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Visually  naïve,  newly  hatched  chicks  show  a preference  to approach  predisposed  stimuli.
Intermediate  medial  mesopallium  (IMM)  responds  differently  to predisposed  and  non  predisposed  stimuli.
Higher  activity  in  IMM  is  associated  with  approach  to  a non  predisposed  stimulus,  reflecting  the  need  for increased  plasticity.
Activation  of  IMM  is lateralised  between  the  two  hemispheres.
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mmediate early genes

a  b  s  t  r  a  c  t

Species  from  phylogenetically  distant  animal  groups,  such  as  birds  and  primates  including  humans,  share
early  experience-independent  social  predispositions  that  cause  offspring,  soon  after  birth,  to  attend  to
and  learn  about  conspecifics.  One  example  of  this  phenomenon  is provided  by  the  behaviour  of newly-
hatched  visually-naïve  domestic  chicks  that  preferentially  approach  a stimulus  resembling  a  conspecific
(a stuffed  fowl)  rather  than  a less  naturalistic  object  (a  scrambled  version  of the  stuffed  fowl).  However,
the  neuronal  mechanisms  underlying  this  behaviour  are  mostly  unknown.  Here  we  analysed  chicks’  brain
activity  with  immunohistochemical  detection  of the  transcription  factor  c-Fos.  In  a spontaneous  choice
test  we  confirmed  a significant  preference  for  approaching  the  stuffed  fowl  over  a texture  fowl  (a  fowl  that
was cut  in  small  pieces  attached  to  the  sides  of  a box  in scrambled  order).  Comparison  of  brain  activation  of
-Fos
euronal basis for social predispositions

mprinting

a subgroup  of chicks  that approached  either  one  or the other  stimulus  revealed  differential  activation  in  an
area  relevant  for imprinting  (IMM, intermediate  medial  mesopallium),  suggesting  that  a  different  level  of
plasticity  is associated  with  approach  to naturalistic  and  artificial  stimuli.  c-Fos  immunoreactive  neurons
were present  also  in  the intermediate  layers  of the  optic  tectum  (a plausible  candidate  for  processing  early
social predispositions)  showing  a trend  similar  to the results  for  the  IMM.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

The ability to identify animate creatures rapidly and from very
arly in life is of biological relevance for species as phylogeneti-
ally distant as birds and primates [1–3]. This is particularly true
or domestic chicks, that are subject to filial imprinting, a learn-
ng phenomenon that restricts subsequent social behaviour to an
bject experienced shortly after hatching [4,5]. In controlled labo-
atory settings, imprinting can be obtained for a variety of artificial

bjects. Nevertheless, imprinting is not completely unconstrained
n its object. Of particular interest, domestic chicks are facilitated
o imprint on naturalistic objects, such as a mother hen or a stuffed

∗ Corresponding author.
E-mail address: uwe.mayer@unitn.it (U. Mayer).

ttp://dx.doi.org/10.1016/j.bbr.2016.05.019
166-4328/© 2016 Elsevier B.V. All rights reserved.
red jungle fowl (Gallus gallus spadiceus,  the wild ancestor of domes-
tic chicks, [6]), over artificial objects [7–10]. This suggested an
interaction of two  independent mechanisms: a learning process
of imprinting and a pre-wired predisposition to approach certain
kinds of visual objects that emerges in the first days of life. A series
of seminal studies conducted by Gabriel Horn and his collaborators
described a preference to approach a stuffed red jungle fowl hen
with respect to highly salient artificial stimuli, such as an illumi-
nated red box, in visually naïve chicks (e.g. [11–20], see Ref. [2] for
a review). These authors also demonstrated a crucial role for the
configuration of features contained in the head and neck of a hen
[2,18]. Notably, in one of these studies the canonical fowl was pre-

ferred over a so-called “texture fowl” (a jungle fowl that was  cut
in small pieces attached to the sides of a box in scrambled order).
Studies conducted by our group further refined the behavioural
characterisation of chicks’ approach preferences. In line with what

dx.doi.org/10.1016/j.bbr.2016.05.019
http://www.sciencedirect.com/science/journal/01664328
http://www.elsevier.com/locate/bbr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbr.2016.05.019&domain=pdf
mailto:uwe.mayer@unitn.it
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hatching preference
test

preference
test

perfusion

light exposure
in a featureless

environment
(> 3h)

back in the
featureless

environment
(90min)

acoustical
stimulation

0 h ~ 27h ~ 50h

Fig 1. Sequence of experimental procedures. All chicks were acoustically stimulated
∼27  h after hatching. The upper line represents the first procedure, in which chicks
were kept in the darkness after the acoustical stimulation, until the preference test
at  ∼50 h after hatching. The lower line represents the second procedure, in which
chicks were exposed to a featureless environment after the acoustical stimulation
and  prior to the preference test (again ∼50 h post hatch). Chicks that were used
4 U. Mayer et al. / Behavioural 

as been observed in newborns of human and non-human pri-
ates [1,3], naïve chicks have a preference for face-like schematic

timuli and photographed faces over control stimuli matched for
ow-level properties [21–23]. Moreover, chicks are also sponta-
eously attracted by cinematic patterns typically associated with
he motion of animate creatures ([24–27]). However, despite the
mount of work done on the behavioural characterisation of the
ocial predispositions displayed by this model organism, very little
s known about the neural mechanisms that are subtended by it.

