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h i g h l i g h t s
• Septal and amygdaloid nuclei are involved in social behavior of adult animals.
• Here we investigated their involvement in early social responses of visually naive chicks.
• Higher activity in septum and amygdaloid nuclei of chicks after the ﬁrst brief exposure to an alive conspeciﬁc.
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a b s t r a c t
The septal nuclei are an evolutionarily well-conserved part of the limbic system, present in all vertebrate
groups. Functionally, septal nuclei are involved in many important aspects of social behavior and lateral
septum is considered a node of the social decision making network, together with amygdaloid nuclei.
Given the importance of septal nuclei for social behaviors, it is somewhat surprising that it has never
been investigated whether they are involved in early social responses of naïve animals. In the present
study we wanted to know if simple exposure of visually naïve newly hatched chicks to a visual object (an
alive, behaving conspeciﬁc), that also contains all features to which chicks are known to express early
social predispositions, will selectively activate septal areas. We measured brain activity by visualizing the
immediate early gene product c-Fos with a standard immunohistochemical procedure. Notably, after a
brief visual exposure to an alive behaving conspeciﬁc septum showed higher activation in experimental
subjects, compared to baseline animals that were exposed to the same environment in the absence of the
conspeciﬁc. This is, to the best of our knowledge, the ﬁrst demonstration of septal involvement in early
social responses. We also found similar effects in the nucleus taeniae and arcopallium (amygdala homologues), but not in the medial striatum. This result indicates that at least some nuclei of the social decision
making network may participate in early responses to social stimuli. Future studies could capitalize on
these results, by identifying the speciﬁc visual cues eliciting this effect.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
The septal nuclei are an evolutionarily well-conserved part of
the limbic system, present in all vertebrate groups [1]. In mammals,
septum is located medial to the lateral ventricles and is anatomically and functionally connected to the hippocampus [2]. It is
also interconnected with the hypothalamic nuclei that are relevant
for social behaviors, such as the preoptic area (POA), the anterior
hypothalamus (AH), the ventromedial hypothalamus (VMH) [3–5]
and it also projects to the midbrain [6]. Septum receives inputs
from further social brain regions, such as the bed nucleus of stria

∗ Corresponding author at: Center for Mind/Brain Sciences, University of Trento,
Piazza Manifattura 1, I-38068, Rovereto (TN) Italy.
E-mail address: uwe.mayer@unitn.it (U. Mayer).
http://dx.doi.org/10.1016/j.bbr.2016.09.031
0166-4328/© 2016 Elsevier B.V. All rights reserved.

terminalis (BNST), the medial amygdala [7–9] and dopaminergic
projections from the ventral tegmental area (VTA) [10]. Many studies in mammals have implicated the lateral septum in a variety
of social behaviors, such as social memory, individual recognition,
dominance hierarchies, territoriality, aggression, sexual behavior, pair-bond, parental and anxiety-related behaviors, which are
mainly mediate through neuropeptide signaling based on vasopressin and oxytocin receptors [11–29].
Similar to the mammalian septum, its avian homolog is located
medial to the lateral ventricles and it also shares the connectivity proﬁle of the mammalian septum, with massive inputs from
the hippocampus and projections to the hypothalamus and midbrain [30–34]. It contains dense dopaminergic ﬁbers [35] and shows
subdivisional organization that resembles that of the mammalian
septum [36]. Similarities between mouse and domestic chick’s
dorsal (pallial) and ventral (subpallial) portions of the septum
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have been conﬁrmed by comparative examination of developmental gene expression [37,38]. Research on the functions of the
avian septum is generally sparse and not all functions known in
mammals have been investigated in birds. However, besides a
few studies that targeted septal involvement in spatial memory
[39–41], most investigations have focused on regulation of social
behaviors and have uncovered similarities to mammalian species
[42,43]. In adult birds septal nuclei participate in territorial behavior, aggression, dominance hierarchies, individual discrimination,
social communication, pair-bonding, gregariousness, appetitive
and consummatory sexual behaviors [42,44–58]. Similar to mammals, some of these behaviors are mediated by arginine vasotocin
(AVT, homologous to arginine vasopressin in mammals) [46]. The
AVT-ir ﬁbers are dense in the lateral portion of the avian septum
[36], showing that the avian lateral septum is also functionally similar to the lateral septum in mammals. In fact, some studies also
found localized involvement of the avian lateral septum in social
functions (aggression and sexual behavior) [56,57].
As in mammals, the lateral septum in birds is considered
one of the nodes of the social behavior network [42,59], which
exhibits extensive similarities between the two taxa in its connections, histochemistry, and locations of sex steroid receptors
[30,33,34,36,53,60–66]. These nodes by deﬁnition are in control of
multiple forms of social behavior, they contain sex steroids receptors and are reciprocally interconnected [59]. The participation of
this network in regulation of social behaviors in birds and mammals
have been studied on the basis of immediate early gene induction, revealing similar patterns of activity [18–20,36,46,67–81]. The
expressions of these genes are reliably induced by behaviorally relevant neuronal activity and their products have often been used
to map brain activities in different species [39,82–89]. The lateral
septum is also connected to the mesolimbic reward system, which
makes it to an important key element in a larger social decision
making network [90].
