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Small though it is, the human brain can be quite effective
when used properly.

The Doctor.

"Pero si, pero si, usted estd viendo solamente la mitad de la
verdad. Y recuerde esto: hemos de empezar de nuevo, dado que
nuestra primera lectura de la historia estaba totalmente equivo-
cada."

Race hizo una ligera mueca.

"Ya estoy acostumbrado a esto. A menudo me parece que ese
es todo el trabajo de un detective: borrar los falsos comienzos y
volver a empezar."

"Si, esto es muy cierto. Esto es lo que algunas personas no
quieren hacer. Conciben una hipétesis y quieren que todo encaje
en ella. Si algin dato o pormenor no encaja en la hipétesis, lo
rechazan. Pero siempre los hechos que no encajan son los signi-
ficativos."

Muerte en el Nilo, Agatha Christie.

If I go insane, please don’t put your wires in my brain.

If, Pink Floyd.






ABSTRACT

Rodents detect information concerning the world around them
mainly through two chemosensory systems: the olfactory and
the vomeronasal systems. In order to develop an appropriate be-
havioural response to their environment, these systems exhibit
both functional and physiological convergence. Further under-
standing of the organization and function of the olfactory sys-
tems would allow us to comprehend how their information is
integrated in the brain. In a first approach we performed a thor-
ough analysis of the connections of key structures involved in
the processing of vomeronasal information: the medial (Me) and
the posteromedial cortical (PMCo) amygdaloid nucleus. Then,
we enquire the population activity elicited by olfactory and vom-
eronasal stimuli in three main structures of the vomeronasal sys-
tem: the accessory olfactory bulb (AOB), Me and PMCo; and,
simultaneously, the activity in the main olfactory bulb (MOB).
This will allow us to investigate both the neural circuitry pro-
cessing olfactory and vomeronasal information and the basic
principles of integration of these stimuli.

The PMCo is the unique cortical target of the AOB and should
therefore be considered the primary vomeronasal cortex. It co-
ordinates the neural processing of vomeronasal cues, as it re-
ceives information from and projects back to each of the struc-
tures of the vomeronasal system and shows significant inter-
connections with the main olfactory system. Also, through its
projections to the Me, the ventral hippocampus and the ven-
tral striatum, PMCo directs behavioural responses and contrib-
utes to the spatial map of the chemical environment. The Me
coordinates the behavioural response to olfactory and vomero-
nasal cues. It shows a high connectivity among its subdivisions,
with the other nuclei of the chemosensory amygdala and with
structures of the olfactory system (especially the anterior Me),
thus suggesting that the information from these systems is sub-
jected to a complex intrinsic processing before being relayed to
other structures. Aside from these, the main efferences of the
Me are the bed nucleus of the stria terminalis (BST) and the hy-
pothalamus, through which the subdivisions of the Me mediate
different behavioural responses. The anterior and posteroventral
subdivisions of the Me are mainly involved in defensive beha-
viours through its connections with the medial posterointerme-
diate BST and the defensive hypothalamic circuit; and, although
less dense, they also innervate reproductive-related nuclei per-
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haps controling the inhibition of sexual behaviours. The postero-
dorsal subdivision of the Me mediates reproductive behaviours
through its projections to the medial posteromedial BST and the
hypothalamic reproductive circuit, although some projections to
defensive-related nuclei also exist. The emergence of a coherent
behaviour relies on the communication between brain regions
that are functionally and anatomically specialised. Communica-
tion between the AOB and the other nuclei is mediated by theta
oscillations, as the AOB shows high phase coupling with the
MOB, Me and PMCo. Furthermore, the circuit responds with
different oscillatory rhythms depending on the perceived stim-
ulus. The exploration of a neutral stimulus (absence of vomero-
nasal cues) induces a prominent theta activity with a peak at
4 — 6 Hz in both olfactory bulbs, the Me and the PMCo; while
conspecific-derived stimuli (containing both olfactory and vom-
eronasal cues) induce oscillatory activity at ~ 7 Hz. The cor-
related activation of the bulbs suggests a coupling between the
stimuli internalization in the nasal cavity (sniffing) and the vom-
eronasal pumping. Moreover, the Me shows a characteristic theta
peak elicited by male-soiled bedding and the PMCo shows a
similar theta peak in response to female-derived stimuli, thus in-
dicating a differential processing within the amygdala related to
the sex of the conspecific. During the exploration epochs, the
AOB and the amygdaloid nuclei show fast-gamma frequency
segments (90 — 120 Hz) modulated by the theta waves in AOB;
whereas the MOB evidences an increase in the high-gamma
band (60 — 80 Hz) that were also modulated by the theta in AOB.
Thus, particular theta-gamma patterns in the olfactory network
modulate the integration of chemosensory information in the
amygdala, allowing the selection of an appropriate behaviour.

In summary, the present results show the different levels of
convergence of the olfactory and vomeronasal information. We
describe the wiring of the amygdaloid structures receiving in-
formation from the olfactory bulbs and transferring it to hypo-
thalamic and striatal targets. The different nodes show coupled
activity and effective communication, that allow the system to
work together as a network for the integration and response to
chemosensory cues.
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INTRODUCTION

The perception of the environment is an active process that re-
quires sensory systems to detect, gather and process informa-
tion about the everchanging world. Active sensing allows an ani-
mal to selectively sample regions in space during specific time
epochs and this environmental input gives valuable information
about the external conditions in which the organism is living,
thus enabling it to generate proper behavioural responses for its
survival.