The only attempt to investigate the neuronal basis for this
ocial predisposition of naïve chicks [28] focused on the neural
orrelates of non-specific stimulating experiences that cause the
mergence of the predisposition [11–15,19,20,28]. Results may
ndicate an involvement of the medial part of the caudal nidopal-
ium (neostriatum according to the early nomenclature, see Ref.
29] for nomenclature change), an area involved in the recognition
f species-specific communication [30–33]. Despite its interest-
ng approach, the study of Egorova and Anokhin [28] has severe
imitations, such as the small number of subjects used to investi-
ate brain activity (3–5 per condition). Moreover, the activity in
he caudal medial nidopallium could simply represent an effect of
he increased number of calls emitted by stimulated chicks, com-
ared to the unstimulated controls which were kept in the dark.
his makes it difficult to draw firm conclusions from their results,
alling for further investigation.

To shed light on these issues, we performed an experiment on
he neuronal basis of domestic chicks’ predisposition to approach
en-like stimuli, using the immediate early gene product c-Fos as

 neuronal activity marker. Immediate early genes play an impor-
ant role in neuronal plasticity related to learning [34–38] and their
roducts have been successfully used to detect neuronal activity in
ammals and birds [39–45].
Social predispositions are bound to interact with imprinting by

irecting chicks’ attention towards appropriate social objects and
mprinting is indeed facilitated for naturalistic objects compared
o artificial ones [7–10]. Thus, in the present study we focused on
he intermediate medial mesopallium, IMM  (IMHV, Intermediate

edial hyperstriatum ventrale according to the old nomencla-
ure) an area crucially involved in filial imprinting [17,31,46–49].
lthough it is known that the preference for hen-like objects is not
uppressed by bilateral IMM  lesions [31], it has never been investi-
ated whether neuronal mechanisms related to imprinting respond
ifferently to naturalistic and artificial stimuli. We  hypothesised
hat activity within the IMM  would differ between chicks that spon-
aneously approached a stuffed hen or a texture fowl. As regards the
irection of the effect, we expected higher activation for the indi-
iduals that approach the stuffed hen. The second brain region of
nterest in this study was the optic tectum (TeO), which represents
he avian homologue of the mammalian superior colliculus. In a
ecent review we have summarised the existing literature identi-
ying candidate brain areas relevant for social predispositions [2],
ith particular regard to some subpallial (homologs of subcorti-

al) structures. These structures include the optic tectum, which
as hypothesised by some scholars to be crucial for early orient-

ng toward social stimuli in both chicks and human newborns (e.g.,
ohnson [1] hypothesised that the amygdala, pulvinar and superior
olliculus were involved in preferential social orienting to faces in
uman newborns [1]). As for IMM,  we thus expected differential
ctivation of TeO in chicks that approached the two stimuli. As a last
egion of interest we selected the hyperpallium apicale (HA, Hyper-
triatum accessorium, old nomenclature), a part of the visual Wulst
hich is homologue to the visual cortex in mammals [50,51]. We
xpected to find no difference in the activation of this area, since
ll chicks were exposed to the same visual environment and the
timuli were well balanced for the low-level perceptual properties.
for the brain studies were positioned back in the featureless environment after the
preference test, where they were kept until perfusion (90 min  after the beginning
of  the preference test).

2. Material and methods

2.1. Subjects

Seventy-six laboratory-hatched, domestic chicks (Gallus gallus
domesticus), of the “Hybro strain” (a local variety derived from the
white leghorn breed), were used. Fertilised eggs were obtained
from a local commercial hatchery (Agricola Berica, Montegalda (VI),
Italy) and were hatched in individual compartments (12 × 8 cm)
separated by thin plexiglass walls, inside dark incubators (Marans
P140TU-P210TU). Hatching took place at a temperature of 37.7 ◦C,
with 60% humidity. Approximately 24 h after hatching the tem-
perature was set to 33 ◦C. To estimate individual hatching time
points, each incubator was equipped with an infrared LED lamp and
a camera (CCD Board camera 8.47 mm,  1/3”). Photos were captured
digitally every 20 min  with a time-lapse software (Super Viewer,
Somagic Inc) starting at least 24 h before the expected hatching
time. Immediately after the end of the test, the chicks used only for
the behavioural observations were housed in groups in standard
home cages, with food and water available ad libitum and a natural
day-night cycle. Soon after, they were donated to local farmers.

