocal projection between the BSTMPM and the MePD

reinforces the view that these nuclei are part of the network

of sexually dimorphic nuclei (Guillamon and Segovia

1997; Gu et al. 2003) enriched in receptors for sexual

steroids (Simerly et al. 1990; Mitra et al. 2003) that control

socio-sexual behaviours (Newman 1999; Swann et al.

2009). The reciprocal projection between the BSTMPI and

the MeA is consistent with the mixed projections of both

structures to the defensive and reproductive behavioural

control columns of the hypothalamus (Canteras et al. 1995;

Pardo-Bellver et al. 2012; Swanson 2000). The MePV, as

in other cases, is similar in this respect to the MeA. The

compartment-specific interconnections between the Me and

posteromedial subdivisions of the BST suggest the exis-

tence of two subsystems within the medial extended

amygdala. On the one hand, the MePD-BSTMPM is

strongly dominated by a vomeronasal input (reaching both

nuclei) mainly arising from V1R-expressing sensory neu-

rones (see above: ‘‘Projections to the Me from the olfactory

system’’). This subsystem of the medial extended amygdala

shows a clear sexual dimorphism attaining the size and cell

number (Morris et al. 2008; Tsukahara et al. 2011). On the

other hand, the MeA is interconnected mainly with the

BSTMPI, where sexual dimorphism is less apparent, but

affects at least a population of vasopressinergic cells (Rood

et al. 2013; Otero-Garcia et al. 2014). This subsystem

received mixed olfactory and vomeronasal inputs (reaching

only the MeA). Finally, the MePV shows intermediate

features, as it is interconnected with both BSTMPM and

BSTMPI.
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Afferent projections to the medial amygdaloid nucleus

from cortical areas including the hippocampus

According to our results, only allocortical and mesocortical

areas project to the Me. Within the mesocortex, the AI

shows consistently, moderate density of retrograde label-

ling after injections to the MeA. In association with this

labelling, a few labelled cells are usually found in the

claustrum, a pallial derivative that occupies a location deep

to the insula. The projection from the insula has been

previously shown with anterograde tracing experiments in

rats (McDonald et al. 1996; McDonald 1998; Shi and

Cassell 1998). The projections from the AI to the MeA may

be involved in the relay of multimodal sensory information

(McDonald 1998; Shi and Cassell 1998). The projection to

the Me also originates in the posterior AI, which probably

relays somatosensory information that may play a role in

the relay of footshock information (unconditioned stimu-

lus) in fear conditioning paradigms (Shi and Davis 1999).

The prefrontal cortex also sends projections to the Me,

to a larger degree to the MeA than to the MePV and MePD,

which apparently receive very light prefrontal inputs. The

main prefrontal afferent to the Me arises from the IL

(present results in mice; Hurley et al. 1991; McDonald

et al. 1996; McDonald 1998, in rats). The IL projection to

the amygdala is involved in the extinction of fear condi-

tioning (Sierra-Mercado et al. 2011), and therefore the

projection of the IL to the Me may play a similar role in the

case of olfactory fear conditioning, which depends on the

Me (Cousens et al. 2012).

Within the allocortex, the hippocampal formation (sensu

lato) shows important projections to the Me, with differ-

ences among its subnuclei. Thus, our results indicate that

the retrograde labelling in the caudal CA1, ventral subic-

ulum and LEnt is abundant after injections into the MeA,

less abundant when injections were centred in the MePV

and even less after tracer injections in the MePD. Previous

works described a similar pattern of projections in the rat,

using both retrograde (Christensen and Frederickson 1998)

and anterograde tracer experiments (Canteras and Swanson

1992; McDonald 1998; Kishi et al. 2006; Cenquizca and

Swanson 2007). These projections are reciprocal, since the

Me also projects to the ventral CA1, subiculum and LEnt

(Canteras et al. 1995; Pardo-Bellver et al. 2012). Although

there are no functional data indicating a possible role of the

ventral CA1 projections to the Me, it seems that the ventral

hippocampus is specifically involved in defense/fear-rela-

ted behaviour (Kjelstrup et al. 2002), probably in relation

with the processing of the contextual stimuli (Maren and

Fanselow 1995; Zhang et al. 2001). This subregion of the

ventral CA1 is also connected with the PMCo (Gutiérrez-

Castellanos et al. 2014) and projects to the AOB (de la

Rosa-Prieto et al. 2009). We hypothesize that the

anatomical interconnections described between the vom-

eronasal system and the ventral hippocampus allow pher-

omonal and spatial information to be integrated, and

consequently modulate the behavioural response to chem-

icals signals as a function of the spatial context (e.g., own

versus alien territory).