In rodents, as macrosmatic mammals, olfactory stimuli play
an essential role in the acquisition of information about con-
specifics, possible predators and food. Most tetrapods possess
two olfactory systems: the main olfactory system and the access-
ory or vomeronasal system (Ubeda-Bafnon et al.,, 2011). These
systems have been identified in some teleost fishes (lungfishes:
Gonzalez et al. 2010), in amphibians (Herrick, 1921; Taniguchi
et al., 2008), in reptiles (lizards: Martinez-Garcia et al. 1991; Loh-
man and Smeets 1993; snakes: Lanuza and Halpern 1998), in
marsupials (opossum: McCotter 1912; Scalia and Winans 1975;
Martinez-Marcos and Halpern 1999a, 2006) and in placental
mammals (first described by Jacobson in 1813, for an English
translation see Trotier and Doving 1998; also Ramoén y Cajal
1901; McCotter 1912; Scalia and Winans 1975). However, birds
do not have a vomeronasal system (Ubeda-Bafion et al., 2011),
while in primates the vomeronasal system is poorly developed
(platyrrhini), vestigial (hominidae) or lost (catarrhini; Ubeda-
Bafién et al. 2011).

The main olfactory system is activated mainly by volatile
chemicals (Buck, 1996; Gutiérrez-Castellanos et al., 2010). Odour
molecules enter the nasal cavity reaching the main olfactory epi-
thelium, which contains the sensory neurons, and projects to
the main olfactory bulb (MOB) for further olfactory information
processing. The MOB then projects primarily to the anterior ol-
factory nucleus, piriform cortex and some cortical amygdaloid
nuclei (Martinez-Marcos, 2009). Therefore, the main olfactory
system allows the animal to respond to chemical changes in the
environment. On the other hand, the accessory olfactory system
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is activated by non-volatile chemicals with biological relevance
to the individual (Gutiérrez-Castellanos et al., 2010; Chamero
et al., 2012). Such chemicals include sexual pheromones (Kimoto
et al.,, 2005; Roberts et al., 2010), chemical signals eliciting ag-
gressive behaviour (Chamero et al., 2007, 2011), predator cues
(Takahashi, 2014), illness-derived cues (Riviere et al., 2009), and
stress-related signals (Nodari et al., 2008). The chemoreceptive
structure of this system, the vomeronasal organ, is located at the
base of the nasal septum and sends projections to the accessory
olfactory bulb (AOB), which serves as the first processing center
of vomeronasal information and mainly projects to the medial
and posteromedial cortical nuclei of the amygdala, and the pos-
terior bed nucleus of the stria terminalis (Martinez-Marcos, 2009).
Therefore, the accessory olfactory system is mainly involved in
the detection and response to conspecific and predator cues.

However, even though on anatomical grounds olfactory and
vomeronasal information are processed mainly in separated
structures, information from both the olfactory and vomerona-
sal systems should be integrated to allow the generation of a
complete picture of the chemical cues present in the environ-
ment and the generation of appropriate behavioural responses
(Baum and Kelliher, 2009; Keller et al., 2009; Martinez-Garcia
et al., 2009). Understanding the performance of these systems
requires a dual approach, since knowing the connections and
wiring patterns of the brain would not be enough to understand
how they give rise to the behaviour of an animal. Even so, reveal-
ing the connectivity of a nucleus can lead our reasoning about
its function. Thus, we need to know the basic circuitry and then,
we must understand how neurons and neuronal systems interact
in order to give rise to appropiate behaviours.

From an anatomical perspective, as briefly explained before,
the organisation of these sensory systems has been extensively
studied (for a review see Martinez-Marcos 2009). Noteworthy,
there is a relatively minor, but relevant, direct convergence of ol-
factory and vomeronasal information in some amygdaloid struc-
tures. The amygdaloid complex is an heterogeneous structure
both from the anatomical and functional points of view (Swan-
son and Petrovich, 1998). Within the amygdala, we can roughly
outline two functional subsystems, namely the central/ basolat-
eral subsystem and the medial/ cortical subsystem involved in
managing two different, but closely related, functions (Martinez-
Garcia et al., 2007). The central/ basolateral subsystem coordin-
ates innate and learned reactions of fear/ anxiety/ aversion or
of attraction/ reward-directed behaviours to virtually any stimu-
lus. The medial/ cortical subsystem is primarily involved in the
coordination of species-specific behavioural responses to chemo-
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sensory stimuli (olfactory and vomeronasal) with a strong emo-
tional component. Furthermore, the amygdala includes portions
of the pallium: basolateral and cortical; and the subpallium: cent-
ral (Martinez-Garcia et al., 2007) and medial, the later also has
some cell groups derived from the ventral pallidum (Garcia-
Lopez et al., 2008). Among these nuclei, those with direct in-
puts from the MOB are grouped as the "olfactory amygdala" and
those with direct inputs from the AOB constitute the "vomero-
nasal amygdala" (Kevetter and Winans, 1981a,b). Moreover, the
term "chemosensory amygdala" refers to both the olfactory and
the vomeronasal amygdala (Gutiérrez-Castellanos et al., 2010).

A further examination of the convergent projections of the
MOB and the AOB reveals that the anterior division of the me-
dial amygdaloid nucleus receives substantial inputs from both
bulbs (Scalia and Winans, 1975; Pro-Sistiaga et al., 2007; Kang
et al., 2009, 2011; Cadiz-Moretti et al., 2013). Among the second-
ary vomeronasal centres, the medial amygdaloid nucleus (Me)
is a key structure in the network of neural nuclei controlling
sociosexual behaviours in rodents (Swann et al., 2009). This net-
work is composed of a number of interconnected nuclei rich in
neurons expressing receptors for sexual steroids, including the
Me, the posterior bed nucleus of the stria terminalis, the lateral
ventral septum and the medial preoptic area (Newman, 1999).
Among these structures, only the Me receives convergent projec-
tions from both olfactory bulbs. The efferent connections of the
Me have been previously studied in male rats (Canteras et al.,
1995) and male hamsters (Gomez and Newman, 1992; Coolen
and Wood, 1998; Maras and Petrulis, 2010a).