Chicks were treated according to two fundamental procedures
(Fig. 1), which will be detailedly described below. The main dif-
ference between the two  was  that in the first procedure (upper
line of Fig. 1) chicks did not receive any visual experience prior to
the moment of the preference test, whereas in the second proce-
dure (lower line of Fig. 1) chicks were habituated to light for some
hours before undergoing the preference test. A total of 30 chicks
underwent the first procedure. These chicks were used only for
behavioural observations to confirm the presence of a predisposi-
tion to approach a stuffed fowl, one of the two stimuli later used to
study brain activity (stuffed fowl and texture fowl, see below).

A total of 38 chicks underwent the second procedure. All these
chicks underwent a preference test between the same two  stim-
uli tested in the first procedure, and their behavioural data were
analysed as for the first procedure. Of these 38 chicks, 23 animals
were selected for the study of brain activity. Only these individu-
als were sacrificed (the remaining 15 were donated as described
above). The 23 animals used for the study of brain activity were
selected because at the preference test they expressed an abso-
lute preference for one of the two  stimuli (i.e. they approached

only one of the two, spending all their choice time near that stimu-
lus, without alternating between the two). Fourteen of these chicks
approached the stuffed fowl and 9 the texture fowl. One brain from
the stuffed fowl preference group was  damaged during processing
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Fig. 2. Experimental setup: the chick was placed in the middle of choice corridor
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Fig. 3. Photographs of the visual stimuli used. (a) Stuffed fowl. (b) Texture fowl
nd was  free to approach either the texture fowl or the stuffed fowl stimulus, visible
hrough a grid at the two  ends of the runway. The chick’s behaviour was  video-
ecorded from above.

nd was excluded from further analysis, bringing the final sample
o 22 (13 chicks that approached the stuffed fowl, 9 the texture
owl).

Finally, an additional group of 8 chicks was used to create a
aseline condition for the brain activity study. These subjects were
reated according to the second procedure, with the only differ-
nce that they were never exposed to the two stimuli. These chicks
ere also sacrificed at the end of the procedure to investigate brain

ctivation. No behavioural data were collected from them.

.2. Ethics statement

The experiments reported here comply with the current Ital-
an and European Community laws for the ethical treatment of
nimals and the experimental procedures were licensed by the Min-
stero della Salute, Dipartimento Alimenti, Nutrizione e Sanità Pubblica
eterinaria (permit number 20269/A).

.3. Testing apparatus

The testing arena consisted of a 220 cm-long and 44 cm-wide
orridor, with lateral walls of 45 cm of height (Fig. 2). The walls and
he floor of the corridor were covered with black non-reflective

aterial. The two ends of the corridor were delimited by a black
etal grid, behind which the experimental stimuli were visible

gainst a black background. The stimuli were placed on two  rotat-
ng platforms (5 rpm). On one side of the corridor chicks could see

 stuffed fowl hen (“stuffed fowl”), whereas on the other side there
as a “texture fowl” (a 9 × 18 cm box, with all side facing surfaces

overed with small pieces cut from the pelt of a second identical
owl, attached in scrambled fashion; see Fig. 3 and Ref. [18]). The
tuffed fowl hen was acquired from a local taxidermist and was
elected to resemble as closely as possible the jungle fowl hen used
n previous studies on chicks’ social predispositions [18]. These two
timuli were balanced for low-level visual properties such as lumi-
ance, colour, visual texture and movement, but they differed in
he spatial configuration of the local features that characterise the
tuffed fowl (Fig. 3). The left-right placement of the stimuli in the
orridor were counterbalanced between subjects. The stimuli were
lluminated from above (120 cm). Light (45 W,  warm light) was  dif-
used by placing a semi-translucent white plastic sheet under the
ulb. Lamp placement was such that most of the corridor was  only

imly illuminated, except for the two end-portions of the corridor
hat were directly adjacent to the stimuli. These two  illuminated
reas (each 30 cm long) represented the “choice sectors” used to
core chicks’ approach behaviour toward the stimuli (see below).
(a  similar fowl that was  cut in small pieces and attached to the sides of a box in
scrambled order).

Behaviour was recorded through a digital camera suspended cen-
trally above the arena and then analysed off line.

2.4. Acoustical stimulation procedure

In order to elicit the subsequent expression of the
predisposition, approximately 24 h after hatching (mean
age = 27 h, s.e.m. = 0.49), chicks were subject to acoustical stimula-
tion (see Ref. [28]). They were positioned in individual cardboard
compartments (10 × 10 cm), inside an additional dark incubator
(33 ◦C) equipped with a loudspeaker. All handling and transporta-
tion of the chicks occurred in the dark. Non-species-specific sound
stimulation was  provided using a digitally constructed audio file
composed of non-repeating rhythmic segments of music. For this
purpose 15 stereo tracks containing music from different genres

were layered and played at the same time. The 3 h audio file was
divided into fragments and rendered to a single mono file. The
frequency of sound oscillations in the fragments varied from 100
to 12000 Hz and the loudness of the sound varied from 50 to
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8 dB. The duration of individual musical fragments varied from
0 to 60 s and the duration of intervals between them varied
rom 30 to 90 s. Stimulation lasted a total of 180 min  (four 45-min
essions with 15-min intervals between sessions). After the end of
he stimulation, chicks participating to the first procedure were

aintained in individual compartments within a dark incubator
ntil the test. For chicks participating to the second procedure,

n order to reduce brain activity caused by the first exposure to
ight, the chicks were allowed to habituate to light before the
est. For this purpose, each chick was exposed for at least 3 h to

 featureless environment (a rectangular cage of 28 × 40 × 32 cm,
ith non-reflecting white walls and floor) that was illuminated

rom above with a light source (led 240 lx, colour temperature
000 K) (see Fig. 1).