Other important elements of the social decision making network
are the nuclei of the amygdala, which have also been theorized to
support early responses to social stimuli, e.g. attention to faces in
human newborns [91]. In mammals, amygdala is composed by pallial parts such as the lateral, basolateral, basomedial and cortical
nuclei and subpallial parts such as the central and medial nuclei
[92]. While the medial amygdala, similar to lateral septum, interconnects the social behavior network and the mesolimbic rewards
network, the basolateral amygdala represents a part of the latter [90]. The medial amygdala plays a particularly important role
in mediating sexual responses and regulates appetitive responses
(e.g., see [93–98]). In birds, after a recent nomenclature change and
reinterpretation of the telencephalon [99,100], two regions were
classiﬁed as subpallial amygdaloid nuclei, the nucleus taeniae of
the amygdala (TnA) and the newly identiﬁed subpallial amygdala
(SpA). Neuroanatomical studies suggested that the avian nucleus
taeniae of the amygdala (TnA) might be homologous to mammalian
medial amygdala [101]. Like its mammalian counterpart, the TnA
receives direct inputs from olfactory bulb [102,103] and sends hippocampal and hypothalamic output [64,104,105]. This area shows
an enrichment in androgen and estrogen receptors [106–109] and
is in control of different social functions, such as sexual behaviors
and social interactions [64,67,80,110]. In an altricial species the
zebra ﬁnch, TnA can already be delineated at post hatching day
one [111], which supports the idea that the early development of
TnA is necessary for social control already at the time of hatching.
The homologies of the pallial structures of the amygdala in the
bird’s brain are more complicated. Some authors propose that the
whole dorsal ventricular ridge (DVR) of birds is exclusively homologous to the mammalian basolateral amygdala, endopiriform
nucleus, and/or claustrum [38,112–117]. This view is challenged
by the “neocortical hypothesis”, which considers the mesopallium

(M), nidopallium (N) and arcopallium (A) to be of cortical origin
and is supported by hodological, morphological, histochemical and
topological observations [118,119]. According to the classical view
by Zeier and Karten [120], the arcopallium (old name ‘archistriatum’, [100]) is composed of a limbic, amygdaloid part that projects
to the hypothalamus and includes nucleus taeniae of the amygdala (TnA) and the posterior amygdala (PoA). The other part of
arcopallium is a somatomotoric part and is composed of anterior
arcopallium (AA), dorsal arcopallium (AD) and the dorsal part of
the ventral arcopallium (AV). The ventropallial olfactory-related
origin of the arcopallium is conﬁrmed by more recent studies on
its connections [121]. It is worth mentioning that several classical lesioning and electrical stimulation studies have implicated
the caudal and medial arcopallium (archistriatum) in fear related
behaviors in different birds [122–126], which show that at least
some parts of arcopallium have similar functions to the mammalian
pallial amygdala.
Given the importance of septal and amygdaloid nuclei for social
functions, it is surprising that so far no studies investigated their
involvement in early social behaviors of newborn animals. Early
social behaviors are believed to play a crucial role in the ontogenesis of social cognition, in both human and non-human primates
[91,127] and in avian species [128]. Newborn vertebrates of these
distant species show early predispositions to attend to socially
relevant stimuli, which bias their early experiences in favor of certain classes of stimuli. This could have a crucial role in shaping
the normal development of social function and the related neural
circuitry [129]. Domestic chicks are an ideal model to investigate
questions related to early social responses [130]. Being the precocial offspring of a social species, chicks allow to test social behavior
while strictly controlling pre- and post-hatching experiences. Soon
after hatching, before any learning about social stimuli occurs, nidifugous chicks of gallinaceous species are already predisposed to
respond to social stimuli [128]. These early predispositions will
ensure subsequent imprinting towards appropriate social objects.
Filial imprinting involves individual recognition of the imprinting
object and social bonding to it [131]. In a natural environment
the imprinting object could be either the mother hen or a sibling
(another chick of the same hatch). These features allow to use chicks
as a model to study the role of experience in septal and amygdaloid responses to social objects. Are these areas involved in social
functions immediately after birth/hatching or is postnatal visual
learning and experience required to recruit them? In the present
study we thus investigated septal activity of visually naïve chicks
after the ﬁrst brief visual exposure to an alive, behaving conspeciﬁc
and compared it to a baseline group of chicks that were exposed
to the same visual and acoustical environment, but without visual
exposure to the alive conspeciﬁc. We measured neuronal activity
in the brain areas of interest by labelling the immediate early gene
product c-Fos with a standard immunohistochemical procedure.