These studies have revealed that the Me is a heterogeneous
structure in which at least three subdivisions can be clearly re-
cognised by means of their anatomical connections with differ-
ent functional systems and their embriological origin. Regard-
ing the neuroanatomical data, the anterior division of the me-
dial amygdaloid nucleus (MeA) is connected with structures im-
plicated in defensive, agonistic as well as in reproductive be-
haviours. The posterodorsal subdivision (MePD) contains the
highest density of androgen and estrogen receptors (Simerly
et al.,, 1990; Cooke, 2006) and is connected mainly with struc-
tures implicated in reproductive behaviours (Canteras et al,,
1995). And finally, the posteroventral subdivision (MePV) pro-
jects preferentially to structures suggested being involved in de-
fensive behaviours (Canteras, 2002). These anatomical subdivi-
sions also fit the expression pattern of genes of the Lhx family of
transcription factors. Thus, the MeA expresses mainly Lhxs, the
MePD Lhx6, and the MePV Lhxg (Choi et al., 2005). Recent stud-
ies on the developmental origins of the Me cells (Garcia-Lopez
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et al., 2008; Garcia-Moreno et al., 2010; Bupesh et al., 2011) have
shown that the Lhxg-expressing cells of the MePV originate in
the ventral pallium, and consequently are glutamatergic projec-
tion neurons (Choi et al., 2005). In contrast, the Lhx6 neurons
of the MePD are GABAergic cells originated in the caudoventral
medial ganglionic eminence (and therefore they are neurons of
pallidal nature). Finally, the MeA contains a population of Lhxs-
expressing neurons originated in the hypothalamic supraopto-
paraventricular domain (Abellan et al., 2010) and also abund-
ant nitrergic cells originated from the commissural preoptic area
(Hirata et al., 2009; Bupesh et al., 2011). The neuroanatomical
and developmental data discussed are consistent with a number
of functional studies in several rodent species. In mice and ham-
sters, the MeA has been shown to be activated by sexual and non-
sexual social odours and also by chemicals derived from hetero-
specific individuals (Meredith and Westberry, 2004; Samuelsen
and Meredith, 2009). Thus, the MeA seems to categorise the de-
tected chemical stimuli and then relay sex-related information
to the MePD (Petrulis, 2009; Maras and Petrulis, 2010b), which
consequently is mainly activated by sexually related chemical
signals (hamsters: Fernandez-Fewell and Meredith 1994; Kollack-
Walker and Newman 1997; mice: Choi et al. 2005; rats: Bressler
and Baum 1996; gerbils: Heeb and Yahr 1996). Accordingly, elec-
trolytic lesions of the transition between the MeA and the MePD
are most effective in abolishing the attraction of female mice for
sex-derived chemical signals (DiBenedictis et al., 2012). Similar
results have been obtained in male hamsters with lesions that
functionally disconnect the MeA and the MePD (Maras and Pet-
rulis, 2010c). On the other hand, the MePV displays a strong
response when mice are exposed to predator (cat) odours (Choi
et al., 2005; Samuelsen and Meredith, 2009), a response that has
been also reported in rats exposed to cat odours (Dielenberg
et al., 2001).

Surprisingly, the efferent connections of the Me in mice have
been only partially examined in a single study, which reports
data in males mainly regarding the MePD (Usunoff et al., 2009).
Given that mice are widely use in behavioural neuroscience stud-
ies, due to the availability of genetically modified animals that
allow exploring the molecular basis of behaviour, it is of interest
to obtain direct anatomical data in this species.

On the other hand, among the secondary vomeronasal struc-
tures, the posteromedial amygdaloid nucleus (PMCo), which re-
ceives direct projections from the AOB (Winans and Scalia, 1970;
Scalia and Winans, 1975; Von Campenhausen and Mori, 2000), is
the only one with a pallial origin (Martinez-Garcia et al., 2007;
Medina et al., 2004). In fact, the PMCo displays a characteristic
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cortical lamination, which depends on Reelin (Boyle et al., 2011).
In this laminar organization we can distinguish a molecular layer
I, receiving vomeronasal projections (Von Campenhausen and
Mori, 2000), that is positive for calretinin, neuropilin and acetyl
cholinesterase (Kemppainen et al., 2002; Gutiérrez-Castellanos
et al.,, 2010). Calretinin appears to be a marker of chemosensory
inputs (Wouterlood and Hartig, 1995), whereas neuropilin and
acetyl cholinesterase appear to be specific markers for the vom-
eronasal pathway (Gutiérrez-Castellanos et al., 2010). Deep to
the molecular layer I, an outer cell layer II is present, which
shows a relatively dense amount of packed cells with small cell
bodies. Finally, a deep cell layer III can be observed, composed of
neurons with larger cell bodies quite polymorphic and with in-
ner limits, which are not easy to delineate. The histochemical de-
tection of vesicular zinc is helpful to trace the boundary between
layers II and III (Kemppainen et al., 2002). To our knowledge,
only partial data about its afferent and efferent projections is
available (hamsters: Kevetter and Winans 1981a; rats: Canteras
et al. 1992; Kemppainen et al. 2002; sheep: Meurisse et al. 2009).
Among the main projections of the PMCo described in the rat,
it is worth mentioning a massive glutamatergic projection to the
granular layer of the AOB, which provides a feedback loop at the
sensory level and modulates the pheromone signal processing
(Fan and Luo, 2009; Martinez-Marcos and Halpern, 1999b). This
feedback projection, together with its laminar organisation and
its pallial origin, suggest the idea that the PMCo should be con-
sidered the primary vomeronasal cortex. Therefore, the PMCo is
the only case of a mammalian primary sensory cortex in which
hodological information is incomplete.

