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5-HT1AR was  found  in  brainstem  5-HT  areas  and in  the  hypothalamus  of pigeons.
ICV  5-HT  or DPAT  evokes  drinking,  sleep,  and  c-Fos  expression  in these  areas.
5-HT1AR heteroreceptor  antagonist  blocks  5-HT-  and  DPAT-evoked  drinking  and  sleep.
5-HT-specific  neurotoxin  5,7-DHT  does  not  alter  5-HT  activity  but does  increase  sleep.
5-HT1ARs play  crucial  but  complex  roles  in  ingestive  and  postprandial  behavior.
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Serotonin  1A  receptors  (5-HT1ARs),  which  are  widely  distributed  in  the  mammalian  brain,  participate
in  cognitive  and  emotional  functions.  In  birds,  5-HT1ARs are  expressed  in  prosencephalic  areas  involved
in  visual  and  cognitive  functions.  Diverse  evidence  supports  5-HT1AR-mediated  5-HT-induced  ingestive
and  sleep  behaviors  in birds.  Here,  we describe  the  distribution  of  5-HT1ARs in  the hypothalamus  and
brainstem  of  birds,  analyze  their  potential  roles in  sleep  and  ingestive  behaviors,  and  attempt  to  determine

Abbreviations: A6, caudal part of locus coeruleus; A8, rostral part of locus coeruleus; AL, ansa lenticularis; AM,  nucleus anterior medialis hypothalami; Anl, nucleus
nnularis; BC, brachium conjunctivum; BNSTl, bed nucleus of stria terminalis, pars lateral; CA, anterior commissure; CO, chiasma opticum; CP, posterior commissure; CS,
ucleus  centralis superior; DMN, nucleus dorsomedialis hypothalami; DSD, dorsal supraoptic decussation; DSV, ventral supraoptic decussation; FDB, fasciculus diagonalis
rocae; FLM, fasciculus longitudinalis medialis; GCt, griseum centralis; IF, infundibular tract; IN, nucleus infundibuli; LC, nucleus linearis caudalis; LHy, lateral hypothalamic
rea;  ML,  nucleus mamillar lateralis; MM,  nucleus mamillaris medialis; n.IV, nucleus trochlearis; n.V, nucleus principalis nervi trigemini; OM,  occipitomesencephalic tract;
D,  nucleus preopticus dorsalis; PLH, nucleus lateralis hypothalami posterioris; PMH, nucleus medialis hypothalami posterioris; PMM,  nucleus pre-mamillaris; POA, nucleus
reopticus anterior; POM, nucleus preopticus medialis; PPM, nucleus preopticus magnocellularis; PVNm, nucleus paraventricularis, pars magnocellularis; PVNp, nucleus
araventricularis, pars parvocellularis; PVO, paraventricular organ; QF, quinto frontalis tract; R, nucleus raphe pontis; RPO, nucleus reticularis pontis oralis; Rt, nucleus
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L,  septal lateral nucleus; SOE, nucleus supraopticus externus; TSM, tractus septomesencephalicus; VMN, nucleus ventromedialis hypothalami; ZpFLM, zone peri-fasciculus
ongitudinalis medialis.
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the involvement  of  auto-/hetero-5-HT1ARs in  these  behaviors.  In 6  pigeons,  the anatomical  distribution  of
[3H]8-OH-DPAT  binding  in  the  rostral  brainstem  and  hypothalamus  was examined.  Ingestive/sleep  behav-
iors  were  recorded  (1  h)  in 16  pigeons  pretreated  with  MM77  (a heterosynaptic  5-HT1AR antagonist;  23
or 69 nmol)  for  20 min,  followed  by intracerebroventricular  ICV injection  of  5-HT  (N:8;  150  nmol),  8-OH-
DPAT  (DPAT,  a  5-HT1A,7R agonist,  30 nmol  N:8)  or vehicle.  5-HT-  and  DPAT-induced  sleep  and  ingestive
behaviors,  brainstem  5-HT  neuronal  density  and  brain  5-HT  content  were  examined  in  12  pigeons,  pre-
treated  by  ICV  with  the  5-HT  neurotoxin  5,7-dihydroxytryptamine  (5,7-DHT)  or vehicle (N:6/group).  The
distribution  of brainstem  and  diencephalic  c-Fos  immunoreactivity  after  ICV  injection  of 5-HT,  DPAT  or
vehicle  (N:5/group)  into  birds  provided  with  or denied  access  to  water  is  also  described.  5-HT1ARs are  con-
centrated  in  the  brainstem  5-HTergic  areas  and  throughout  the  periventricular  hypothalamus,  preoptic
nuclei  and  circumventricular  organs.  5-HT  and  DPAT  produced  a complex  c-Fos  expression  pattern  in the
5-HT1AR-enriched  preoptic  hypothalamus  and  the circumventricular  organs,  which  are  related  to  drink-
ing  and  sleep  regulation,  but  modestly  affected  c-Fos  expression  in  5-HTergic  neurons.  The 5-HT-induced
ingestivebehaviors  and  the  5-HT-  and  DPAT-induced  sleep  behaviors  were  reduced  by  MM77  pretreat-
ment. 5,7-DHT  increased  sleep  per  se, decreased  tryptophan  hydroxylase  expression  in  the  raphe  nuclei
and  decreased  prosencephalic  5-HT  release  but  failed  to  affect 5-HT-  or DPAT-induced  drinking  or  sleep
behavior.  5-HT-  and  DPAT-induced  ingestive  and  sleep  behaviors  in  pigeons  appear  to  be  mediated  by het-
erosynaptic  and/or  non-somatodendritic  presynaptic  5-HT1ARs localized  to periventricular  diencephalic
circuits.
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. Introduction

Postprandial states in both mammals [1–3] and birds [4–6] are
haracterized by an increased incidence of grooming, drinking and
esting. These behaviors, which occur in a relatively fixed tem-
oral setting, constitute the so-called behavioral satiety sequence
BSS) in both classes of vertebrates. Additionally, BSS expression
ppears to be selectively affected by changes in serotonin (5-HT)
eurotransmission in both vertebrate classes. Increased activity of
-HT circuits exerts suppressive effects on food and water intake in
ammals (e.g., [7]) and in pigeons [8–10]. Intracerebroventricular

ICV) injection of 5-HT in pigeons [9,11–13] evoked a sequence of
ypophagia, drinking and sleep that parallels the BSS in pigeons [6].
n the other hand, increased feeding was observed in free-feeding
igeons after intra-hypothalamic and intra-amygdalar injection of