We hypothesized that seeing a conspeciﬁc will selectively upregulate septal activity in the experimental group. We also measured
neuronal activity in nucleus taeniae (TnA) and arcopallium (A). As a
control region we measured activity in the medial striatum (MStr),
lobus parolfactorius, LPO according to the old nomenclature, [99].

2. Material and methods
2.1. Subjects
Thirty laboratory-hatched, domestic chicks (Gallus gallus domesticus), of the “Hybro strain” (a local variety derived from the
white leghorn breed), were used. Fertilized eggs were obtained
from a local commercial hatchery (Agricola Berica, Montegalda
(VI), Italy) and were hatched in groups inside dark incubators
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experimental design because testing the baseline and experimental
chicks separately would have a major detrimental effect: the acoustical environment would have been radically different between
the baseline chicks and the experimental chicks. In fact, only the
experimental chicks would have heard calls from a conspeciﬁc, in
addition to their own calls, making it harder to interpret the results
with regards to the differences in the visual stimulation. Also, since
chicks were habituated to an environment in which they could
hear other individuals, this could have actually been a source of
increased stress for the baseline group if tested in isolation.
2.4. Test session for c-Fos labelling

Fig. 1. Experimental setup: the experimental chick was observing the demonstrator
chick on the other end of the corridor, visible through the grids, whereas the baseline
chick was facing an empty chamber.

(Marans P140TU-P210TU). Hatching took place at a temperature
of 37.7 ◦ C, with 60% humidity. During the ﬁrst day after hatching chicks were moved to individual compartments (cardboard
box 11 cm × 11 cm × 25 cm) and reared at constant temperature of
33 ◦ C. All procedures were performed in complete darkness, so that
the chicks remained visually unexperienced. The experiment was
conducted on the second day after hatching.
2.2. Ethical statement
The experiment reported here comply with the current Italian
and European Community laws for the ethical treatment of animals
and the experimental procedures were licensed by the Ministero
della Salute, Dipartimento Alimenti, Nutrizione e Sanità Pubblica
Veterinaria (permit number 20269/A).
2.3. Testing apparatus
The testing apparatus (Fig. 1) consisted of a rectangular arena
with an inner space of 30 cm × 45 cm × 23.5 cm (W × L × H) that
was divided by a wall in the middle into two identical corridors
(45 cm × 14.5 cm × 23.5 cm). All inner surfaces of the two corridors
were covered with white non-reﬂective material. The two ends of
each corridor were delimited by black metal grids (1 cm × 1 cm),
providing compartments for individual chicks (14.5 cm × 14.5 cm
large, 23.5 cm). The section of the corridor between the two grids
(or central compartment) was 16 cm and served to prevent a direct
tactile interaction of the experimental chicks. A layer of sawdust
covered the ﬂoor to prevent chicks from seeing and pecking their
own feces. The stimulus side of the experimental setup was uniformly illuminated from above (60 cm) with diffused warm light
(60 W). A digital camera was suspended centrally above the arena
to record the behavior of the chicks.
The structure of the apparatus ensured that, during simultaneous testing of experimental and baseline chicks the acoustical environment was shared between them, i.e. that all subjects could hear
noises and calls produced by all the other individuals. This implied
that the baseline chicks could hear their conspeciﬁcs, without seeing them. Likewise, also the experimental chicks, even though they
had visual access to the demonstrator, could hear call emitted by
the baseline chicks without seeing them. Note that chicks were
reared in a dark incubator, in which acoustical cues from conspeciﬁc could be heard, without seeing them so this situation should
not have been particularly distressing for them. We chose this

Animals were tested on the second day after hatching. For this
purpose, the thirty chicks were divided in three groups of ten.
Chicks from one group served as “demonstrators”, while the other
two groups were the “experimental” group and the “baseline”
group. During the test three chicks of the different groups participated to the test simultaneously. During the exposure, each experimental chick was able to see a demonstrator, whereas the baseline
group was facing an empty chamber on the other side of the corridor (Fig. 1). Temperature in the experimental room was maintained
constant at 25 ◦ C. Each subject was extracted from the individual compartments in the incubator in complete darkness, placed
singly into a closed transportation box and carried to the experimental room. During the transportation, special care was taken
to avoid unwanted stimulation prior to the test. For each test the
demonstrator was moved ﬁrst, followed by the experimental and
baseline chicks that were carried simultaneously in two different
boxes. In order to counterbalance all variables between the experimental and the baseline chicks the order of entrance and removal
of the animals and the left-right position of the experimental corridor were counterbalanced between test pairs. All test sessions
were video recorded.After the test session both the experimental
and baseline chicks were transported back to their individual home
compartments inside the dark incubator, where they remained
until perfusion. The demonstrators were not used for further investigation; they were caged in groups with food and water ad libitum
in the animal house until they were donated to local farmers.