.5. Test of the behavioural preference for the stuffed fowl

Chicks of the first procedure were individually tested for their
pontaneous preference between the two stimuli (mean age at the
ime of test = 50.1 h, s.e.m. = 0.89 h). Each subject was  placed in the
entre of the choice corridor (facing one of the two  long walls).
hicks were free to move in the corridor for the duration of the
est (8 min), while their behaviour was video recorded. Whenever

 chick entered one of the two “choice sectors”, this was considered
s an approach toward the adjacent stimulus. The chick’s starting
osition with respect to the two long walls, as well as the left-right
osition of the two stimuli within the apparatus, were counterbal-
nced across animals. This test procedure was adapted from the
orks of Gabriel Horn and his collaborators [5,11–20].

.6. Test session for c-Fos labelling

Also for the second procedure, after at least 3 h the preference
est was conducted as described above (mean age at test = 52.9 h,
.e.m. = 0.86). The chicks to be included in the sample for brain
ctivity measurements were selected because they expressed an
bsolute preference for either stimulus (approaching one stimulus
nd spending the totality of their choice time near that stimulus,
ithout alternating between the two). Immediately after the end of

he test, those chicks were placed back in their familiar ‘featureless’
ages, where they remained until the time of perfusion. According
o our experimental design, chicks were divided in two “choice-
roups” based on the stimulus they chose to approach during the
pontaneous preference test (either the stuffed fowl, or the texture
owl). We  also performed an additional post-hoc baseline condi-
ion, requested by an anonymous Reviewer. Chicks in the baseline
ondition were treated exactly according to the same procedure as
he other animals used for brain measurements. The only difference
as that, instead of undergoing the preference test between the

wo stimuli, baseline chicks were placed for an identical amount
f time (8 min) in the empty apparatus (no stimuli present). The
ationale behind this condition was to measure the baseline activity
aused in IMM  by aspects of the procedure other than the exposure
o the two stimuli, such as light exposure in the featureless envi-
onment and exposure to the test set-up. In these baseline brains,
n addition to IMM  we also measured the activity in the HA as a test
f region-specificity.

.7. Immunohistochemistry

Ninety minutes after the start of the test session, subjects
sed for brain activity measurements were overdosed with an
ntramuscular injection of 0.05 ml  Ketamine/Xylazine Solution (1:1
etamine 10 mg/ml  + Xylazine 2 mg/ml) per 10 g of body weight.
fter 5 min, when the animals became unresponsive (tested by gen-

ly pulling the feet and wings), they were immobilised on a plate,
Research 310 (2016) 93–102

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 10 min  and then fixed with 4% paraformaldehyde (PFA) in PBS
for 10 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 overnight. On the following day, the skull
was secured in a stereotaxic head holder (Stoelting, using a Kopf
Instruments pigeon head holder). The caudal part of the skull was
opened and the brain was  exposed. A coronal-plane cut was made
with a scalpel blade attached to a micromanipulator, at an orien-
tation of 45◦, to ensure that the subsequent sections had the same
orientation as in the chick brain atlas of Kuenzel and Masson [52].
The brain was then removed from the skull, post-fixed for approxi-
mately 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. The hemispheres were frozen at −50 ◦C in plastic
moulds covered with O.C.T (Tissue-Tek freezing medium).

For free-floating staining, six series of 40 �m coronal sections
were cut on a Cryostat (Leica CM1850 UV) at −20 ◦C and collected
in PBS. 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% H2O2 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 anti-
body solution (c-Fos antibody made in rabbit, 1:2000; K-25, Santa
Cruz Biotechnology, Santa Cruz, CA, USA) and incubated overnight
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 75 min
at room temperature. The ABC method was used for signal ampli-
fication (Vectastain Elite ABC Kit, PK 6100, Vector Laboratories).
Neurons with concentrated c-Fos protein were visualised 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 gelatine-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).