 5-HT1/2 receptor antagonist or intra-raphe injection of 8-OH-
PAT (DPAT; a 5-HT1A/7 receptor agonist) [14], indicating that5-HT
fferents exert tonic inhibitory control on feeding-related prosen-
ephalic circuits in free-feeding pigeons, similar to the findings in
ammals.
Furthermore, increased activity of 5-HTergic circuits also

xerts an inhibitory effect on sleep in both vertebrate classes
15,16,12,13]. Brainstem 5-HTergic neurons in mammals are active
uring waking but display reduced firing rates, and may  not fire at
ll, during sleep states [17,15,18]. Activating 5-HT receptors via ICV
njection of 5-HT evokes hypophagia and behavioral/electrographic
leep-like states in carnivores and rodents (e.g., [19]). Further-
ore, in mammals, intra-raphe injection of DPAT increases sleep

igns [20,21], indicating an important role of the presynaptic 5-
T1A receptor subtype (5-HT1AR) in decreasing the activity of
-HT-related mechanisms that promote wakefulness in mammals
15,18]. ICV injection of DPAT into free-feeding pigeons at the
dentical ventricular regions to which 5-HT evokes the hypopha-
ia/drinking/sleep sequence and increases feeding and drinking
ehaviors; these effects are followed by increased behavioral and
lectrographic signs of sleep [12,13]. Thus, it is possible that the
ctivity of central 5-HT circuits may  coordinate satiety processes,
nfluencing the expression and sequential appearance of the major
omponents of the mammalian and avian BSS.

The similarities between the effects of ICV-injected 5-HT
nd DPAT on behaviors in pigeons indicate a crucial role of

-HT1ARs in satiety-related circuits. Similar to mammals, sys-
emic DPAT injection reduces serotonergic neurotransmission
n pigeons [22–24,24], possibly by acting on inhibitory 5-HT1A
© 2015  Elsevier  B.V.  All  rights  reserved.

autoreceptor-mediated mechanisms, similar to those found in
mammals. Accordingly, pretreatment with a 5-HT1AR antago-
nist, such as WAY100635 decreases drinking and sleep behaviors
induced by ICV 5-HT injection and antagonizes DPAT-induced feed-
ing and drinking behaviors [13]. Furthermore, the density of c-Fos
protein expression in midline and dorsal brainstem 5-HTergic
cell populations double-labeled for tryptophan hydroxylase (TPH)
was reduced in 5-HT (ICV)-injected pigeons compared to vehicle-
injected animals. Moreover, the activity of these double-labeled
neurons negatively correlated to sleep [12]. These data suggest
that the drinking- and sleep-inducing effects of ICV 5-HT injection
into pigeons result from the 5-HT-induced inhibition of 5-HTergic
neurons (via activation of 5-HT1ARs) [12,13]. Taken together, these
results indicate a mechanistic hypothesis in which a feeding-
evoked increase in ventricular 5-HT results in 5-HT-mediated
hypophagia. This mechanism, subsequently, results in a 5-HT1AR-
mediated reduction in the activity of drinking- and sleep-inhibitory
5-HTergic neurons, thus favoring the post-prandial satiety-related
appearance of these behaviors. In addition to the possible relevance
of such mechanisms to coordinating BSS behavior in pigeons, these
data also suggest that the roles and mechanisms of 5-HT repre-
sent shared, evolutionarily conserved functional attributes of the
serotonergic circuits in the amniote brain.

However, before proceeding to a closer examination of the
circumventricular, BSS-related functions of intraventricular 5-
HTergic neurons, the hypothesis described above must be further
tested on anatomical and pharmacological bases. In mammals, 5-
HT1ARs are localized to both synaptic terminals: as an autoreceptor
that regulates serotonergic neuronal activity and as a heterorecep-
tor that modulates 5-HT-mediated effects via several serotonergic
targets [25]. In mammalian brains, a high density of 5-HT1ARs was
detected in 5-HTergic areas of the brainstem [26] and the forebrain,
such as the cingulate and entorhinal cortices, the hippocampus,
the amygdala, the septum, the thalamus and the hypothalamus
[27–32]. An autoradiographic study using pigeons indicated mod-
erate to high expression of binding sites to [3H]8-OH-DPAT in
forebrain regions including the nidopallium, the hyperpallium,
the hippocampus, the basal ganglia, and the amygdala [33]. How-
ever, the distribution of these receptors in the brainstem and in
periventricular areas, such as the hypothalamus, of birds remains
unknown.
Furthermore, the 5-HT1AR antagonist used to examine these
activities, WAY100635, acts at both pre- and postsynaptic 5-HT1ARs
[34,35], obscuring the localization of these receptors. A suitable
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pproach to assess these functions of 5-HT is pretreatment with a
ostsynaptic selective 5-HT1AR antagonist and/or injection of the 5-
Tergic neuronal neurotoxin 5,7-dihydroxytryptamine (5,7-DHT).
his toxin is known to reduce the brain levels of 5-HT in both rats
36] and pigeons [37]. Moreover, 5,7-DHT decreases the density of
inding sites to [3H]8-OH-DPATin the brainstem of rats [38,39].
dditionally, behavioral studies have shown that this toxin is
ffective in discriminating between the functions of pre- and post-
ynaptic 5-HT1ARs in rats [40,41] and pigeons [42]. In the present
eport, we first describe the distribution of [3H]8-OH-DPAT-binding
ites in the brainstem and the hypothalamus of pigeons, as well as
hat of neurons activated (c-Fos-immunoreactive) by ICV injection
f DPAT in the brainstem and in periventricular diencephalic areas.
urthermore, the effects of pretreatment with 5,7-DHT or a 5-HT1AR
ntagonist (MM77) that primarily acts at postsynaptic 5-HT1ARs
43] on 5-HT- and DPAT-evoked behaviors were examined.

. Materials and methods

All experimental procedures described here were conducted in
dherence to the recommendations of the “Principles of Animal
are” (NIH, 1985) and were approved by the local Committees
or Ethics in Animal Research (protocols: Federal University of
anta Catarina, 23080.0383262/2008-65; Ruhr Universität, 8.87-
0.10.37). Adult domestic pigeons (Columba livia of both sexes,
00–500 g body weight) were supplied by the central vivarium
acilities of each university and were maintained in individual cages
t a temperature of 22–24 ◦C in a 12:12 light-dark cycle (lights on
t 07:00 a.m.; fluorescent daylight lamps generating 80–90 lx light
ntensity) with free access to food and water until the experiments.