2.5. Immunohistochemistry
Seventy minutes after the start of the test session, subjects
used for brain activity measurements were overdosed with an
intramuscular injection of 0.05 ml Ketamine/Xylazine Solution (1:1
Ketamine 10 mg/ml + Xylazine 2 mg/ml) per 10 g of body weight.
After 5 min, when the animals became unresponsive (tested by
gently pulling the feet and wings), they were immobilized on a
plate, the thorax was opened and the heart was exposed. The chicks
were perfused transcardially via the left ventricle with cold phosphate buffered saline (PBS; 0.1 mol, pH = 7.4, 0.9% sodium chloride,
4 ◦ C) for 5 min and then ﬁxed with 4% paraformaldehyde (PFA)
in PBS for 7 min. The head was then severed from the body, the
skin and the eyes were removed, and the skull was transferred
to 4% PFA where it was post-ﬁxed for multiple days. In following, the skull was secured in a stereotaxic head holder (Stoelting,
using a Kopf Instruments pigeon head holder). A coronal-plane cut
was made through the skull and the brain with a scalpel blade
attached to a micromanipulator, at an orientation of 45◦ to ensure
that the subsequent brain sections had the same orientation as in
the chick brain atlas of Kuenzel and Masson [132]. The brain was
then removed from the skull, post-ﬁxed for approximately 48 h in
4% PFA/PBS containing 20% sucrose at 4 ◦ C, and then transferred to
30% Sucrose/0.4%PFA/PBS for 48–72 h until it sunk. The left and the
right hemispheres were separated and processed independently.
Each hemisphere was embedded in gelatin containing egg yellow
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(7%), post ﬁxed for approximately 48 h in 4% PFA/PBS containing
20% sucrose at 4 ◦ C, and then transferred to 30% sucrose in 0.4%
PFA/PBS were they were stored for multiple days (at least 48 h) until
processing. The brain hemispheres were frozen at −80 ◦ C in plastic
molds covered with O.C.T (Tissue-Tek freezing medium). For freeﬂoating staining, four series of 40 m coronal sections were cut on a
Cryostat (Leica CM1850 UV) at −20 ◦ C. The sections were collected
only from the regions of interest (septum, MStr and A/TnA). The sections of the ﬁrst series were used for processing and labelling. The
sections of the other series were kept in PBS at 4 ◦ C as backup or for
testing antibody speciﬁcity (processing without the primary antibody). Endogenous peroxidase activity was depleted by incubation
in 0.3% H2 O2 in PBS for 20 min. After washing in PBS (3 × 5 min),
the sections were treated with 3% normal goat serum (S-1000,
Vector Laboratories, Burlingame, CA, USA) in PBS for 30 min. The
sections were then transferred to the ﬁrst antibody solution (c-Fos
antibody made in rabbit, 1:2000; K-25, Santa Cruz Biotechnology,
Santa Cruz, CA, USA) and incubated 48 h at 4 ◦ C on a rotator. After
several washes in PBS, the secondary antibody reaction was carried out using a biotinylated anti-rabbit solution (1:200, BA-1000,
Vector Laboratories) in PBS for 60 min at room temperature. The
ABC method was used for signal ampliﬁcation (Vectastain Elite
ABC Kit, PK 6100, Vector Laboratories). c-Fos immunoreactive (-ir)
neurons were visualized with the VIP substrate kit for peroxidase
(SK-4600, Vector Laboratories). This produced a purple reaction
product conﬁned to the cell nuclei of activated neurons. Sections
were then transferred to distilled water and serially mounted on
gelatin-coated slides. They were dried at 50 ◦ C on a heating plate
and counterstained with methyl green (H-3402, Vector Laboratories). After gradual dehydration in ethanol (70%, 80%, 90% and 99%
EtOH for 3 min each, and then placed in Xylene) the mounted sections were cover slipped with Eukitt (FLUKA).
2.6. Brain anatomy

Fig. 2. Typical placement of cell count zones (red rectangles). (a) Schematic view
of a coronal section showing a typical placement of the cell count zone within the
Septum and its portioning into dorsal, lateral and medial subdivisions (red lines). (b)
Schematic view of a coronal section showing a typical placement of the cell count
zone within arcopallium and nucleus taeniae. The arcopallium was subdivided
into dorsal and ventral parts (red line). (c) Schematic view of a coronal section
showing the typical placement of the cell count zone within the medial part of the
medial striatum. Drawings were adapted from the atlas of Kuenzel and Masson
[132]. HA-hyperpallium apicale, Hp-hippocampus, M-mesopallium, N-nidopallium,

Brain sections were examined with a Zeiss microscope at a magniﬁcation of 200 x and a digital camera (Zeiss AxioCam MRc5). The
ZEN Imaging software (Zeiss) was used for the manual counting of
c-Fos-ir neurons on a computer screen. Counting was performed
blind to the experimental conditions. For counting, a rectangular
“enclosure”, 150 × 250 m, was positioned over spots of highest
number of c-Fos-ir neurons within brain areas of interest. Contrast
and exposure time of the camera were adjusted so that the image
on the screen matched the view under the microscope. Successful immunostaining produces dark purple-black stained nuclei and
minimal background staining. Thus, the nuclei of c-Fos-ir neurons
were easily discerned from background and non-activated neurons,
which were stained light green (Fig. 3). Every activated c-Fos-ir
neuron within the sample areas was marked on the screen with the
“event marker” of the ZEN software, which automatically computed
the total number of c-Fos-ir neurons.