2.8. Brain anatomy

Brain sections were examined with a Zeiss microscope at a mag-
nification of 200× and a digital camera (Zeiss AxioCam MRc5). The
ZEN Imaging software (Zeiss) was  used for the manual counting
of immunoreactive (-ir) neurons on a computer screen. Counting
was performed blind to the experimental conditions. For count-
ing, a rectangular “enclosure”, 150 × 250 �m,  was positioned over
the different sample areas. Contrast and exposure time of the cam-
era 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 stain-
ing. Thus, the nuclei of c-Fos-ir neurons were easily discerned from
background and non-activated neurons, which were stained light

green (see Fig. 5). Every activated c-Fos-ir neuron within the sam-
ple rectangular 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.
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Fig. 4. 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
HA  (pale red colour). (b) Schematic view of a coronal section showing a typical
placement of the cell count zone within IMM  (pale red). (c) Schematic view
of  a coronal section showing the 15 layers of TeO and its partitioning into dor-
sal, medial, ventral subdivisions (red lines). Drawings were adapted from the atlas of
Research 310 (2016) 93–102 97

Several brain structures showed c-Fos immunoreactivity,
including areas of the hyperpallium, mesopallium, nidopallium,
hippocampus, septum, olfactory bulb and striatum, together with
several mesencephalic and diencephalic structures. In order not
to lose statistical power we measured the density of c-Fos-ir neu-
rons only in the three areas of interest: the intermediate medial
mesopallium (IMM), the optic tectum (TeO) and the hyperpallium
apicale (HA) (Fig. 4).

To estimate labelled cell density in the IMM  we  relied anatom-
ically as much as possible on the previous descriptions of this
region, known as IMHV (Intermediate medial hyperstriatum ven-
trale) under the old nomenclature [53–55]. According to the work
of McCabe and Horn [54] the IMM  would be at the level of the
anterior coordinate A7.6 of the Kuenzel and Masson atlas [52]. How-
ever, it is worth mentioning that in the atlas [52] coordinates were
estimated based on two-week-old broiler chicks, with an average
body weight of 300–325 g. In contrast, 1–2 day old chicks used in
imprinting studies usually weight around 30 g and would there-
fore have a different anterior coordinate. For the analysis 5 brain
slices were selected from a region where the shape of IMM was
corresponding to what is depicted in plate A7.6 of the Kuenzel and
Masson atlas [52]. The rectangular enclosure was  positioned inside
the IMM  according to the drawings of Ambalavanar et al. [55], see
also Fig. 4B. Labelled cells in the HA were counted from 5 sections of
each hemisphere, which were selected in accordance to the region
extending from A13.0 to A11.0 of the Kuenzel and Masson atlas [52].
One counting rectangle was positioned within the dorso-medial HA
of each section (Fig. 4A). Counting within the TeO of each hemi-
sphere was performed within the dorsal, medial and ventral parts
separately (Fig. 4C). In each of these subdivisions we further distin-
guished between outer layers 1–9, intermediate layers 10–12 and
inner layer 13–15 (for the definition of these layers, see the supple-
mentary plate A4.6 in the atlas of Kuenzel and Masson [52]). The
counting rectangle was positioned in each of the 9 subdivisions of
each hemisphere.

After completing the cell counts, for each animal mean values
from the five sections were calculated per hemisphere and cell
densities were standardised to 1 mm2. Thus the calculated neu-
ronal activity of an individual in the IMM  and HA was  based on 5
counted areas for each hemisphere. Cell counts pooled from the
different subdivisions of TeO (dorsal, medial, ventral) were fur-
ther averaged to estimate overall activity in the TeO. Initially, this
was done separately for the outer, intermediate and inner layers.
However, because no significant differences were found between
these subdivisions, the measured values from all 9 subdivisions on
5 slices of each hemisphere were pooled for further analysis. Thus,
the overall estimate of TeO activity in one hemisphere of an indi-
vidual bird was  based on an average from 45 counted areas. The
resulting means for individual birds were considered overall indi-
cators for the number of c-Fos-ir neurons and were employed for
further statistical analysis.

2.9. Statistical analysis

In order to assess chicks’ behavioural preferences, the total time
spent in each choice sector was  recorded and used to compute a

preference index according to the formula: time near the fowl/(time
near the fowl + time near the texture-fowl). Significant departures
from chance level (0.5), which indicated a preference for the pre-

Kuenzel and Masson [52]. HA—hyperpallium apicale, IMM—intermediate medial
mesopallium, N—nidopallium, Hp—hippocampus, S—septum, TeO—tectum
opticum. (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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Fig. 5. Labelled neuronal nuclei in the sampled areas of a chick that approached
the texture-fowl stimulus (right hemisphere, magnification: 200×). Immunoreac-
tive neurons are stained black (red arrows) and can easily be distinguished from the
c-Fos-negative, green-stained neuronal nuclei (black arrow). (a) High number of
labelled c-Fos-ir nuclei within HA. (b) High number of labelled nuclei within IMM.
(c) Labelled nuclei within different layers of the TeO. HA—hyperpallium apicale,
I
s
t

d
o

r
f

MM—intermediate medial mesopallium, N—nidopallium, LFS—lamina frontalis
uperior, TeO—tectum opticum. (For interpretation of the references to colour in
his  figure legend, the reader is referred to the web version of this article.).

isposed (>0.5) or the control stimulus (<0.5), were estimated by

ne-sample two-tailed t-test.