.1. Lateral ventricle cannula implant and 5,7-DHT injection
rocedures

The pigeons received an injection of desipramine hydrochloride
25 mg/kg/1 ml  in 0.9% NaCl, i.p.; Sigma–Aldrich Co., St. Louis, MO,
SA) to preserve the noradrenergic circuits from the deleterious
ffects of the neurotoxin 5,7-DHT (5,7-dihydroxytryptamine crea-
inine sulfate salt, Sigma–Aldrich Co., St. Louis, MO,  USA); 30 min
ater, they were anesthetized (ketamine: 0.15 ml/100 g, xylazine:
.05 ml/100 g, i.m.) and placed in the stereotaxic apparatus (David
opf Instruments, Tujunga, CA, USA). All wound margins and the
xternal acoustic meati (into which the stereotaxic inner bar was
nserted) were infiltrated with lidocaine solution (5%). The ani-

als received bilateral ICV injections (at AP = +6 mm;  L = 1.5 mm;
 = −5 mm;  the stereotaxic coordinates were derived from the
tereotaxic atlas of the pigeon brain [44]) of 5,7-DHT (Lesion
roup, 200 �g/ventricle) or vehicle (Veh group) using a guide
annula (21 G). 5,7-DHT was dissolved in 10 �l of 0.1% ascor-
ic acid/0.9% NaCl solution 10 min  prior to the injections. In the
-HT- and DPAT-treated animals (see Section 2.10.3 for details),
he guide cannula was inserted into the right lateral ventricle,
xed to the skull using dental cement and 2 jeweler’s screws,
nd maintained patent using a removable inner stylet. The injec-
ions were performed using an inner cannula (30 G) extending

 mm from the tip of the guide cannula; and the inner cannula
as connected to a Hamilton microsyringe using polyethylene

ubing (injection rate; 0.5 �l/min). After these surgeries, the ani-
als were treated (daily for the next 5 days) with the antibiotic

aytril® (5% enrofloxacin, Bayer; 0.1 ml/kg, i.m.) and the analgesic

etofen® (Ketoprofen1%; Merial; 0.2 ml/kg, i.m.). The wound was

reated daily with Furacin® cream (Nitrofural; Mantecorp). A post-
peration recovery period of at least 10 days was observed before
he experiments.
in Research 295 (2015) 45–63 47

2.2. Drugs and ICV injections

5-HT (5-hydroxytryptamine hydrochloride; Sigma–Aldrich, St.
Louis, MO,  USA; dose 150 nmol) and DPAT [8-hydroxy-2 (di-
n-propylamino) tetralin; Sigma–Aldrich, St. Louis, MO,  USA;
dose 30 nmol], a 5-HT1A/7 receptor agonist, were dissolved in
5% ascorbic acid in 0.9% NaCl solution (used as the vehicle),
and MM77  [1-(2-methoxyphenyl)-4-(4-succinimid-obutyl) piper-
azinedihydrochloride; Tocris Bioscience, Bristol, UK; dose 23 or
69 nmol], a postsynaptic 5-HT1A receptor antagonist, was dissolved
in 0.3% DMSO (in 0.02 M phosphate buffer solution; PBS); this
solution was  used as the vehicle for the MM77  pre-treatment
experiments. 5-HT and DPAT were used in a dose range previ-
ously shown to induce ingestive and sleep-waking responses in
free-feeding pigeons [9,12,13], and the MM77  doses were based
on the effective systemic dose (divided by 1000) used to block
DPAT-induced anxiolytic effects in rats [45]. The ICV injections were
performed using a Hamilton microsyringe as described above. The
volume injected (2 �l) was  administered over a period of 2 min, and
for the subsequent 2 min, the inner cannula was maintained in the
cannula guide to avoid potential reflux of the solution.

2.3. Immunohistochemistry

Unless otherwise stated, all washing and incubation steps dur-
ing the following procedures were performed under gentle shaking
at room temperature (RT). The washing steps consisted of three
washes (5 min  each) with 0.1 M PBS containing 0.25% Triton X-100
(PBST). To detect c-Fos protein expression, free-floating sections
were washed, blocked for 40 min  in 2% bovine serum albumin (BSA)
in PBST and incubated in the anti-c-Fos primary antibody (1:2000;
rabbit anti-c-Fos; K-25 – Sc-253 – Santa Cruz Biotechnology, Dal-
las, TX, USA) in PBST solution containing 1% BSA in a humidified
chamber for 18 h at 4–8 ◦C. Next, the sections were washed, the
endogenous peroxidase activity was  blocked by incubation in 0.3%
H2O2 in 100% methanol for 40 min, and the sections were incubated
(in PBST at RT) in a goat anti-rabbit biotinylated secondary antibody
(1:1000; Vector Laboratories, Burlingame, CA, USA). After 2 h of
incubation, the sections were incubated in the avidin–biotin com-
plex (1.5 h; 1:1000 in PBST, Vector Laboratories). After washing,
c-Fos labeling was  visualized using 0.05% 3,3-diaminobenzidine
(DAB; Sigma–Aldrich, St. Louis, MO,  USA), 0.05% nickel ammonium
sulfate and 0.015% H2O2 in 0.1 M PBS for 4–5 min, staining the
immunopositive nuclei as dark gray/black. To detect c-Fos expres-
sion in serotonergic neurons, brainstem sections were stained with
an antibody against the enzyme tryptophan hydroxylase (TPH) as
described in [12]. Free-floating sections were washed, blocked for
40 min  with 2% normal rabbit serum (NRS) in PBST and incubated in
the anti-TPH primary antibody (1:1000; sheep anti-TPH: AB 1541,
Millipore Corporation, Billerica, MA,  USA) in PBST containing 1%
NRS in a humidified chamber for 18 h at 4–8 ◦C. Next, the sections
were washed and incubated (2 h in PBST at RT) in a rabbit anti-sheep
biotinylated secondary antibody (1:1000; Vector Laboratories), fol-
lowed by incubation in the avidin-biotin complex (1.5 h; 1:250 in
PBST). TPH labeling was  visualized using 0.05% DAB and 0.0075%
H2O2 in 0.1 M PBS for 9 min, resulting in reddish-brown stain-
ing. The reaction was  stopped by washing for 5 min  in cold (4 ◦C)
distilled water, and the sections were mounted on chrome-alum-
gelatin-coated glass slides, air-dried for 48 h, and dehydrated in a
graded alcohol series and xylene, followed by coverslipping using
DPX (Fluka BioChemika, Sigma–Aldrich, St. Louis, MO,  USA).
2.4. Cell counting

The sections were analyzed under an optical microscope (Olym-
pus, BH-2), and images were captured using an attached camera
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Fig. 1. (A) Photomicrograph illustrating c-Fos expression (black arrowhead) in a
representative counted field indicating TPH-immunoreactive (TPH+, white arrow)
and  c-Fos− and TPH-immunoreactive cells (c-Fos+/TPH+, black arrow). Scale
bar = 100 �m.  (B) and (C) Schematic drawings of frontal sections of the pigeon
brainstem showing the location of the quantified fields in the analyzed areas. The
approximate rostrocaudal levels based on the Karten and Hodos’ [44] atlas of the
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nate the unbound radioactive ligand from the sections. The sections
igeon brain are indicated in the upper right corner of each drawing. For abbrevia-
ions, see the list.