Several brain regions within the collected telencephalic parts
contained c-Fos-ir neurons, however, in order not to lose statistical
power, we measured the density of labelled neurons only in the
brain areas of interest: septum, arcopallium, nucleus taeniae and
medial striatum (MStr) as a control region. To measure cell density within the septum three to eight sections of both hemispheres
were selected by the shape and anatomical landmarks that would
correspond to the A(nterior) 8.8 to A 7.6 of the Kuenzel and Masson atlas [132]. It is important to note that the anterior-posterior

Str-striatum, mMStr-medial part of the medial striatum, SD-dorsal septum,
SL-lateral septum, SM-medial septum, AD-dorsal arcopallium, AV-ventral arcopallium, TnA-nucleus taeniae of the amygdala, E-entopallium, TSM- septopalliomesencephalic tract. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)
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coordinates, that are provided here for orientation within the atlas,
do not represent the real coordinates in 1 day old chicks, because
the Kuenzel and Masson atlas [132] was based on brains from two
weeks old chicks that are substantially bigger in size. The septum of
each section was parsed into three subdivisions: dorsal, lateral and
medial septum (Fig. 2a). The border between the lateral and medial
septum was based on anatomical landmarks that are visible after
methyl-green counterstain (similar to giemsa staining). The dorsal
part was deﬁned as the dorsal 1/2 of the septum starting from the
ventral border of the lateral ventricle (Fig. 2a). Labelled cells within
the arcopallium and nucleus taeniae were counted from four to six
sections of each hemisphere, selected from the region extending
from A8.2 to A 6.4 [132]. Arcopallium is delimitated in its upper
boundary by the lamina arcopallialis dorsalis, whereas nucleus taeniae is a region beneath the arcopallium which can be visually
distinguished on the basis of different cell densities. Arcopallium
was parsed into dorsal and ventral regions (Fig. 2b). Labelled cells in
MStr were counted from ﬁve to eight sections of each hemisphere,
selected from the region extending from A 10.6 to A 9.0. One counting rectangle was positioned dorso-medial within the MStr of each
section (Fig. 2c).
After completing the cell counts, for each animal mean values
from the different sections were calculated for each brain region
in each hemisphere and cell densities were standardized to 1 mm2 .
Cell counts, pooled from the three subdivisions in septum, were further averaged to estimate overall septal activity. Also the measured
values from the two hemispheres were pooled for further analysis.
Thus, the overall estimate of septal activity of an individual bird
was based on an average from 18 to 48 measurements for each bird
(3–8 sections, 2 hemispheres, 3 subdivisions). Also the cell counts
pooled from the two subdivision in arcopallium and the counting
in nucleus taeniae were averaged to estimate overall activity in
this amygdala equivalent. Thus the calculated neuronal activity for
each individual in the A/TnA region was based on 24–36 counted
areas (4–6 sections, 2 hemispheres, 3 subdivisions). The calculated
neuronal activity for each individual in MStr was based on 10–16
counted areas (5–8 sections, 2 hemispheres). The resulting individual bird means were considered overall indicators for the number of
c-Fos-ir neurons and were employed for further statistical analysis.
2.7. Statistical analysis

Fig. 3. Labelled neuronal nuclei in the sampled areas of an experimental chick
(left hemisphere, magniﬁcation: 200×). Immunoreactive neurons are stained black
(black arrow) and can easily be distinguished from the c-Fos-negative, green-stained
neuronal nuclei (red arrow). (a) High number of labelled c-Fos-ir nuclei within septum. (b) High number of labelled nuclei within nucleus taeniae. (c) Labelled nuclei
within medial striatum. S-septum, TnA-nucleus taeniae, MStr-medial striatum, Nnidopallium. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)

In the present study, chicks of both groups were handled pairwise at all steps of the procedure. In particular, chicks were
transported in pairs (simultaneously in two transporting boxes) to
and from the experimental room and were simultaneously exposed
to the same acoustical environment. Also the subsequent processing of the brains, as well as the immunohistochemical reactions
were carried out pairwise. Thus, measurements obtained from the
experimental and baseline chicks of each pair could not be treated
as independent. Following this logic, data from the two groups were
analyzed as pairwise interdependent: the presence of difference in
the density of c-Fos-ir neurons was tested by a repeated measures
ANOVA with brain area and group as repeated measures. For posthoc analyses, paired t-tests (two tailed) were carried out for each
area. All statistical analyses were performed with the software IBM
SPSS Statistic for Windows (Version 22.0).