The presence of difference in the density of IEG-expressing neu-
ons was tested by a mixed-design ANOVA, with a between subject
actor “choice group” and a within subject factor “area” as repeated
Research 310 (2016) 93–102

measure with 6 measured brain regions per brain (3 for each hemi-
sphere). To correct for violation of sphericity a Greenhouse-Geissler
correction was  applied. For post-hoc analyses, t-tests (two tailed)
were carried out for each area. To correct for multiple measure-
ments the Bonferroni correction for 12 comparisons was applied.
All statistical analyses were performed with the software IBM SPSS
Statistic for Windows (Version 22.0).

3. Results

3.1. Behavioural results

The choice behaviour of the subjects from the first procedure
revealed a clear preference for approaching the stuffed fowl with
respect to the texture fowl. In fact, the proportion of time spent near
the stuffed fowl during the test was  significantly different from
chance level (t29 = 2.846; p = 0.008), with an average preference
score of 0.73 (s.e.m. = 0.08). This means that on average chicks spent
73% of their total choice time in the sector adjacent to the stuffed
fowl. A similar, although non-significant, trend was observed in the
chicks treated according to the second procedure, from which we
obtained the subjects employed for the neuroanatomical investi-
gations. The average preference score of 0.59 (s.e.m. = 0.07), was
not significantly different from chance level (t37 = 1.252; p = 0.219).
However, a higher number of chicks approached the stuffed fowl
rather than the texture fowl, resulting in an imbalance between
the sample sizes of the two groups in the brain study. The chicks
to be included in the sample for brain activity measurements were
selected because they expressed an absolute preference for either
stimulus (having a preference score of either 0, absolute preference
for the texture fowl, or 1, absolute preference for the stuffed fowl).
These birds were divided into two groups according to the choice
they made: chicks that approached the stuffed fowl and chicks that
approached the texture fowl.

3.2. Immunohistochemistry

Sample photomicrographs of c-Fos-ir neurons in the brain
areas examined can be found in Fig. 5A–C. The ANOVA (between
subject factor “choice-group” with 2 levels and within subject
factor “area” with 6 levels) revealed significant differences in
the number of c-Fos-ir neurons between the two groups in
a region-dependent fashion (interaction of area*choice-group:
F(2.645,52.895) = 5.236; p = 0.004). Importantly, IMM  counting showed
significant differences in the density of c-Fos-ir neurons between
the two  experimental groups (Fig. 6B). The density of labelled
neurons in the right IMM  of birds that approached the texture
fowl (mean ± s.e.m: 1259.3 ± 131.7 c-Fos-ir neurons/mm2) was
two-fold higher compared to the right IMM  of the stuffed fowl pref-
erence chicks (mean ± s.e.m: 576.4 ± 136.7 c-Fos-ir neurons/mm2).
Post hoc t-test comparison between the right IMM of birds that
approached the texture fowl with those that approached the stuffed
fowl: t20 = −3.452; p = 0.003 (after a Bonferroni correction for 12
measurements: p = 0.036). Such group difference was not present
in the left IMM:  t20 = −1.191; p = 0.247. The IMM  activity in birds
that approached the texture fowl showed also a significant lateral-
isation (Fig. 6B). Post hoc t-test: Right IMM  (texture fowl) vs. Left
IMM  (texture fowl): t8 = −3.316; p = 0.011 (Bonferroni correction
for 12 measurements: p = 0.132). The difference within IMM  was
region specific and not due to overall activity of the brains, since
the activation in HA (visual Wulst) was nearly identical in both

groups (Fig. 6A). A non-significant trend for enhanced activity was
also present within the TeO of the right hemisphere (Fig. 7), in the
group of chicks that approached the texture fowl (mean ± s.e.m:
403.15 ± 136.6 c-Fos-ir neurons/mm2) compared to chicks that
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pproached the stuffed fowl (mean ± s.e.m: 245.0 ± 88.8 c-Fos-ir
eurons/mm2).

As suggested by an anonymous Reviewer we performed an
dditional post hoc baseline activity control experiment. Chicks
f this group underwent the same procedure as others that were

sed for brain activity measurements (lower line, Fig. 1), with the
nly difference that, instead of expressing a choice between the
wo stimuli, they were exposed to an empty corridor. The IMM
f these baseline control chicks contained only a very low num-
Fig. 7. Measured c-Fos-ir densities in the TeO. Although this trend is not significant,
the right tectum shows higher number of c-Fos-ir neurons in the texture fowl group.