PixeLink, Ontario, Canada). The TPH- and c-Fos immunoreactive
ells were analyzed according to our previous studies on the brain-
tem distribution of serotonergic neurons in pigeons [46,12], and
he atlas of the pigeon brain of Karten and Hodos [44] was  used to
tandardize the rostrocaudal levels (Figs. 1 and 2). To ensure that
ections at the same rostrocaudal level were selected across the
roups, the sections were selected based on their relative position
o landmarks specific for each nucleus (see Figs. 1 and 2). Three
epresentative sections of each nucleus from each animal in the
xperimental groups were selected for counting. For bilateral struc-
ures, such as n.A6 in the brainstem, or for hypothalamic nuclei,
he counts in each hemisphere were averaged. The landmarks used
or brainstem structures were detailed in a former report [12]. In
hort, c-Fos-labeled (c-Fos+), TPH-labeled (TPH+) or double-labeled
c-Fos+/TPH+) cells were quantified in six brainstem nuclei (Fig. 1),
y a single blind-to-condition person (TSS) on 1–2 entire field pho-
omicrographs with ImageJ software (www.rsbweb.nih.gov/ij/) of
ections containing the nucleus raphe pontis (R; 1 quantification
eld (QF; 0.47 mm × 0.36 mm)  in sections corresponding to the A
.00 stereotaxic level of the pigeon brain atlas [44]), A6 (or caudal
oC; 1 QF were positioned between the ventrolateral border of the
asciculus longitudinalis medialis (flm), the BC and the floor of IV
entricle at the A 1.00 stereotaxic level), nucleus linearis caudalis
LC; 2 QF located over the 2 midline cell rows of the LC, at A 2.25
tereotaxic level), A8 (rostral part of the LoC; 1 QF were aligned ver-
ically to the TIO and horizontally aligned to the flm at the A 2.25
tereotaxic level), nucleus annularis (Anl, 1 QF positioned immedi-
tely ventral to the flm along its mediolateral extent and dorsally
o the DBC fibers, at the A 2.25 stereotaxic level) and the zone peri-
asciculus longitudinalis medialis (Zp-flm; 1 QF placed laterally to
he IV ventricle, and medially to the flm and ventral to the nIV
Fig. 1) dorsomedial to the flm and lateral to the 4th IV ventricle,

nd 2 fields were placed laterally to the flm)  (Fig. 3).

The identification and nomenclature of hypothalamic areas and
ther prosencephalic structures were based on the reviews by
in Research 295 (2015) 45–63

Kuenzel and Van Tienhoven [47] and Reiner and cols [48]. Counting
of c-Fos labeling in these regions and landmarks used to locate the
diencephalic QFs are described as following. The paraventricular
organ (PVO; 1 QF positioned at a particular spot in periventricu-
lar region of the recessus infundibuli characterized by the presence
of juxtaposed cells aligned in a bended way  into the ventricular
wall) and nucleus infundibuli (IN; 1 QF centrally positioned in the
infundibulus region) were evaluated at the A 4.75 stereotaxic level
[44], with the IF as landmark (Fig. 2). The nucleus paraventricularis
(PVN; 2 QFs vertically aligned at paraventricular region of the dor-
sal hypothalamus); the nucleus dorsomedialis hypothalami (DMN;
1 QF, dorsally); the nucleus ventromedialis hypothalami (VMN;
1 QF, medioventrally) and the lateral hypothalamic area (LHy; 1
QF, laterally located) were analyzed at the A 6.75 stereotaxic level
[44], where the DSD and DSV are very visible in the ventral part
of hypothalamus (Fig. 2). The bed nucleus of stria terminalis, pars
lateral (BSTNl; 1 QF, ventrolateraly located to the lateral ventricle);
the septal lateral nucleus (SL; 1 QF, ventromedialy located to lat-
eral ventricle) and the subfornical organ (SFO; 1 QF, located at the
“roof” of the III ventricle, posterior to the CA) were evaluated in
the A 7.25 stereotaxic level [44], where OM’s ascending fibers are
visible. To evaluation of the nucleus preopticus medialis (POM), 2
QFs were vertically arranged on this nucleus ventrally to the CA (at
A 7.75 stereotaxic level [44]), and to the nucleus preopticus ante-
rior (POA), 1 QF was positioned on its entire area, with the TSM
dorsolaterally located as reference (stereotaxic level A 9.25 [44])
(Fig. 2).

2.5. Behavioral analysis

During the first hour after the second injection (see the
experimental protocols below), video recordings (Orbit QuickCam,
V-UCC22, Logitech, Newark, CA, USA) of the home cage were
captured. The latency to the first event, the total duration and fre-
quency of drinking, feeding, preening, locomotor, exploratory, alert
immobility and sleep-like behavior (SLB) were scored using the
behavioral analysis software EthoWatcher® ([49]; freely available
at www.ethowatcher.ufsc.br). The behavioral events have been
described previously (e.g., [12,13]) and are shown in a movie clip
that is available online [50]. Food pellets were delivered via plastic
cups, and water was  provided in plastic bottles. The experiments
were performed between 10:00 and 16:00 h during the illumi-
nated period of the light/dark cycle, when the ingestive behavior
of pigeons is stable and low [12]. Food and water were weighed 1 h
after the final injection.

2.6. Receptor autoradiography

The 5-HT-binding sites of the 5-HT1AR were labeled with [3H]
8-OH-DPAT [51,52] according to a previously published standard-
ized protocol [53,54,33], which consisted of three steps. (1) The
samples were preincubated for 30 min  (at RT) in buffer (170 mM
Tris–HCl buffer containing 4 mM CaCl2 and 0.01% ascorbic acid, pH
7.6) to remove endogenous ligands from the tissue; (2) The 5-HT
binding sites were labeled via incubation in 1 nM [3H]8-OH-DPAT
in buffer for 60 min  at room temperature in the presence or absence
of 1 �M 5-hydroxytryptamine as a displacer (non-specific bind-
ing or total binding, respectively). Specific binding was calculated
as the difference between total and non-specific binding. Because
non-specific binding accounted for less than 10% of total binding,
total binding was  considered to be equivalent to specific binding.
(3) The samples were rinsed for 5 min  at 4 ◦C in buffer to elimi-
were air-dried overnight and subsequently co-exposed for 8 weeks
to a tritium-sensitive film (Hyperfilm, Amersham, Braunschweig,
Germany) and plastic [3H]-standards (Microscales, Amersham) of

http://www.rsbweb.nih.gov/ij/
http://www.ethowatcher.ufsc.br/
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ig. 2. Schematic drawings of frontal sections of the pigeon brain showing the hypo
n  the analyzed areas. The approximate rostrocaudal levels based on Karten and Hod
or  abbreviations, see the list.

nown levels of radioactivity. Adjacent sections were Nissl stained
or cytoarchitectonic analysis.