3. Results
3.1. Results of immunohistochemical procedure
We processed brains of all 10 experimental and 10 baseline control group chicks, however during the staining procedure the septal
regions of one brain from the control group and one brain from
the experimental groups were damaged and could not be used for
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counting. These brains were excluded from further analysis. Since
chicks were tested in pairs, also the brains of the two corresponding pair-chicks were excluded. This resulted in a ﬁnal sample of 8
brains for each group that were used for further analysis. All brain
sections showed lightly green stained neurons due to the methylgreen counterstaining, whereas the nuclei of c-Fos-ir were stained
black and thus easily distinguishable from other neurons (Fig. 3).
All birds showed individual distributions of c-Fos-ir neurons within
septal areas. Labelled neurons appeared either in clusters of different sizes or more or less homogeneously distributed over the entire
septum. Also isolated neurons were found. Clustered or isolated
c-Fos-ir neurons varied considerably in location between individuals. Very often, c-Fos expression was observable only in the dorsal
and dorsomedial parts of septum, whereas in some other cases, the
labelling was restricted to the ventral parts. Septum showed high
variability in densities between individuals with high densities of
c-Fos-ir neurons in some cases, and very low densities of labelled
cells in other cases. Also the distribution along the rosto-caudal
axis was variable. Some brains showed c-Fos-ir neurons only in
the rostral parts of septum, others caudally or in both parts. The
activity patterns appeared to be distributed also asymmetrically
between the two hemispheres. Due to the high individual variability, it was impossible to detect regularities in the distribution
of c-Fos-ir neurons within the septum, however, even qualitative
examination evidenced higher numbers of c-Fos-ir neurons within
the septum of the birds of the experimental group, compared to
the control group animals. Similar to the septum also the activity
pattern within arcopallium, nucleus taeniae and medial striatum
showed high individual variations. Very often the activity pattern
was not restricted by the anatomical subdivisions (e.g. if high number of labelled cells was present in the nucleus taeniae, it was often
also high in the surrounding parts belonging to the ventral arcopallium). Also in these areas the activity pattern was often rather
clustered than homogeneously distributed.
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3.2. Results of the quantitative analysis

4. Discussion
The results of the present study demonstrate that previous
visual experience is not required to activate septal and A/TnA
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The density of c-Fos-ir cells within the septum (Fig. 4a) of the
experimental birds (mean ± s.e.m.: 1520.1 ± 194.3 cells/mm2 ) was
29% higher than in the septum of control birds (1082.22 ± 161.3
cells/mm2 ). A similar difference was present in the A/TnA (Fig. 4b)
with 26% higher densities in the experimental group (862.7 ± 113.3
cells/mm2 ) compared to the control group chicks (638.14 ± 64.1
cells/mm2 ). Such differences were not present in the medial part
of the medial striatum (Fig. 4c), which showed similar densities of c-Fos-ir cells in the experimental group (1148.7 ± 204.5
cells/mm2 ) and in the control group (1188.3 ± 173.4 cells/mm2 ).
These region speciﬁc differences between the two groups were
also statistically signiﬁcant. Repeated measures ANOVA revealed
a signiﬁcant interaction of area*group: F(2,14) = 4.397; p = 0.03,
showing that the differences in the number of c-Fos-ir neurons
between the two groups were present in a brain regiondependent fashion. This allowed us to further explore statistically
the pattern of activation of the two groups (see above and
Fig. 4) by using post hoc analyses. The post hoc comparisons
(paired t-tests) revealed signiﬁcantly higher number of c-Fos-ir
neurons/mm2 for experimental group, compared to the baseline group, in septum t7 = 5216; p = 0.01 and in the A/TnA
t7 = 2917; p = 0.02, but not in the medial striatum t7 = −0,202;
p = 0.84.
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Fig. 4. Measured c-Fos-ir densities in two groups of chicks (n = 8 in each condition). (a) Signiﬁcantly higher number of c-Fos-ir neurons is present in the septum
of experimental chicks compared to baseline. (b) Signiﬁcantly higher number of cFos-ir neurons in the arcopallium/nucleus taeniae of experimental chicks compared
to baseline. (c) A high number of c-Fos-ir neurons is present in the medial striatum
of both groups. Graph-plot: mean (black square), s.e.m. (box) and s.d (whisker). (*
indicates p < 0.05; ** indicates p < 0.01). Densities of c-Fos-ir neurons per mm2 are
represented on the Y-axis.