Afferent projections to the medial amygdala

from the basal telencephalon

Within the septum and striatum, the medial septum, diag-

onal band/MCPO, SL and SI presented the most important

inputs to the Me (showing a moderate to scarce projection).

Previous works have described that the MCPO (Nitecka

1981) and HDB (Ottersen 1980) send projections to the

Me, although these works did not differentiated between

the subdivisions of the Me. Our results confirm and extend

these findings. Similar to the inputs described for the cor-

tex, the MeA receives the strongest projection, the MePD

the weakest, and the MePV is intermediate between those

two.

The MS, diagonal band and MCPO are classified as the

medial group of the septal region (Risold 2004). This

region has important connections with the ventral (tem-

poral) hippocampal field, entorhinal and prefrontal cortex

(Risold 2004), areas that send, as described in the present

work, projections to the Me (predominantly to the MeA).

The MS may have a role in maintaining the arousal level

required for sexual activity (Gulia et al. 2008), and possible

also other Me-related behaviours consequently its input to

the Me may influence the activity of this nucleus in this

context.

Projections to the medial amygdaloid nucleus

from the hypothalamus

Our results show that the Me receives relatively minor

projections arising from hypothalamic nuclei, with four

exceptions: the PMV, VMH, PH and MPO. The PMV

sends massive projections to the MePV and MePD. The

VMH and PH send moderate projections to the MeA and

MePV, and finally the MPO sends moderate projections to

the MePD.

Within the entire hypothalamus, only the PMV projects

massively to the Me. This nucleus shows strong projections

to the MePD and MePV, while it presents only light pro-

jections to the MeA. The important projection arising from

the PMV to the MePD is consistent with previous works in

male rats (Ottersen 1980; Canteras et al. 1992b). Canteras

et al. (1992b) described also a moderate projection to the

rostral part of the MeA, which we observed as scarce in our

preparations, probably as a result of the small size of our

injections. In contrast to our results, Canteras et al. (1992b)
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found no projection from the PMV to the MePV in male

rats. Possible explanations of this discrepancy may be

either interspecific differences or sexual dimorphism, since

we used female mice our experiments. Further studies are

needed to clarify these inconsistencies.

The PMV displays strong bidirectional connections with

the MePD and MePV (present findings, Canteras et al.

1995; Pardo-Bellver et al. 2012), and with sexually

dimorphic areas related to reproductive and aggressive

behaviours, as well as to neuroendocrine zones of the

hypothalamus (Canteras et al. 1992b). It is part of a

hypothalamic circuit involved in the control of reproduc-

tive behaviour (Swanson 2000), and in fact it is strongly

influenced by gonadal steroid hormones (Canteras et al.

1992b). The PMV shows high levels of c-fos expression in

male mice exposed to female soiled bedding (Yokosuka

et al. 1999), but also in female rats during maternal

aggression experiments (Motta et al. 2013). Furthermore,

in male hamsters it is activated by both mating and ago-

nistic interactions (Kollack-Walker and Newman 1995).

Therefore, as suggested by Yokosuka et al. (1999), this

nucleus may play an important role in the control of the

motivation of copulatory and/or aggressive behaviour.

Thus, the PMV, by means of its massive feedback input to

the MePV and MePD may be modulating the chemosen-

sory processing in these subdivisions of the Me, probably

in relation with the behavioural response (reproductive or

aggressive) that the animal is executing.

Regarding the afferents from the preoptic hypothalamus,

consistent with our results a projection from the MPO to

the Me was described previously in rats (Ottersen 1980).

We extend this finding showing that the MPO projects

mainly to the MePD, and to a lesser extent also to the MeA

and MePV. Since the MPO is part of the reproductive-

related hypothalamic circuit (Swanson 2000), this finding

further supports the hypothesis that the MePD is more

related with sexual behaviour.

The VMH and PH send moderate projections to the

MeA and MePV and scarce projections to the MePD.

Previous works have reported that the VMH projects more

densely to the rostral part of the MeA compared to the

other Me subnuclei, and described that these projections to

the Me originate mainly from the central and the dorso-

medial parts of the VMH (Ottersen 1980; Canteras et al.

1994). Our results in female mice partially contrast with

these data in male rats, since we found that the MeA and

MePV receive more projections from the VMH than the

MePD, and found no differences in the origin of these

projections according to the VMH subdivisions. The ven-

trolateral division of the VMH has been proposed to be part

of the reproductive behavioural control column of the

hypothalamus, whereas its dorsomedial division would be

part of the defensive circuit (Swanson 2000; Choi et al.