.7. Image analysis and anatomical identification

Autoradiographs were digitized [55,53] using a KS-400 image
nalysis system (Kontron, Germany) connected to a CCD camera
Sony, Tokyo) equipped with an S-Orthoplanar60-mm macro lens
Zeiss, Germany). The images were collected at a resolution of
12 × 512 pixels and 8-bit gray value. Images of the co-exposed
icroscales were used to compute a calibration curve via nonlin-

ar, least-squares fitting, which defined the relationship between
he gray values in the autoradiographs and the levels of radioac-
ivity. This calculation enabled the pixel-wise conversion of the
ray values of an autoradiograph to the corresponding levels of
adioactivity. These concentrations of the binding sites occupied
y the incubated ligand were transformed into receptor binding
ite densities under saturation conditions according to the function
Kd + L)/As × L, where Kd is the equilibrium dissociation constant
f ligand-binding, L is the concentration of the incubated ligand,

nd As is the specific activity of the ligand. The borders of the
tructures as defined by the atlas of Karten and Hodos [44] were
icroscopically identified in the sections processed for the visu-

lization of cell bodies and were traced on prints of the digitized
ic and subpallial structures (SL and BNSTl) and the location of the quantified fields
4] atlas of the pigeon brain are indicated in the upper right corner of each drawing.

autoradiographs. For the identification of anteroposterior levels
of the different structures, we used the same landmarks as those
used to cell counting (Section 2.5; Figs. 1 and 2). The DMN  and PVN
nucleus, through autoradiographs process, were separated into
PMH and PLH (the DMN) and into pars magnocellularis (PVNm)
and pars parvocellularis (PVNp) (the PVN). The mean of the gray
values of the anatomically identified brain regions (from one to
five sections per animal and region) were transformed into the
binding site concentration (fmol/mg protein).

2.8. High pressure liquid chromatography (HPLC)

2.8.1. Drugs and reagents
Standards of 5-HT, 5-hydroxyindoleacetic acid (5-HIAA), nora-

drenaline (NA), their metabolites 5-hydroxyindoleacetic acid
(5-HIAA) and homovalenic acid (HVA), and all salts for mobile-
phase extraction were acquired from Sigma–Aldrich (St. Louis, MO,
USA). HPLC grade solvents (J.T. Baker, Mexico) and Milli-Q water
(Millipore, São Paulo, Brazil) were used without further purifica-
tion.
2.8.2. HPLC apparatus
HPLC was  performed using a Waters e2695 Alliance Separation

Module composed of a quaternary pump, a degasser, a column
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Fig. 3. Upper panel: sagittal view of the pigeon brain showing the anterior-posterior levels at which different sections were evaluated. Lower panels: schematic drawings
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f  the frontal sections of the pigeon brain showing the dissected structures (dark
tructures: 1 – brainstem; 2 – hippocampus; 3 – hypothalamus; and 4 – arcopalliu
anel:  (A) A1.0; (B) A2.25; (C) A5.75; and (D) A7.75. These coordinates are derived 

eater and a refrigerated autosampler (maintained at 4 ◦C) cou-
led to a Waters 2465 amperometric electrochemical detector. The
hromatograms were acquired and processed using Empower® 2
oftware (Waters, Milford, MA,  USA).

.8.3. Chromatographic conditions
The chromatographic analysis was adapted from Linder and cols.

56]. The mobile phase mixture was prepared as 90 mM sodium
ihydrogen phosphate, 50 mM citric acid, 50 �M disodium EDTA,
.7 mM sodium 1-heptanesulfonate:acetonitrileat 90:10, which
as adjusted to pH 3.0 using concentrated NaOH, filtered using

 0.45 �m cellulose acetate membrane (Merck Millipore, Billerica,
A,  USA), and degassed under vacuum in an ultrasonic bath prior

o use. The mobile phase was pumped in an isocratic mode at a flow
ate of 0.30 ml/min through a reverse-phase (C18) semi-�HPLC
olumn (150 mm  length × 2 mm inner diameter, 4 �m diameter
article size; Synergi Hydro RP, Phenomenex, Torrance, CA, USA),
rotected with a C18 guard-column (20 mm length × 2 mm inner
iameter; Alltech, Deerfield, IL USA), both maintained at 35 ◦C. The
lectrochemical reactions occurred in an electrochemical flow cell
quipped with a glassy carbon working electrode (GC-WE) oper-
ted in direct current (DC) mode set at an oxidation potential of
400 mV  vs. an “In Situ Ag/AgCl” (ISAAC) reference electrode and a
tainless steel wire auxiliary electrode (Waters, part # 205004215).
he peaks of the analytes were identified via comparison of the

etention times to the respective standards. The peak areas were
ntegrated to quantify the samples via linear regression of the
tandard calibration curve. The values obtained were expressed as
g/mg wet tissue.
 at which the levels of 5-HT were measured. The numbers indicate the following
e letters A–D correspond to the specific antero-posterior levels indicated in upper
he atlas of the pigeon brain of Karten and Hodos [44].

2.8.4. Sample preparation for HPLC analysis
The sample preparation protocol was  adapted from Alesci and

Bagnoli [37]. To section the brain of different pigeons at similar pre-
determined levels (Fig. 1), we developed an acrylic matrix adapted
for the pigeon brain (similar to a rodent brain slicer, commercially
available) based on the atlas of the pigeon brain by Karten and
Hodos [44]. Briefly, the brain tissues (brainstem, hypothalamus,
hippocampus, and arcopallium; Fig. 1) were removed from the skull
on ice and stored in Eppendorf tubes containing 0.3 ml of refrig-
erated buffer (0.1 M perchloric acid + 0.02% sodium meta-bisulfide)
and immediately stored at −80 ◦C until analysis. The tissue samples
were crushed manually and sonicated in an ultrasonic cooling bath
for 10 min. Then, the Eppendorf tubes were promptly centrifuged
(14,000 rpm) at 4 ◦C for 20 min, and 20 �l of the supernatant was
injected into the HPLC column.

2.9. Statistical analysis

The behavioral, food and water intake data were analyzed via 2-
way ANOVA (factors: pretreatment × treatment, experiment 2.9.2;
lesion × treatment, experiment 2.9.3) followed by Scheffé post hoc
analysis for any significant results. The cell labeling density (num-
ber of cells per mm2) was analyzed separately for each brain area
in each experimental group (experiments 2.9.4 and 2.9.5). First, the
counting data were analyzed using Shapiro–Wilk’s test to verify
the normality of the particular data sample. Then, the data were

analyzed via a parametric (one way  ANOVA) or non-parametric
(Kruskal–Wallis test) analysis, followed by respective post hoc
analysis (parametric: Sheffé post hoc analysis; non-parametric:
Mann–Whitney U test) when appropriate. For experiment 2.9.3, the
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lterations in the 5-HT levels (expressed as the % of the 5-HT lev-
ls in the control animals) were analyzed using the non-parametric
ruskal–Wallis test followed by the Mann–Whitney U post hoc test

o evaluate the inter-group differences. To demonstrate the [3H]-8-
H-DPAT-binding sites in the brainstem and the hypothalamus, we
erformed descriptive analysis of the data expressed as the means
nd standard deviation (SD). All analyses were performed using Sta-
istica 8.0 software (Stasoft, Tulsa, OK, USA). For all tests, p values
f <0.05 were considered to be statistically significant.