Very few studies have tackled the behavioural or functional
role of the PMCo. Romero et al. (1990) reported that lesions of
the PMCo of female rats decreased the time that they spent in the
proximity of a caged intact male as compared to a castrated male.
However, a study on the effects of lesions of the PMCo in sexual
behaviour of hamsters (Maras and Petrulis, 2008) reported no
alterations of the preference for the urine of a conspecific of the
opposite sex, but showed a mild alteration in copulatory beha-
viour. Further anatomical and functional studies are therefore
needed to clarify the function of this nucleus. Moreover, recent
studies in genetically modified mice have revealed important as-
pects of how vomeronasal information drives sociosexual beha-
viour (Chamero et al., 2012). In addition, several male sexual
pheromones (Leinders-Zufall et al., 2000; Haga et al., 2010), as
well as predator signals (Papes et al., 2010; Isogai et al., 2011),
have been identified as vomeronasal stimuli in mice. However,
neuroanatomical data have not been obtained in mice in parallel



INTRODUCTION

to this information about the vomeronasal system and its natural
signals.

From the physiological perspective, oscillations, as evidenced
by the local field potentials (LFP), reflect a functional condition
of interconnected neuronal groups. In the olfactory system, the
olfactory sensation depends on stimulus acquisition, an active
mechamism known as sniffing, driven by the respiratory rhythm
(Kepecs et al., 2006; Kay et al., 2009). The sniffing is a dynamic,
animal-controlled behaviour (Welker, 1964; Youngentob et al.,
1987; Kepecs et al., 2007, Wesson et al., 2008). During normal
breathing, odorants are passively sampled at low frequency 1 —4
Hz, a behaviour typically observed in familiar environments
(Welker, 1964; Kepecs et al., 2007). In the presence of a novel
odorant, there is an increase in the respiration rate to active
odour sampling (sniffing) at 4 — 12 Hz (Youngentob et al., 1987;
Kepecs et al., 2006; Verhagen et al., 2007; Wesson et al., 2008).
Thus, sniffing imposes a temporal structure on olfactory input
that shapes how odour information is conveyed from the peri-
phery to the MOB (Kepecs et al., 2006; Verhagen et al., 2007).
Many studies have characterised odour representation in the
MOB, mainly in anesthetised animals (Adrian, 1950; Macrides
and Chorover, 1972; Neville and Haberly, 2003; Lin et al., 2005),
through single cell recordings (Lin et al., 2005; Bathellier et al.,
2008), local field activity recordings (Ravel et al., 2003; Beshel
et al., 2007) or through calcium imaging (Wachowiak and Co-
hen, 2001; Verhagen et al., 2007). The relationship between the
neural activity in the MOB and the sniffing cycle has been ex-
tensively studied. The first studies reported a temporal coupling
between the dynamics of neural activity and rhythmic odour
sampling (Adrian, 1950; Macrides and Chorover, 1972), with fre-
quencies within the theta band modulating higher frequencies
(Adrian, 1950; Neville and Haberly, 2003; Kay et al., 2009), typ-
ically beta (15 — 30 Hz) and gamma (30 — 120 Hz) ranges. There
is evidence indicating that these oscillations play a key role in
the discrimination of odorants (Beshel et al., 2007; Rojas-Libano
and Kay, 2008; Kay and Beshel, 2010) and in olfactory learning
(Ravel et al., 2003; Martin and Ravel, 2014).

However, little is known about the particular oscillatory activ-
ity in the vomeronasal system. As in the main olfactory sys-
tem, the internalisation of the stimuli may drive an oscillatory
pattern in the vomeronasal system. Since some of the vomero-
nasal stimuli are high molecular weight non-volatile molecules,
the vomeronasal organ presents a particular mechanism to intro-
duce these molecules into the organ. This mechanism, described
as vomeronasal pumping (Meredith and O’Connell, 1979; Wyso-
cki et al., 1980), relies on the control of the vasodilatation of a
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blood vessel located in the lumen of the organ. Hypothetically,
repeated contraction and dilatation of this blood vessel would
generate successive negative and positive pressure able to suck
stimuli into the vomeronasal organ and clear the lumen in a cyc-
lic manner. However, not much information is available about
the response of the vomeronasal system to such cycling activ-
ity. The exposure to novel stimuli induces an increase in the fre-
quency of the vomeronasal pumping (Meredith, 1994) and the
vomeronasal receptor neurons increase their firing rate (Holy
et al., 2000; Meeks et al., 2010). In the AOB, the neurons respond
with an increase in the firing rate (Luo et al., 2003; Ben-Shaul
et al.,, 2010; Meeks et al., 2010), that corresponds with an increase
in the population activity with a predominant peak in the theta
frequency band (Binns and Brennan, 2005; Tendler and Wagner,
2015). This oscillatory pattern has been suggested to be specific
for social stimuli (Tendler and Wagner, 2015) and appears to
reflect a state that promotes neuronal communication between
brain regions (Buzsaki, 2006).