2005). However, recent electrophysiological data and op-

togenetic activation experiments have revealed that within

the ventrolateral VMH there are neuronal populations

involved in mating and conspecific aggression (Lin et al.

2011; Falkner et al. 2014). Therefore, without further

characterization of the properties of the retrogradely

labelled cells in the VMH, it is not possible to known

whether the feedback projection they provide to the Me is

related to sexual or aggressive behaviours.

Previous works have reported projections arising from

the PH to the medial amygdala (Nitecka 1981; Vertes et al.

1995), which in turn projects (although lightly) to the PH

(Pardo-Bellver et al. 2012). The PH projects to a number of

subcortical and cortical ‘‘limbic-related’’ structures, and it

has been suggested to be involved in various components

of emotional behaviour, including emotional learning

(Vertes et al. 1995). In this regard, it integrates cardiore-

spiratory and motor responses and controls the theta

rhythm of the hippocampus (Vertes et al. 1995).

Finally, with regard to the minor hypothalamic afferents

to the Me, previous works in the rat have reported, con-

sistent with our results, light projections arising from the

AH (Risold et al. 1994), DM (Thompson et al. 1996), Arc

(Ottersen 1980; Krieger et al. 1979) and LH (Nitecka 1981;

Ottersen 1980; Veening 1978) to the Me. A minor dis-

crepancy with the present results is the presence of a

moderate projection from the TC to the Me (Nitecka 1981;

Canteras et al. 1994), which we observed to be scarce.

Projections from the thalamus and brainstem

to the medial nucleus of the amygdala

The thalamic afferents to the Me arise mainly from the

midline and posterior intralaminar nuclei. These afferents

are common to the three Me subnuclei, although the pro-

jection to the MePD tends to be somewhat lighter than that

of the MeA and MePV (Table 2; Fig. 9). The midline

thalamic nuclei that project to the Me are the paraven-

tricular and reuniens, both of which also receive projec-

tions from the Me (Canteras et al. 1995; Pardo-Bellver

et al. 2012). The afferent projection from the paraventric-

ular thalamic nucleus to the Me has been previously

described in rats (Li and Kirouac 2008; Vertes and Hoover

2008). This thalamic nucleus is related to arousal and

attention processes, and therefore its input to the Me may

modulate the attention towards the chemical signals pro-

cessed in the Me.

The afferent projections from the posterior intralaminar

thalamic complex (encompassing the SG, MGM, PIN, SPF,

PIL and PP) to the Me are very similar to those described

from the same structures to the central and lateral nuclei of

the amygdala (Turner and Herkenham 1991). These pro-

jections have been shown to relay auditory (LeDoux et al.
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1990a), somatosensory (LeDoux et al. 1987; Bordi and

LeDoux 1994; Lanuza et al. 2008) and visual (Doron and

LeDoux 1999; Linke et al. 1999) information, and play a

key role in the acquisition of fear conditioning (LeDoux

et al. 1990b). It is not known whether the same neurones of

the posterior intralaminar thalamic complex project to both

the Me and the central and lateral amygdaloid nuclei. In

any case, it is likely that this thalamic projection sends (at

least) somatosensory information to the Me, given that it is

necessary in the acquisition of olfactory fear conditioning

(Cousens et al. 2012) and shows increased expression of

c-Fos following the delivery of footshock (Pezzone et al.

1992; Rosen et al. 1998).

A very different kind of somatosensory information that

has been shown to activate the medial amygdala is that

derived from vaginocervical stimulation (Erskine 1993;

Pfaus et al. 1993, 1996; Polston and Erskine 1995; Tetel

et al. 1993). The somatosensory genital information may

reach the Me through the thalamic SPF (Veening and

Coolen 1998). The convergence of genital somatosensory

information with chemosensory information (about odor-

ants and pheromones) would take place in the Me, thus

allowing the association of chemical cues with the rein-

forcing mating experience. This kind of olfactory-genito-

sensory learning in the Me may be the reason that explains

why sexually experienced animals with lesions of the

vomeronasal organ show very small deficits in sexual

behaviour (Meredith 1986).

Finally, within the brainstem the main afferent projec-

tion to the Me is originated by the parabrachial nucleus.

This nucleus may relay visceroceptive (from its medial

aspect) and nociceptive information (from its lateral

aspect) (Fulwiler and Saper 1984; Bourgeais et al. 2001;

Lanuza et al. 2004). We found retrogradely labelled neu-

rones both in the medial and lateral parabrachial nucleus,

mainly following tracer injections in the MeA. These

afferents may relay sensory information relevant to asso-

ciate chemical stimuli with aversive learning (such as

olfactory fear conditioning).