.10. Experimental procedures

.10.1. Distribution of 5-HT1AR binding sites in the brainstem and
he hypothalamus of the pigeon brain

The animals (N = 6 pigeons, of both sexes) were deeply anes-
hetized with equithesin (i.m.; 0.5 ml/kg bw), decapitated and
heir brains were removed from the skull, frozen immediately in
sopentane at −40 ◦C and stored at 70 ◦C. Serial coronal 10 �m sec-
ions were generated using a cryostat microtome (2800 Frigocut E,
eichert-Jung, Vienna, Austria). The sections were thaw-mounted
n gelatinized slides and freeze-dried before use for receptor
utoradiography or histological staining to visualize cell bodies
57].

.10.2. Effects of pretreatment with MM77  on the ingestive and
ehavioral responses evoked by ICV injection of 5-HT or DPAT

Sixteen experimentally naïve pigeons were cannulated ICV (see
rocedures in the Section 2.1) and were separated into two groups:
1) 5-HT group: 8 animals treated with vehicle and 5-HT (150 nmol)
7 days interval between the treatments) and (2) DPAT group: 8
nimals treated with vehicle and DPAT (30 nmol) (7 days interval
etween injections). In both groups, the injections (5-HT; DPAT
r vehicle) were preceded (20 min) with an injection of MM77
r vehicle. For the 5-HT-injected animals, we tested two  different
oses of MM77: 23 and 69 nmol; for the DPAT animals, we tested
nly the most effective MM77  dose, 69 nmol (based on a previ-
us finding of the most evident 5-HT-mediated effect, a dipsogenic
esponse). Each pigeon received all treatments corresponding to
ts specific experimental group, which was assigned according to

 Latin-squared design. In the end, each group was formed by the
ollowing treatments: 5-HT group: veh × veh; veh × 5-HT; MM77
23) × veh; MM77  (69) × veh; MM77  (23) × 5-HT; MM77  (69) × 5-
T; DPAT group: veh × DPAT; MM77  (69) × DPAT. As to 5-HT and
PAT we used the same vehicle (ascorbic acid), we  did not repeated

he treatments veh × veh and MM77  × veh in the DPAT group.

.10.3. Effects of the neurotoxin 5,7-DHT on the ingestive and
ehavioral responses evoked by 5-HT and DPAT and on the
ensity of brainstem serotonergic neurons

Twenty-four animals were cannulated ICV billateraly (see pro-
edures in the Section 2.1) and divided into 2 groups: (1) 12 animals
6 injected with 5,7-DHT and 6 sham-injected), sacrificed 12 days
fter the lesion (group DHT12) and (2) 12 animals (6 injected with
,7-DHT and 6 sham-injected), sacrificed 28 days after the lesion
group DHT28). The animals from group DHT12 were used to ver-
fy the effects of 5,7-DHT on the 5-HT levels at the 12th day after
,7-DHT treatment. The animals from group DHT28 were subjected
o pharmacological experiments (from day 12–27) to evaluate the
ffects of 5,7-DHT on the ingestive and behavioral responses pro-
uced by 5-HT and DPAT (according to protocols similar to those
escribed above). Each animal in the group DHT28 were evalu-
ted using all drugs (7-day interval between treatments). On 12th

r 28th day, the animals were sacrificed via anesthetic overdose
50 mg/kg ketamine hydrochloride and 10 mg/kg xylazine, IM)  and
ecapitated. Then, the brains were quickly removed from the skull
nd immediately stored at −80 ◦C until analysis. To examine the
in Research 295 (2015) 45–63 51

effects of 5,7-DHT on the density of brainstem serotonergic neu-
rons, we used another 12 naïve pigeons (6 treated with 5,7-DHT
and 6 sham-injected). These animals were anesthetized (50 mg/kg
ketamine hydrochloride and 10 mg/kg xylazine, IM) and perfused
(see details in Section 2.10.4) 12 days after the injection, and
their brains were prepared for immunohistochemistry to verify the
effects of 5,7-DHT on the number of TPH-immunoreactive cells.

2.10.4. Effects of DPAT ICV injection on c-Fos expression in
TPH-immunoreactive and -non-immunoreactive neurons in
serotonergic brainstem areas

In a previous study [12], we described the effects of ICV injection
of 5-HT into free-feeding pigeons on c-Fos activation in seroto-
nergic (TPH+) and non-serotonergic (c-Fos+/TPH−) cells in the
brainstem. DPAT and 5-HT exert similar effects on drinking and
sleep [13]. Here, we examined the effects of ICV injection of DPAT
on the pattern of c-Fos expression in TPH-immunoreactive and
non-immunoreactive cells. Moreover, as we noted previously [12],
water intake after these injections produced a different pattern of
c-Fos expression. Therefore, we  used the same experimental design
to test the effects of 5-HT [12]. Fifteen pigeons (both sex, 480–540 g)
were cannulated ICV (see procedures in the Section 2.1), assigned
to one of three groups (N:5/group) and injected ICV as follows:
(1) vehicle (5% ascorbic acid in 0.9% NaCl solution; vehicle group),
(2) DPAT (30 nmol) with free access to water after the injection
(DPAT + W group) or (3) DPAT (30 nmol) with no access to water
(DPAT group). The vehicle-treated animals were provided with free
access to water. The behaviors of the animals were recorded for the
first 90 min  after injection, and water/food intake was  quantified
at the end of this period. Then, the animals were deeply anes-
thetized (50 mg/kg ketamine hydrochloride and 10 mg/kg xylazine,
IM)  and were transcardially perfused with heparin (IVC bolus of
1500 IU) and a sucrose solution (9.25% in 0.02 M phosphate buffer
(PB), pH 7.2, at 37 ◦C) followed by 4% paraformaldehyde in PB. The
brains were removed, blocked, post-fixed for 4 h in the same fixa-
tive, sectioned at 40 �m using a vibratome (Vibratome 1500 Plus,
Vibratome Company, St. Louis, MO,  USA) and stored in a cryopro-
tectant solution at −20 ◦C until use.

2.10.5. Effects of DPAT and 5-HT ICV injection on c-Fos activation
in the hypothalamus and in the prosencephalic periventricular
areas

A group of 10 ICV-cannulated, experimentally naive pigeons,
which were maintained as described above, were separated into
two groups and treated as follows: (1) 5-HT (150 nmol) ICV injec-
tion with free access to water (5-HT + W group) and (2) 5-HT ICV
injection with no access to water (5-HT group). The experimental
procedures, including perfusion and brain preparation, were the
same as those described in Section 2.10.4. The data from these
groups were compared to the vehicle group described in Section
2.10.4. In Figs. 9 and 10 and in Table 3, the DPAT (N:5) and 5-HT
groups (N:5) were only compared to the control group (N:5).