The mechanisms of information processing in the medial and
posteromedial cortical amygdaloid nuclei are still unknown. A
few previous studies have approached the role of the medial
amygdala in the context of a social recognition paradigm (Binns
and Brennan, 2005; Bergan et al.,, 2014, Tendler and Wagner,
2015) or have described the nature of its neurons, as morpho-
logically and physiologically heterogeneous (Niimi et al., 2012).
In the case of the posteromedial cortical amygdaloid nucleus, to
our knowledge, no comprehensive study of the response of the
PMCo to vomeronasal stimuli has been performed. Although,
there is a report about electrical stimulation of either the main
olfactory bulb or the vomeronasal organ could drive some of the
same units in the PMCo, thus suggesting the convergence of in-
put from these systems onto single neurons in the vomeronasal
amygdala (Licht and Meredith, 1987).

It is unknown whether sniffing behaviour and vomeronasal
pumping mechanism are independent and, consequently, the
cyclic activities generate different and independent patterns of
oscillations in the centers of the main and accessory olfact-
ory systems. Alternatively, olfactory sniffing and vomeronasal
pumping could work in a synchronic fashion and, accordingly,
activity in the vomeronasal system would be coupled to the
theta, beta and gamma rhythms described in the main olfactory
system. The descriptions of olfactory processing in the awake
animals would facilitate understanding basic principles of the ol-
factory and vomeronasal systems function. Therefore, this thesis
evaluates the neuronal population activity in the vomeronasal
system, including key structures of the vomeronasal amygdala,
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and the common aspects of the olfactory and vomeronasal oscil-
lations that allow the integration of both types of chemosensory
information.



OBJECTIVES

The general objective of this doctoral thesis is to expand our un-
derstanding of the organisation and function of the olfactory and
vomeronasal systems, and how information from both systems
is integrated to allow the generation of a complete picture of the
chemical cues present in the environment and the generation of
appropriate behavioural responses.

Understanding the performance of these systems requires a
dual approach. First, we will elucidate the connectivity of key
amygdaloid structures receiving projections from the main and
the accessory olfactory bulbs. Second, we will try to understand
how these neuronal systems interact.

There are several reasons to perform the present study in fe-
males. First, our previous behavioural studies have been focused
on the sexual attraction that females display towards male pher-
omones (Martinez-Garcia et al., 2009). Second, as most of the
previous data in rats and hamsters have been obtained in males,
with almost no information available in females, this will allow
comparison of male and female projections. Finally, this work
continues the analysis of the neural circuitry processing vom-
eronasal information in the brain of female mice (Cadiz-Moretti
et al., 2013, 2016b).

The particular objectives are detailed below:

1. Description of the efferent connections of the medial amy-
gdaloid nucleus in mice.

As previously mentioned, prior descriptions in mice have
been partially made in males, mainly regarding the MePD
(Usunoff et al., 2009). Given that mice are widely use in
behavioural neuroscience studies, it is of interest to obtain
direct anatomical data in this species. In addition, there are
relevant differences in distinct strains of mice regarding re-
productive (Vale et al., 1973, 1974; Burns-Cusato et al., 2004,
Dominguez-Salazar et al.,, 2004) and defensive (Belzung
et al., 2001; Yang et al., 2004) behaviours, which are major
functions of the Me. Thus, in the present study we compare

11
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the efferent projections of the Me of the C57BL /6] and CD1
strains of mice.

. Description of the afferent and efferent connections of the

posteromedial cortical amygdaloid nucleus in mice.

The PMCo, besides receiving projections from the AOB,
has a feedback projection to the AOB that would modu-
late the processing of vomeronasal signals (Fan and Luo,
2009; Martinez-Marcos and Halpern, 1999b). This fact, to-
gether with its laminar organization and pallial origin,
suggest that the PMCo could be the primary vomerona-
sal cortex. The connections of the PMCo have been par-
tially described in male hamsters (Kevetter and Winans,
1981a), rats (Canteras et al., 1992; Kemppainen et al., 2002)
or sheeps (Meurisse et al., 2009). In the present study, we
aim to provide a comprehensive report of the afferent and
efferent connections of the PMCo of female mice.

. Evaluation of common aspects of the olfactory and vomero-

nasal oscillations that allow the integration of both types of
chemosensory information.

Therefore, we have performed recordings of neuronal
population activity in awake, freely behaving female
mice, to which we presented different chemical stimuli.
These chemicals include two neutral odorants (clean and
geraniol-scented bedding), detected by the main olfactory
system, and three complex chemosensory stimuli (intact
male- and female-soiled bedding and also bedding soiled
by castrated males), which contain both olfactory and vom-
eronasal chemical signals. The male-soiled bedding con-
tains attractive male sexual pheromones (Martinez-Ricos
et al., 2007), which allows us to compare the activity of the
different nodes of the vomeronasal system and the olfact-
ory bulb in the context of sociosexual communication. In
each animal, the recording electrodes were located in the
MOB and AOB, as well as in the Me and the PMCo. These
recording sites allow us to characterise the pattern of oscil-
latory activity in the main centers of the vomeronasal sys-
tem and, at the same time, to evaluate to what extent they
are different and independent from the sniffing-induced
olfactory oscillations present in the MOB. The recording
of local field activity in free-behaving animals would facil-
itate understanding basic principles of the integration of
olfactory and vomeronasal information.
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MATERIALS AND METHODS

3.1 ANIMALS

For the present study, we used 17 adult (at least 2 months of
age) female mice (Mus musculus), from the Cs57BL/J6 (n = 9)
and the CD1 (n = 6) strains (Charles River, France) with body
weights between 18.1 — 25.1 g and 37.5 — 45.1 g, respectively. An-
imals were housed in cages with water and food available ad
libitum, either in natural conditions or in a 12 h light: dark cycle,
at 21 — 22°C. We treated them according to the EEC guidelines
for European Communities Council Directives of 24th Novem-
ber 1986 (86/609/EEC), and experimental procedures were ap-
proved by the Committee of Ethics on Animal Experimentation
of the University of Valencia.