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regions in response to the visual appearance of an alive, behaving
conspeciﬁc. We found an up-regulation of c-Fos-ir in visually naïve
chicks after the ﬁrst visual exposure to a conspeciﬁc, compared to
baseline chicks that were exposed to the same visual (and acoustical) environment, but without seeing the conspeciﬁc. We decided to
employ an alive chick as a stimulus for our experimental condition
because it combines the most static and dynamic visual elements
of animate creatures, to which naïve chicks are preferably attentive
directly after birth [128]. Although, based on this results it is not
possible to predict which of the visual features of the alive-chick
stimulus may be the most important one for the observed effects,
we assume, that the responses of the relevant brain areas were of
social origin. In fact, not only the stimulus which we employed is
particularly suited to elicit chicks’ social predisposition, but also
chicks are likely to respond socially to most visual objects in this
stage of their development (e.g., in laboratory settings it has been
demonstrated that chicks will approach and imprint on a great
variety of visual objects).
The observed differences were region speciﬁc and not due to
the overall activity of the brains, since the densities of c-Fosir neurons in the medial striatum were not different between
the groups. Importantly, the differential activation of the septal
nuclei and of the A/TnA region can be explained only by the visual
stimulation provided by the alive conspeciﬁc experienced by the
experimental group. In fact, both groups of chicks were exposed
to the same visual environment, and thus both received patterned
visual input (e.g., that provided by the black grid separating the
different compartments contrasting against the white walls of the
apparatus, the visual texture of the sawdust etc.). Moreover, the
experimental chick could not receive any tactile stimulation from
the “demonstrator”, since they were divided by the empty central compartment of the corridor. Also olfactory cues would be
equally available to both groups, due to the open structure of the
apparatus, to the intermixing of the sawdust and to the interchange of the compartment used for the two groups, after each
pair. Finally, also the acoustical stimulation received by each pair
of experimental and baseline chicks was matched (the two chicks
composing each pair were tested simultaneously side by side and
the apparatus was completely open from above). In principle it
is possible to hypothesize that the absence of visual access to
the conspeciﬁcs in the baseline group might have induced higher
number of distress calls, which in turn might have had a role in
c-Fos expression in the targeted regions. However, we believe it
is unlikely that the mismatch between visual and acoustical information was distressing for the baseline chicks, because all chicks
were reared in a dark incubator and thus habituated to an environment in which they could hear other individuals, without seeing
them. Moreover, by design, also experimental chicks experienced
some degree of mismatching between auditory and visual information, since they could hear the baseline chicks without seeing
them.
Thus, we can conclude that the activity of septal and A/TnA
nuclei of newborn, naïve chicks is selectively affected by the ﬁrst
exposure to a salient visual object, namely an alive and behaving
conspeciﬁc. The most obvious interpretation of the higher activity present in the experimental group, is that visual appearance of
a conspeciﬁc selectively up-regulated the c-Fos expression in the
targeted brain regions. However, because the baseline group was
deprived of exposure to a social stimulus in a developmental period
in which the organism is motivated to seek social companions, a
potentially alternative explanation of the most “proximate” cause
of the observed effects could also be a down-regulation of c-Fos in
the baseline group with respect to the experimental group. In any
case, both interpretations imply a crucial involvement of septum
and A/TnA of naïve chicks in the response to social stimuli.
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As we mentioned above, based on the current experiment it is
not possible to know which speciﬁc visual features of the stimulation provided to experimental chicks determined the activation
of septum and A/TnA. Newly hatched chicks are known to respond
socially to the ﬁrst salient visual object they encounter, their main
motivation being to approach an object for which they will then
develop ﬁlial imprinting, provided that they are exposed to it long
enough [131]. Only after that, their social-afﬁliative responses will
be restricted to the imprinting object and they might become fearful of novel stimuli. Indeed, in a laboratory setting ﬁlial imprinting
can be obtained for a great variety of visual stimuli. However, chicks
are also known to have unlearned predispositions to favor stimuli
having some visual features typical of social companions and of animate creatures in general [133–136]. Thanks to the possibility to
effectively control for visual experience in this animal model, it has
been possible to demonstrate that these predispositions occur in
visually naïve animals (such as the ones employed for the current
study), before any imprinting occurs. In fact, one of the adaptive
functions of these predispositions could be that of directing ﬁlial imprinting toward an appropriate social object [128]. Among
other things, naïve chicks show a preference for approaching visual
objects with a recognizable head and face region [133,134,137,138]
and for speciﬁc dynamic features, which are typical of the motion
of animate creatures, such as semi-rigid biological motion of legged
vertebrates [135], or forms of self-propelled motion [136,139].