Connections of the medial amygdala subnuclei

and their role in defensive and socio-sexual behaviours

The results of the present study show that the three sub-

divisions of the Me receive a similar pattern of afferent

projections, with some quantitative differences in the

density of the neural inputs from particular structures and a

few qualitative differences. For instance, the MePD shows

very reduced inputs from the mesocortex (prefrontal and

insular areas).

Previous works studying the efferent projections of the

Me have emphasized these differences, and functional data

relate the MePD with reproductive-related behaviours and

the MePV with defensive behaviours. Although our find-

ings do not contradict this view, for both the afferents

(present results) and the efferents (Canteras et al. 1995;

Pardo-Bellver et al. 2012), we observe connections

between the MePD and hypothalamic nuclei related with

defensive behaviour, such as the anterior hypothalamic

area and the dorsomedial VMH. In the same vein, non-

negligible connections are present between the MePV and

the hypothalamic reproductive-related nuclei, such as the

MPO, the ventrolateral part of the VMH and the PMV.

Therefore, on anatomical grounds, the segregation between

these two systems is not clear. Instead, the differences

between the connectivity of the MePD and MePV are

mainly a matter of relative density, with basically the same

pattern of connections shared by both subnuclei (Fig. 9).

Regarding the anterior part of the Me, it is very similar to

the MePV, i.e., it shows relevant connections with hypo-

thalamic nuclei related to reproductive and defensive

behaviours. In conclusion, although differential afferents

and efferents of the Me subnuclei with the hypothalamic

networks for socio-sexual (MePD) and defensive responses

(MePV) might suggest differential roles in these behav-

iours, this is not as clear as it may seem. First, differences

in these connections are not qualitative (clear-cut) but just

quantitative. Second, the three subnuclei of the Me show

very important reciprocal connections (see results). And

third, all three subnuclei are deeply interconnected with the

BST (with some differences), and the complex Me-BST-

hypothalamic interconnections (Dong and Swanson 2004;

Dong et al. 2001) may blur the effects of activation of a

single subnucleus of the Me on behaviour.

This view is also supported by data on c-fos expression.

Thus, male mice exposed to female urine show an increase

c-Fos expression in all subdivisions of the Me (Samuelsen

and Meredith 2009a, b), not just the MePD, and similar

results were obtained in female mice exposed to male-

soiled bedding (Halem et al. 1999; Moncho-Bogani et al.

2005). In addition, odours from heterospecifics (including

predators and non-predators) were observed to induce

c-Fos expression in the MeA (Meredith and Westberry

2004; Samuelsen and Meredith 2009a, b). A specific c-fos

induction in the MePV was found in rats (Dielenberg et al.

2001) and mice (Choi et al. 2005) exposed to cat odours,

although, as detailed above, the MePV also respond to

conspecifics of the same and opposite sex (Meredith and

Westberry 2004; Samuelsen and Meredith 2009a, b). A

recent multisite extracellular recording study in mice in the

MePD and MePV found that, although neurones respond-

ing to conspecific stimuli were more often located dorsally

in the posterior Me, and neurones responding to predator

urinary stimuli were more often located ventrally, there

were also individual cells distributed throughout the pos-

terior Me responding to conspecific and defensive stimuli
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(Bergan et al. 2014). In summary, the chemical cues

described to activate the MeA and MePV (in addition to

sexually related odours and odours from same sex con-

specifics), include odours from ill conspecifics (Arakawa

et al. 2010), and from predators (Takahashi 2014). Con-

sistent with these functional data, the MeA and MePV have

been suggested to play a general role in the categorization

of the chemical cues detected (mainly) by the vomeronasal

organ and acting as a filter to convey appropriate chemo-

sensory information to the MePD or other downstream

targets (Meredith and Westberry 2004; Samuelsen and

Meredith 2009a, b; Maras and Petrulis 2010a, b, c). In

contrast, the MePD, according to both anatomical and

functional data, has been proposed to be specifically

involved in the control of sexual behaviour (Swann et al.

2009). However, in rats the MePD is also activated fol-

lowing aggressive encounters between males (Veening

et al. 2005), and thus it may play a role also in agonistic

interactions. Finally, we want to note that the Me (as a

whole) is involved in olfactory fear conditioning, as well as

in learning to fear the context where the predator odours

were presented (Takahashi et al. 2007).

In summary, the Me is involved in the unconditioned

responses elicited by social and sexual cues, as well as

predator-derived chemicals, and also in learning to asso-

ciate olfactory cues with aversive (and maybe appetitive)

experiences. However, our anatomical data suggest that the

subdivisions of the Me play cooperative rather than dif-

ferential roles in the control of socio-sexual vs antipreda-

tory behaviours.
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