3.2 SURGICAL PROCEDURES
3.2.1  Tracer injections

To study the projections arising from the different divisions
of the medial amygdaloid nucleus (anterior, posteroventral and
posterodorsal), we performed iontophoretic injections of two dif-
ferent dextranamine conjugates as anterograde tracers. Biotin-
conjugated dextranamine (BDA, 10000 MW, lysine fixable; In-
vitrogen, USA) was used diluted at 5% in phosphate buffer
(PB, 0.01 M, pH 8.0), and tetrametylrhodamine-conjugated dex-
tranamine (RDA, fluoro-ruby, 10000 MW, lysine fixable; Molecu-
lar Probes, USA) was used diluted at 10% in PB (0.01 M, pH
7.6). We delivered the tracers from glass micropipettes (10 — 50
pum diameter tips) by means of positive current pulses (7on/7off
s, 3—5 uA, 10 — 15 min) using a current generator (Midgard
Precision Courrent Source, Stoelting, USA). To reduce the leak-
age of tracer along the pipette track, a time lapse of 2 — 5
minutes passed after the termination of each injection before the
pipette was withdrawn. A continuous negative retentaining cur-
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rent (—0.8 yA) was applied during the entrance and withdrawal
of the micropipette to avoid diffusion of the tracer.

3.2.2  Surgery

For surgery, 6 of the animals were anaesthetised with an in-
traperitoneal injection of a 3:2 ketamine (75 mg/kg; Merial
laboratorios, Spain) and medotomedine (1 mg/kg; Pfizer, Spain)
solution, complemented with atropine (0.04 mg/kg, iperitoneal;
Sigma, USA) to reduce bronchial and salivary secretions and
cardio-respiratory depression. The other 11 animals were an-
aesthetised through inhalation of isofluorane (1.5%) delivered
in oxygen (0.9 L/min; MSS Isoflurane Vaporizer, Medical Sup-
plies and Services Int’l Ltd, UK) using a mouse anaesthetic mask.
All the animals received a butorfanol injection (5 mg/kg, subcu-
taneous; Fort Dodge Veterinaria, Spain) as analgesic. The depth
of anaesthesia was monitored before the procedure by observing
the loss of the righting, palpebral reflexes and pedal reflex (toe
pinch), response to painful stimulation, and rate and depth of
respiration; and during surgery, by monitoring the rate and
depth of respiration, eye blinking and whisker movements. To
maintain normal body temperature the animals were on top of
a thermic blanket and to prevent eye desiccation eye-drops were
applied (Siccafluid, Thea S.A Laboratories, Spain). After fixing
the mouse head in the stereotaxic apparatus (963-A; David Kopf,
USA) a small incision was made in the skin revealing the skull
surface, then the skull landmarks (Lambda and Bregma) were set
in the same horizontal plane and we drilled a small hole above
the medial amygdala. Following tracer injection, we closed the
wound with Histoacryl (1050052; B.Braun, Germany). After sur-
gery, animals anaesthetised with the ketamine:medotomedine
solution received then injections of atipamezol (1 ml/kg, sub-
cutaneous; Pfizer) to revert the medotomedine effects.

In the first nine tracer injections (performed in C57 mice) we
observed that labelled fibres in the contralateral hemibrain were
absent or negligible (see 4), so we decided to perform one injec-
tion per hemisphere in the rest of the mice, to minimise the num-
ber of animals. Following Paxinos and Franklin (2004), in Cs7
mice we used coordinates shown in table 1 relative to Bregma.
These were adapted to CD1 mice and the resulting coordinates
are shown in table 1 as well.

3.3 HISTOLOGY

Six to eight days after the surgery, animals were deeply anaes-
thetised with an overdose of sodium pentobarbital (90 mg/kg,
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Table 1: Coordinates of the injection sites (in mm) relative to Bregma.

Antero Posterior Lateral Depth
MeA -1.1 -2.0 —2.25
Cs7BL/J6  MePD -1.7 —22 —5.2
MePV —1.94 -21 —5.3
MeA —1.4to —1.7 +2.1 -51
CD1 MePD -1.9 +2.1 —5.1to —5.3
MePV -1.9 +21 —51to 548

intraperitoneal; Sigma). Then the animals were transcardially
perfused with 20 ml of saline solution (0.9%, NaCl) followed
by 60 ml of 4% paraformaldehyde diluted in PB (0.1 M, pH 7.6).
Brains were removed from the skull, postfixed for 4 h in the same
fixative and cryoprotected with 30% sucrose solution in PB (0.1
M, pH 7.6) at 4°C until they sank. Using a freezing microtome
we obtained frontal sections (40 ym) through the brain that were
collected in four matching series. In some animals, the olfactory
bulbs were cut at 30 ym.

3.3.1  Tracer detection

For the detection of BDA, we inactivated the endogenous perox-
idase with 1% HyO; in Tris buffer saline (TBS, 0.05 M, pH 7.6)
for 15 min and then the sections were incubated for 90 min in
ABC complex (Vectastain ABC elite kit, Vector Labs, USA) di-
luted 1:50 in TBS-Tx (Triton X-100, 0.3%; in TBS 0.05 M, pH 7.6).
After rinsing thoroughly with buffer, we developed the peroxi-
dase activity with 0.025% diaminobenzidine in PB (0.1 M, pH
8.0), with 0.01% HO, and 0.1% nickel ammonium sulphate to
darken the reaction product.