Since the responses of septal and A/TnA to social stimuli were
never investigated in naïve chicks, in this ﬁrst study we wanted to
expose experimental chicks to the strongest possible social stimulus, in order to gain the greater contrast with respect to the baseline
condition. Thus, by design, experimental chicks were exposed to
a stimulus that not only represented a salient visual object, but
was also characterized by all the visual properties chicks are predisposed to respond for. Our results thus open the way for future
investigations that could test the role of speciﬁc, predisposed visual
cues emitted by the alive conspeciﬁc. Importantly, we can assume
that the exposure to the alive conspeciﬁc had a social valence for the
experimental subjects, since it represented the ﬁrst encounter with
a salient object, for an organism predisposed to look for an imprinting object at this stage of its development, and since this object was
also characterized by all the visual cues that elicit social predispositions in chicks. In line with the evidence indicating the crucial
role of early social responses in the development of social cognition
[91,127], septal and amygdaloid nuclei, two important nodes of the
social decision making network, seem to respond to social stimuli
already in naïve newborn animals, indicating that speciﬁc visual
experience is not required to initially recruit them. Future studies
could also be devoted to test if and how these early responses are
modulated by experience during development (e.g., how are they
modulated by imprinting learning). Domestic chicks represent an
optimal model to further investigate the role of experience in the
responses of septum and A/TnA to different social stimuli, since
they allow a strict control of experiential factors.
Since the activity difference in the septum was caused by differences in visual stimulation only, another question arises: what
is the source of visual or visually modulated information that
impacts septal activity? In fact, so far there is no evidence that
septum is directly devoted to visual processing. The thalamofugal
pathway, that terminates in the visual Wulst, is one of the major
visual projections to telencephalon of birds [140] and is known
to be lateralized in chicks [141–147]. However, so far no direct
projections from the visual Wulst have been found to terminate
in septum of chicks [33,34], see also [148] for pigeons. Connections could be veriﬁed only between the rostral SL and the rostral
HA (the upper layer of the Wulst) of chicks [33,34]. This part of
Wulst is probably somatosensory rather than visual. The anterior
HA of chicks receives afferents from a region that in pigeons sup-
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plies the somatosensory input to the rostral Wulst, rather than
from the visual thalamic region (equivalent to dorsal lateral geniculate nucleus) [149]. Also in the pigeon only very few neurons
from HA project to the septal areas [30], whereas no projections
were observed from the middle portion of HA to septum [150].
Another potential source of visual input could be the so called
septopallio-mesencephalic tract (TSM) that is running through the
fronto-medial septum. This tract is thought to be the major outﬂow from the visual regions of the Wulst and projects on the optic
tectum, visual nuclei of the thalamus and pretectum [151–153].
However, the TSM has never been shown to terminate in septum
and thus probably does not contribute to the septal activation.
More likely visually modulated information could arrive to
septum through the hippocampus. The area parahippocampalis
receives direct connections from the visual Wulst [154] and in turn
it projects to the hippocampus. Visually responsive cells have been
recently observed in hippocampus [155]. Septum receives direct
input from the dorsal parts of the hippocampus [30] and thus might
undergo at least some visually dependent modulation of its activity through this route. Because septum also sends projections back
to the hippocampus [30], these two areas are functionally interdependent. In fact, at least in mammals, septum has been implicated
in a diversity of functions that are hippocampus related, e.g. the
medial septum plays a role in learning and memory [156–161]
and is involved in regulation of theta oscillations and periodicity of grid cells in the hippocampus and medial entorhinal cortex
[159,162–167]. The involvement in learning related mechanisms,
the visually dependent modulation of its activity and the presence
of hormonal receptors [42,46] makes septum a very important area
for the development of social behaviors, which should be studied
in more details in future studies.
Another possible source of visual information to septum might
come from the A/TnA, which in our study also showed higher
activity in response to the visual presence of an alive conspeciﬁc.
The existence of A/TnA projections to septum was demonstrated
in pigeons [120] and later conﬁrmed in chicks [33,34,121]. The
main afferents to the ventral septal areas originate from the TnA,
whereas the anterior arcopallium (AA) and intermediate arcopallium (AI) send modest projection to the whole septum [34]. Septum
receives also afferents from the dorsal (AD) and posterior arcopallium [34,121]. Recently, visual responsive cells were recorded
directly from the dorsal and intermediate arcopallium in pigeons
[155]. Even more surprising, similarly high proportions of visually
responsive and selective cells for certain colors and shapes, were
found in the arcopallium as in the entopallium [155]. The latter is
the telencephalic station of the tectofugal visual pathway in birds
and is involved in object and shape recognition [140,168–170],
and in motion detection [168,171]. Overall, the tectofugal pathway
proceeds from the optic tectum in the mesencephalon, through
the nucleus rotundus, within the thalamus to the entopallium in
the telencephalon [172]. Subsequent intratelencephalic projection
from the entopallium reach also the intermediate arcopallium, providing visual input to arcopallium, which in turn projects on the
optic tectum, completing a tecto-tectal loop [140], that could theoretically mediate mechanisms of preferential attention to visual
social stimuli. The presence of visual stimulus selective activity in
arcopallium [155] and its direct connection to the optic tectum
are of particular interest for the study of early social behaviors.
At least in humans, amygdala and superior colliculus (homolog of
the optic tectum) are believed to be involved in early social orienting responses [91]. The A/TnA activation we found in visually
naïve chicks, which was selective on the presence of a visual stimulus, and namely a social companion, represents a step forward
to understand the complex mechanisms underlying the control of
social behavior in our animal model.
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