3. Results

3.1. Distribution of 5-HT1AR binding sites in the brainstem and
the hypothalamus of the pigeon brain

In both the brainstem and the hypothalamus, [3H]8-OH-DPAT
binding sites were most apparent in structures located at the
midline or in periventricular (third ventricle) and periaqueductal
regions (Table 1; Fig. 4). [3H]8-OH-DPAT binding was intense in

the dorsal region of the pons, concentrated in the peri-fasciculus
longitudinalis medialis zone (ZpFLM; Fig. 4A; Table 1), in area A6
(the caudal portion of the locus coeruleus; Fig. 4A, Table 1), and in
the caudal portion of the griseum centralis (GCt; Fig. 4A; Table 1).
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Table 1
[3H]8-OH-DPAT binding values (fmol/mg protein) in brainstem and hypothalamus of the pigeon (N = 6 animals). Data is presented as mean ± SD. The percentage binding
values for each structure and the qualitative classification are compared to structure with the maximal binding value (MBV). Brainstem and hypothalamic nuclei are presented
in  a caudorostral arrangement. ++++, very high; +++, high; ++, moderate; + low.

Brain area Binding density

fmol/mg protein ±SD Relative density compared
with MBV  (%)

Brainstem
R (nucleus raphe pontis) 180 133 34 ++
LoC  caudalis (A6) 351 238 68 +++
LoC  rostralis (A8) 41 19 8 +
SCd  (N. Subcoeruleus dorsalis) 46 19 9 +
SCv  (N. Subcoeruleus ventralis) 33 15 6 +
LC  (N. Linearis caudalis) 345 161 66 +++
CS  (N. Centralis Superior) 138 144 26 ++
ZpFLM (Zone Peri Fasciculus Longitudinalis Medialis) 510 289 98 ++++
Anl  (N. Annularis) 517 222 100 MBV  ++++
GCt  caudalis (Substantia Gricea Centralis, pars caudalis) 315 166 61 +++
GCt  rostralis (Substantia Gricea Centralis, pars rostralis) 38 13 7 +
PME  (Posterior median eminence) 144 71 27 ++
RPO  (N. Reticularis Pontis Oralis) 24 15 5 +

Hypothalamus
IN  (N. Infundibuli Hypothalami) 57 44 11 +
PVO  (Organum Pavaventriculare) 444 179 86 +++
MM  (N. Mamillaris Medialis) 250 137 48 ++
ML  (N. Mamillaris Lateralis) 36 13 7 +
PMM  (N. Premamillaris) 179 64 34 ++
VMN  (N. Ventromedialis Hypothalami) 102 24 20 +
LHy  (N. Lateralis Hypothalami) 98 29 19 +
SCI  (Stratum Cellulare Internum) 31 26 6 +
SCE  (Stratum Cellulare Externum) 25 3 5 +
PVNm (N. Paraventricularis, pars magnocellularis) 171 35 33 ++
PVNp (N. Paraventricularis, pars parvocellularis) 82 51 16 +
PLH  (N. Lateralis Hypothalami Posterioris) 112 72 22 ++
PMH  (N. Medialis Hypothalami Posterioris) 229 164 44 ++
AM  (N. Anterior Medialis Hypothalami) 48 61 9 +
POM  (N. Preopticus Medialis) 103 35 20 +
POA  (N. Preopticus Anterior) 357 115 69 +++
PPM  (N. Magnocellularis Preopticus) 143 77 27 ++
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FDB  (Fasciculus Diagonalis Brocae) 273 

SOe  (N. Supraopticus externus) 258 

PD  (N. Preopticus Dorsalis) 274 

iscrete labeling was detected in the rostral portion of the GCt
Fig. 4B; Table 1). Moderate labeling was detected in the midline
entral raphe nucleus (Fig. 4A; Table 1). In the mesencephalon, the
ighest densities of [3H]8-OH-DPAT labeling were detected in the
edial portion of the nucleus annularis (Anl) and in the rostral

ortion of ZpFLM (Fig. 4B; Table 1). The Anl displayed the maxi-
al  binding value (MBV; 517 fmol/mg protein = 100%), to which all

ther structures were compared. In the pontomesencephalic mid-
ine, the linearis caudalis (LC) and centralis superior (CS) nuclei
isplayed high and moderate levels of [3H]8-OH-DPAT binding,
espectively (Fig. 4B; Table 1). Modest labeling was observed in the
ateral monoamine-containing nuclei sub coeruleus dorsalis (SCd)
nd in the sub coeruleus ventralis (SCv) (Table 1), in area A8 (the
ostral portion of the locus coeruleus; Fig. 4B; Table 1), and in the
eticularis pontis oralis nucleus (RPO) (Table 1).

Binding to [3H]8-OH-DPAT in the hypothalamus and the preop-
ic region was highly localized to medial structures. In the posterior
ypothalamus, the highest concentration of all hypothalamic nuclei

nvestigated was  detected in the paraventricular organ (PVO; 86%
f the staining in the MBV, the Anl; Fig. 4D; Table 1), a bilat-
ral circumventricular organ that is located at the posteroventral
all of the third ventricle. The posterior median eminence (PME;

nother circumventricular organ), displayed moderate expres-
ion of [3H]8-OH-DPAT-binding sites (Fig. 4C; Table 1). We  also

ound moderate labeling abutting the mamillaris medialis nucleus
MM;  Fig. 4D; Table 1) and in the pre-mamillaris nucleus (PMM;
able 1). Discrete labeling was detected in the nuclei infundibuli
IN; Fig. 4D; Table 1) and in the mamillar lateralis (ML) (Table 1). In
133 53 +++
85 50 ++
90 53 +++

the medial hypothalamus, we detected moderate [3H]8-OH-DPAT
binding in the paraventricular nucleus (magnocellular portion,
PVNm; 171 ± 35 fmol/mg protein; parvocellular portion, PVNp;
82 ± 51 fmol/mg protein; Fig. 4E; Table 1), in the nucleus preopti-
cus medialis (POM) (Table 1), in the nucleus medialis hypothalami
posterioris (PMH) and in the nucleus lateralis hypothalami poste-
rioris (PLH, Fig. 4E; Table 1). Low levels of [3H]8-OH-DPAT binding
were detected in the nucleus lateralis hypothalami (LHy) (Fig. 4E;
Table 1), in the stratum cellular internum (SCI), in the stratum
cellulare externum (SCE) (Table 1) and in the anterior medialis
hypothalami (AM) (Fig. 4E; Table 1). In the anterior hypothalamic
and preoptic areas, medial (preopticus anterior, POA; magnocel-
lularis preopticus, PPM; and preopticus dorsalis, PD) and lateral
structures (supraopticus externus, SOe; fasciculus diagonalis Bro-
cae, FDB) displayed moderate (PPM and SOe) to high (POA, PD and
FDB; Fig. 4E; Table 1) levels of [3H]8-OH-DPAT binding.