ber of c-Fos-ir neurons, which was significantly lower than in
the other two groups (Fig. 6B). The measured c-Fos-ir density in
the left IMM  of the baseline group (mean ± s.e.m: 172.0 ± 41.13 c-
Fos-ir neurons/mm2) was three times lower than in the left IMM
of the stuffed fowl choice group (mean ± s.e.m: 685.54 ± 124.52
c-Fos-ir neurons/mm2), showing a highly significant difference
t19 = 3.142; p = 0.005. Also the difference to the left hemisphere
of the texture fowl group (mean ± s.e.m: 960.00 ± 161.64 c-Fos-ir
neurons/mm2) was  highly significant t15 = 4.468; p < 0.001. Like-
wise, the activity in the right IMM  of the baseline control group
(mean ± s.e.m: 164.67 ± 33.39 c-Fos-ir neurons/mm2) was more
than three times lower than in the right IMM  of the stuffed fowl
group (mean ± s.e.m: 576.4 ± 136.7 c-Fos-ir neurons/mm2) and
revealed a significance level of t19 = 2.290; p = 0.03. The activity was
more than six times lower compared to the right IMM  of the texture
fowl group (mean ± s.e.m: 1259.3 ± 131.7 c-Fos-ir neurons/mm2),
also this difference was highly significant t15 = 7.612; p < 0.001. The
densities of c-Fos-ir neurons were almost at the same level in the
HA of all groups and both hemispheres (Fig. 6A), showing that dif-
ferences that were present in the IMM  were specific to this brain
region.

4. Discussion

The present study demonstrates different activation of the IMM
in chicks that approached a naturalistic visual stimulus (stuffed
fowl) compared to those that approached a texture fowl. In a spon-
taneous choice test with visually naïve chicks (first procedure) we
were able to obtain a significant preference for the stuffed fowl over
a texture fowl, thus successfully replicating the results of Johnson
and Horn [18]. In chicks that were exposed to light prior to testing
(second procedure), the strength of the preference decreased. In
line with our initial hypothesis comparison of brain activity in these
subjects after their choice revealed a differential activation in the
IMM.  Contrary to our expectations a significantly higher number of
c-Fos-ir neurons was present in the IMM  of chicks that approached
the texture fowl, if compared to chicks that approached the stuffed
fowl. However, neuronal activity in IMM  of both groups was higher
than the baseline condition, where it was  nearly absent. This indi-
cates that IMM  activity is up-regulated by processing of either of
the two  stimuli. As expected, such differences were not present in
the HA, suggesting that the differential activity in IMM  was  region

specific. Contrary to what we predicted, the number of c-Fos-ir
neurons was also not significantly different in the TeO, although
a slightly higher activity level was  present in the right TeO of birds
that approached the texture fowl.
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The IMM  in chicks is important for learning and retention of
isual properties of an imprinting object [49,56,57] and it contains
eurons that respond to visual features of the imprinting object
fter training [58,59] (see Refs. [60–64] for other areas involved
n imprinting). At the same time, the IMM  does not contribute to
he emergence of predisposed preferences in chicks [31]. In chicks,
esions to this area abolish learned object preferences, but chicks
an still develop predisposition for the stuffed fowl [31]. These
esults suggested that information about a complex object, which
esembled the chicks’ own  species, is stored in a different manner
han information derived from a relatively simple, but very salient,
rtificial object. In line with this evidence, IMM  activity in our
xperiment differed depending on whether the chicks approached
he stuffed fowl or the texture fowl. This indicates that the spatial
rrangement of the otherwise identical local visual features in the
wo stimuli provides input to IMM,  which is different enough to
nfluence its neuronal activity.

Given the very low c-Fos expression in the baseline condition,
he higher activity found in the IMM  of chicks that approached
he texture fowl or the stuffed fowl is likely to reflect increased
lasticity in these two groups. Indeed, c-Fos as an IEG product is
apidly activated after an increase of neuronal activity and plays an
mportant role in neuronal plasticity related to learning [34–38].
he higher c-Fos expression in the texture fowl group thus indicates
ncreased plasticity in this group. This can be ascribed to the fact
hat this group was exposed to a visual object that does not fit to the
nnate template representing the appearance of the preferred nat-
ralistic objects. Encoding the properties of this object can require
he storing of additional information for the aspects that do not
t the pre-wired template. A similar phenomenon has been found

n sexual-imprinting in zebra finches [65]. In this species sexual
mprinting on conspecifics is facilitated, but cross-species rearing
an originate also sexual preferences for non-conspecifics. Rearing
y non-conspecifics and subsequent preference for them is associ-
ted with higher IEGs expression than preference for conspecifics,
n brain areas related to sexual imprinting [65]. In a situation closer
o the present study, domestic chicks that show better recogni-
ion of their non-naturalistic imprinting object (a red box) have
lso higher number of Fos-like immunoreactive neurons in the
MM, compared to chicks that have poor recognition performance
54]. Thus, chicks that develop a better representation of the arti-
cial imprinting object, as revealed by their superior recognition
erformance, have increased expression of plasticity markers in

MM. Also, electrophysiological recordings of spontaneous activity
f IMM  neurons in chicks imprinted on a red box or on the stuffed
owl revealed a significant correlation with approach counts during
raining, but only for individuals imprinted on the red box [66]. This
vidence reflects increased spontaneous IMM  activity after learn-
ng of a stimulus to which chicks do not show a predisposition.
inally, it should be noted that the concentration of noradrenaline
n the IMM  correlates with the strength of filial imprinting for arti-
cial stimuli, but not with the predisposition for hen-like objects
14,67]. Noradrenaline has a crucial role in memory consolidation
see also Ref. [16]), in line with our argument that there is a greater
eed for learning, and thus plasticity, in chicks exposed to artificial
timuli that do not fit the preferred template.