For the RDA immunohistochemical detection, we inactivated
the endogenous peroxidase as previously described. Then, sec-
tions were incubated overnight in a specific primary antibody
against tetrametylrhodamine raised in rabbit (Molecular Probes,
Cat. #A-6397) diluted 1:4000 in TBS-Tx, followed by a standard
peroxidase-antiperoxidase (PAP) method (goat anti-rabbit IgG,
1:100, Nordic Immunological Laboratories, The Netherlands; rab-
bit PAP, 1:800, Nordic Immunological Labs). Peroxidase activity
was revealed as described before, but nickel was not used.

The sections were mounted onto gelatinised slides, dehyd-
rated with graded alcohols, cleared with xylene and covers-
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lipped with Entellan (Merck, Germany). To facilitate the iden-
tification of the neural structures containing the anterograde la-
belled fibres, before the tissue was coverslipped, it was counter-
stained with the Nissl method.

3.3.2 Considerations regarding tracer injections

Although dextranamines are commonly used as anterograde
tracers, retrograde transport also occurs. Retrograde staining
with BDA was visible as dark coloured cell bodies. These cells
were mainly located around the injection site, which would not
interfere with the anterograde tracing, or along the micropipette
track. The later ones were carefully examined as non-restricted
injections to confirm the labelling observed in the restricted ones.

3.4 IMAGE ACQUISITION AND PROCESSING

We observed the sections using an Olympus CX41RF-5 micro-
scopy and photographed them using a digital Olympus XCso
camera. Brightness and contrast were adjusted, but no additional
filtering or manSipulation of the images was performed. We ar-
ranged the pictures with Adobe Photoshop 7.0 (AdobeSystems,
USA) and designed the line drawings and their labelling using
Adobe Photoshop and Adobe Illustrator (Adobe Systems).



RESULTS

For the description of the distribution of anterograde labelling
resulting from the different injections in the medial nucleus of
the amygdala, we followed the nomenclature of the atlas of the
mouse brain by Paxinos and Franklin (2004). To simplify the de-
scription of the intramygdaloid projections, the terms "olfactory
amygdala" (Kevetter and Winans, 1981b) and "vomeronasal amy-
gdala" (Kevetter and Winans, 1981a) are used. The first refers to
amygdaloid structures that are direct targets of the main olfact-
ory bulb and the second refers to amygdaloid structures that are
direct targets of the accessory olfactory bulb. The term "chemo-
sensory amygdala" includes both the olfactory and the vomero-
nasal amygdala (Gutiérrez-Castellanos et al., 2010).

The projection densities in the different targets of the medial
amygdala subnuclei (anterior: MeA, posterodorsal: MePD and
posteroventral: MePV), were subjectively classified as (see Table
2): very dense, dense, moderate, sparse and very sparse. We con-
sidered very dense the projection through the stria teminalis and
very sparse the areas where we could observe only 2 — 5 labelled
fibres.

The injection sites obtained in the medial amygdala are de-
scribed below. In addition, we obtained one injection located in
the substantia innominata (SI) above the MeA, and another one
restricted to the optic tract (opt) medial to the MeA (not shown).
These injections were used as controls for the specificity of the
anterograde labelling resulting from the medial amygdala injec-
tions (see below).
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Table 2: Semiquantitative rating of the density of the anterograde la-
belling resulting after tracer injections in three subdivisions of
the medial amygdaloid nucleus. IS = Injection site; nf = not

found.
MeA MePD MePD/MePV MePV
Vomeronasal system and BST
AOB MiA +++ - + +
GrA/GIA ++/+ - +++/- 4+ /-
BST BSTMA ++% ++* +++ +4++*
BSTMV ++ ++ ++ +
BSTMPI +4+++* ++ +4++ ++
BSTMPM ++ ¥ ++++ -+
BSTMPL +++ +++ +++ ++
BSTLD ++7 - +]
BSTLP ++ +| +|
BSTLV ++ +] +|
Amygdala BAOT +++ +++ nf +++
MeA IS +++ ++++ +++
MePD +++ IS IS e+t
MePV +4++ +++ IS IS
AAD/AAV ++ ++ ++ +/++
PMCo +++ ++ ++++ ++++
Olfactory system
MOB GrO +) - - -
Tenia tecta DTT/VTT ++%* - + "
AON + - + +
Cortex Pir + + + +
DEn/VEn + + + +|
Ent + +) +| +
Amygdala LOT + + + +]
CxA + + ++ +]
ACo ++ +++ +++ ++
PLCo +++ ++ +++ +++
APir + + + +]
Non-chemosensory amygdala
BMA ++ ++ +++ ++



RESULTS 21

BMP + + + et
BSTIA +++ ++ ++ ++
AStr ++ - - -
I ++ + +
CeM ++ ++ ++
CeC +++ +J -
CeL + +| + +)
BLA +| +1 +| -
BLV/BLP + + + +
La + +|
AHi +++ ++ ++ ++
Other cortical structures
Prefrontal cortex PrL + - - -
IL + - - -
Al + - +] +]
cl + - - -
Hippocampus CA1 + ++ + ++
Septum and Ventral striatum
Septum LSD + +J + +
LSI ++1* +* ++ +
LSV ++ + ++ +4*
MS + - +
HDB ++1* - +
VDB ++ - +
SHy ++ ++ ++ +++
SHi +| +]
Ventral striatum VP + -
Acb + -
Tu ++* - +1 +|
IGj + - +] +|
SI ++ ++ ++ ++
IPAC ++ - +| +]
Hypothalamus
Preoptic MPA ++* ++% ++ +
MPO ++ +++ ++ +4+*
LPO + + + +]
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AVPe - ++ + -
Anterior AHA/AHP ++ ++ ++ +
Pa + +*
Pe + +)
LA + +
SCh - + -
Tuberal VMHDM +++* + +++ ++*
VMHVL ++* +4+* +++ +4*
DM + +]
LH + +
Arc + +
Mammillary PMD +] +
PMV ++* +++* +++ +4++*
MM /ML + +
SuM + +
PH + -
Thalamus
SM +++ +++ +++ ++
Re +1* + + +]
PV + + + +
MD + - - -
LHb + - - ,
PT + - - -
71 + - - -
STh + +
PSTh + -
Brainstem and midbrain
PAG +
VTA +
RLi +] - - -
DR +} - (not found) -
SN - + + -

Very dense: ++++; Dense: +++; Moderate: ++; Sparse: +; Very sparse: +/; No labelling: -.