Another interesting finding of the present study is the later-
lisation in chicks that approached the texture fowl, with higher
ctivity in the right IMM.  Filial imprinting has long been known
o be lateralised in the IMM  [68]. Admittedly, our results seem to
e at odds with the observation that biochemical and structural
hanges consequent on imprinting (on artificial objects) are more

arked in the left hemisphere [16] (but see [69,70] for exceptions

o this general pattern). However, the lateralisation pattern is more
omplex than that, with a crucial interaction between the different
ypes of information to be stored and the time course of mem-
Research 310 (2016) 93–102

ory formation. The left and right IMM  have been hypothesised to
undergo parallel memory consolidation processes with different
temporal profiles (see Ref. [71]). However, in the present study we
chose to allow chicks only a very brief exposure to the two  stim-
uli (8 min), consistent with the duration of the behavioural tests
typically used for predispositions. This makes it difficult to “stage”
our data with regard to the time course of memory formation in
classical imprinting studies, where time is counted after the end
of a much longer exposure period. Interestingly, with only 20 min
of exposure to the imprinting object Bradley et al. [72] found tran-
sient structural synaptic changes limited to the right hemisphere.
Also, some behavioural, pharmacological and morphological stud-
ies, suggest the right hemisphere has a crucial role in the early
stages of imprinting recall, in line with what we  found in the present
study [73].

The right hemisphere’s dominance observed in the present
study could be also due to functional specialisation of the right
hemisphere to encode some features characterising the texture
fowl to a greater degree than the stuffed fowl. Indeed, the two
hemispheres are hypothesised to encode different aspects of the
visual stimuli [71,74–78]. Right hemisphere’s functions include the
detection of change in a complex stimulus or in its spatial context
([75,76,79,80] see also evidence from electrophysiology studies
reviewed in Johnston and Rose [73]). Preferential use of the right
hemisphere to monitor the environment has also been considered
a default condition that is used when there is no strong reason to
involve the left hemisphere. On the contrary, the left hemisphere
would be in charge of processing salient cues that identify the cat-
egory of the object and are used in the guidance of the response
[81,82]. It is possible that the scattered placement of the salient
local features, scrambled all over the surface of the texture fowl,
could make it more difficult to process it in terms of its unnatural
configuration of features. This more demanding configuration pro-
cessing could cause enhanced recruitment of the right hemisphere
[74,78,79]. Finally, it should be noted that this adds to the list of lat-
eralisation effects observed in chicks hatched from dark incubated
eggs (e.g., [79,83,84]; for the role of light exposure in lateralisation
development see Refs. [85–89]).

In contrast to what we observed in the IMM  and contrary to our
initial expectations, the inner, intermediate and outer layers of the
optic tectum (TeO) did not show a significant difference between
the two  groups, even though we observed a slight, but not signifi-
cantly higher number of c-Fos-ir neurons in the right hemisphere
of chicks that preferred the texture-fowl (Fig. 7). Interestingly, lat-
eralised expression of IEGs has been reported also in TeO of zebra
finches after sexual imprinting, however the lateralisation occurred
independently from the experimental condition and was  in favour
of the left hemisphere [90]. The lack of clear differences within the
optic tectum might be related to the fact that chicks were exposed
to a rich and complex visual scene. Not only both stimuli were vis-
ible to the exposed chicks, but they both also contained various
types of visual information, like movement and visual configura-
tions of different sizes. Other visual textures where also present
in the visual environment during the test phase, like those created
by the grids at the end of the corridor and the floor and walls of
the corridor itself. In the deeper layers of the optic tectum [91,92],
there are different types of neurons that respond to a variety of
different visual properties [93,94], see also Ref. [2]. Given this, we
can imagine that such a highly complex visual stimulation should
activate multiple neuronal populations in both groups. This could
have masked any effect of the only aspect in which the visual scene
had any variation (i.e. the configuration of the two stimuli).
Despite these partial limitations, our findings represent the first
evidence of different neuronal responses to naturalistic and arti-
ficial stimuli in naïve chicks. Our results pave the way for further
investigations on the neural bases of social predispositions in the



Brain 

o
t
t
f
b
t
c
m
b
r
s

A

M
t
g

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

U. Mayer et al. / Behavioural 

nly animal model available for these phenomena. Future inves-
igations could be devoted to confirm and extend these findings
o other samples of chicks demonstrating a significant preference
or the naturalistic stimulus at the behavioural level. In addition,
ased on our results we suggest that further studies focusing on
ectum as a region of interest could benefit from providing more
ontrolled and specific visual stimulation to the different experi-
ental groups, to activate different types of neurons separately (e.g.

y exposing each group of chicks separately to a different stimulus,
ather than using a free choice paradigm in which all individuals
ee both stimuli).
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