* Contralateral labelling.



4.1 ARCHITECTURE OF THE ME

4.1 ARCHITECTURE OF THE MEDIAL AMYGDALOID NUC-
LEUS

The medial amygdaloid nucleus (Me) is located in the medial
superficial aspect of the amygdala. According to the atlas of
the mouse brain by Paxinos and Franklin (2004), the Me is an
heterogeneous structure comprised of four sunuclei: antorovent-
ral, anterodorsal, posteroventral and posterodorsal. As Canteras
et al. (1995) and Gomez and Newman (1992) suggested, projec-
tions from the anteroventral and anterodorsal subdivisions are
described together, and will be referred as the anterior subdivi-
sion.

The begining of the MeA limits rostrally with the anterior
amygdaloid area and laterally with the nucleus of the lateral
olfactory tract. Then it extends caudally and runs adjacent to
the bed nucleus of the accessory olfactory tract and the anterior
cortical amygdaloid nucelus (Figure 1 A). Medially it limits with
the opt, while the deeper part of the MeA limits with the anterior
part of the basomedial amygdaloid nucleus. The MePD continu-
ous with the dorsal aspect of the MeA and extends dorsally ad-
jacent to the basomedial amygdaloid nucleus and the intraamy-
gdaloid division of the bed nucleus of the stria terminalis (Figure
1 B). Regarding the MePYV, is located ventral to the MePD and
limits rostrally with the anterior cortical amygdaloid nucleus an
caudally with the posteromedial cortical amygdaloid nucleus.

The Me shows a rough lamination (Martinez-Garcia et al.,,
2012), specially in its posterior subdivisions, with a cell-free layer
I (in which the projection from the accessory olfactory bulb
terminates) and a high cell density layer II (that is not clearly
defined) occupying the medial corner. Furthermore, the dorsal
and ventral subdivisions of the posterior Me are not easily dis-
tinguishable in Nissl stained sections, except for their relative
position.

4.2 INJECTIONS IN THE MEA
4.2.1 Injection sites

In eight experiments the injection affected the MeA, five of
which have the tracer entirely confined to this subnucleus. Of
the restricted injections (Figure 2 A,B), two correspond to single
injections in the C57BL/6] strain and are used to describe both
ipsilateral and contralateral projections of the MeA (Figure 2,
injections Mo331 and M1120); while the other three, which cor-
respond to CD1 mice, are used to describe the ipsilateral projec-
tions. Injections M1143R and M1144L (Figure 2 A,B) show small
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Figure 1: Rostro-caudal organisation of the Me. A, The anterior subdivision
of the medial amygdaloid nucleous (MeA) and surrounding amyg-
daloid structures. Left: low-power photomicrographs of Nissl stain-
ing of coronal sections through the amygdala in mice and magnifica-
tion to show the cytoarchitectonical organisation of the MeA. Right:
Schematic representation showing the general organisation of the
MeA and surrounding amygdaloid structures. B, Idem for the pos-
terior subdivision of the medial amygdaloid nucleus. Scale bar in A
(valid for B) = 500 pm.

tracer deposits along the micropipette track, which are located
in the internal capsule (ic), medial globus pallidus (MGP), SI and
the opt, and therefore are used only to check the labelling found
in restricted injections. In the remining three cases the injections
extended caudally and affected also the posterior subdivisions
of the Me.

4.2.2  Anterograde labelling resulting from injections in the MeA

The injections of neural tracers in the anterior division of the
medial amygdaloid nucleus (MeA) gave rise to anterograde la-
belling in a complex range of cerebral nuclei. Intra-amygdalar
axons spread directly from MeA, while fibre labelling coursing
outside the amygdala followed two main pathways: the stria
terminalis, where labelled axons were located in the medial as-
pect, and the ventral amygdalofugal pathway (ansa peduncularis),
where axons progressed across the SI. The output of the MeA
appeared mostly ipsilateral, with scarce fibre labelling present
in contralateral nuclei, as described below. Since no differences
were observed in the anterograde labelling resulting from exper-
iments in the C57BL/J6 and CD1 strains [except in the olfactory
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Figure 2: Injection sites in the anterior, posterodorsal, and posteroventral
subdivisions of the medial amygdaloid nucleus. A-F, Schematic
drawings representing the extent of the tracer injections in the an-
terior medial amygdaloid nucleus (MeA), the posterodorsal medial
amygdaloid nucleus (MePD), and the posteroventral medial amy-
gdaloid nucleus (MePV). MeA injections are represented in warm
colours (A, B), MePD in green and MePV in blue (C-F). Coloured
areas represent single injections and are identified with the animal
code. For those animals with two injections, each one is identified
with either an R (right hemisphere) or an L (left hemisphere). G-I,
Photomicrographs of nissl-stained sections through the amygdala
of the mouse showing representative injections sites. G, Injection
site in the MeA of a CD1 mouse. H, Injection site in the MePD of
a CD1 mouse. I, Injection site in the MePV of a CD1 mouse. For
abbreviations, see list. Scale bar in A (valid for B-I) = 1 mm.

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

4.2.2.1  Vomeronasal system
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