3.2. Effects of pretreatment with MM77 on the ingestive and
behavioral responses induced by ICV injection of 5-HT or DPAT

Two-way ANOVA revealed that 5-HT injection produced sig-
nificant changes in drinking behavior and SLB. 5-HT injection
increased water intake (F1,42 = 149, p = 0.001; interaction: F1,42 = 9.2,

p = 0.0004) (Fig. 5) and drinking frequency (F1,42 = 149, p < 0.0001)
and duration (F1,42 = 32, p < 0.0001) and also decreased the latency
to the first episode of drinking (F1,42 = 7.5, p = 0.008; Table 1, Supple-
mentary material). 5-HT also increased the SLB duration (F1,42 = 12,
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Fig. 4. Color-coded autoradiographs of [3H]8-OH-DPAT binding in the pigeon brainstem (left column, A and B, letters in the lower right corner) and hypothalamus (C–F),
arranged in caudo-rostral order. (N = 6 animals). The color-coding indicates the density of [3H]8-OH-DPAT-binding sites in terms of fmol/mg protein. Note that the color-
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oding  of each image is optimized to the overall DPAT-binding site density. The maxi
rawings of frontal sections of the pigeon brain show the structures examined. Alph

evels  according to the Karten and Hodos atlas [44]. For abbreviations, see the list a

 = 0.0004; interaction: F2,42 = 3.6, p = 0.0004) (Fig. 5) and frequency
5-HT: F1,42 = 6.2, p = 0.01; interaction: F2,42 = 3.2, p = 0.05) and

ecreased the latency to the first SLB episode (F1,42 = 6.1, p = 0.02;

nteraction: F2,42 = 3.2, p = 0.05; Table 1, Supplementary material).
owever, 5-HT injection did not alter food intake or feeding behav-

or (Fig. 5). Pretreatment with MM77  reduced the effects of 5-HT
DPAT binding level was detected in the Anl (Panel B). In the right column, schematic
eric characters placed at the upper left corner indicate the approximate stereotaxic
le 1.

on water intake (Fig. 5) and drinking duration (Table 1, Supple-
mentary material). The MM77  23 nmol dose decreased the effect

of 5-HT on drinking latency, and the 69 nmol dose blocked the
effect of 5-HT on drinking frequency (Table 1, supplementary mate-
rial). MM77  failed to alter food or water intake or feeding or
drinking behavior (Fig. 5). Both MM77  doses completely blocked
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Fig. 5. The effects of ICV injection of 5-HT (0 or 150 nmol, N = 8) or DPAT (0 or 30 nmol, N = 8) on food and water intake and on sleep-like behavior (SLB duration after
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retreatment with MM77  (0, 23 or 69 nmol)). The data are expressed as the means 

ollowed by vehicle injection; #p < 0.05 compared to animals treated with vehicle
ollowed by DPAT injection.

he 5-HT-induced increase in the duration and latency of SLB
Fig. 5).

Supplementary Table S1 related to this article can be found, in
he online version, at http://dx.doi.org/10.1016/j.bbr.2015.03.059.

Similarly, DPAT affected drinking behavior and SLB. Moreover,
his treatment produced significant effects on feeding. DPAT injec-
ion increased water intake (F1,20 = 40, p < 0.0001) (Fig. 5) and
rinking duration (F1,20 = 34, p < 0.0001) and frequency (F1,20 = 7,

 = 0.01), and decreased the latency to the first drinking episode
F1,20 = 14, p < 0.0001) (Table 2, Supplementary material). DPAT
njection increased food intake (F1,20 = 43, p < 0.0001) (Fig. 5) and
eeding frequency (F1,20 = 6.7, p = 0.01) and duration (F1,20 = 63,

 < 0.0001) and decreased the latency to the first episode of feed-
ng (F1,20 = 20, p = 0.0002) (Table 2, Supplementary material). DPAT
lso increased the SLB duration (F1,20 = 8.6, p = 0.008; interaction:
1,20 = 8.5, p = 0.008) (Fig. 5) and decreased the latency to the first
LB episode (F1,20 = 5.6, p < 0.0001) (Table 2, Supplementary mate-
ial). MM77  did not affect feeding or drinking behavior induced by
PAT. However, MM77  effectively blocked the effects of DPAT on
LB duration (F1,20 = 8.5, p = 0.008) (Fig. 5) and latency (F1,20 = 6.6,

 = 0.008) (Table 2, supplementary material). The only per se effect
f MM77  injection was a significant increase in SLB duration at the
3 nmol dose (Fig. 5).

Supplementary Table S2 related to this article can be found, in
he online version, at http://dx.doi.org/10.1016/j.bbr.2015.03.059.

.3. Effects of the neurotoxin 5,7-DHT on the ingestive and
ehavioral responses induced by ICV injection of 5-HT or DPAT

5,7-DHT injection reduced the 5-HT levels in the brainstem
H4,29 = 17.2, p = 0.0017), the hypothalamus (H4,29 = 14.6, p = 0.005)
nd the hippocampus (H4,29 = 11.8, p = 0.01) compared to the con-
rols. However, 5,7-DHT did not alter the 5-HT levels in the
rcopallium (Table 2). The analyses revealed no significant alter-
tion in the 5-HT,NA or HVA levels in sham-injected compared to

ontrol pigeons. In the brainstem, a 56 ± 10% reduction in group
HT12 (p = 0.02) and a 65 ± 7% reduction in group DHT28 (p = 0.013)
ere detected (Table 2) compared to the corresponding vehicle-

reated groups. In the hypothalamus, this reduction was of 80 ± 33%

able 2
ffects of the neurotoxin 5,7-DHT on the 5-HT levels in different areas of the pigeon brain
ontrol  animals. The (−) symbol in front of a number indicates a reduction. The data are e

Groups Brainstem Hypothalamu

Sham 12 −3.9 ± 14.2 −2.1 ± 53.
Sham  28 −1.8 ± 13.3 −2.6 ± 86.
DHT  12 −56.6 ± 10.5* −80.08 ± 33.
DHT  28 −64.8 ± 7.2* −70.1 ± 22.

* p < 0.05 compared to the control untreated animals (set as 100%, data not shown).
dard error of the mean (S.E.M.). *p < 0.05 compared to animals treated with vehicle
wed by 5-HT injection; and ##p < 0.05 compared to animals treated with vehicle

(p = 0.003) in group DHT12 and 70 ± 22% in group DHT28 (p = 0.012;
Table 2). In the hippocampus, we detected 66 ± 35% and 40 ± 20%
reductions in the DHT12 and DHT28 groups, respectively (Table 2).
5,7-DHT injection also decreased the level of the 5-HT metabo-
lite 5-HIAA in the hypothalamus (H4,29 = 10, p = 0.01) and in the
hippocampus (H4,29 = 7.4, p = 0.001) in both the DHT12 and DHT28
groups. We  did not detect any significant change in the 5-HIAA lev-
els in the brainstem or the arcopallium in any group injected with
5,7-DHT (data not shown). Moreover, 5,7-DHT did not affect the NA
or HVA levels in any examined structure (data not shown). Further-
more, injection of 5,7-DHT decreased the number of TPH+ neurons
in the brainstem. This effect of 5,7-DHT was detected in all sero-
tonergic areas, and the most affected nuclei are depicted in Fig. 6.
Two-way ANOVA revealed that 5-HT and DPAT increased water
intake (F2,24 = 88, p < 0.0001) and SLB (F2,24 = 20, p < 0.0001). More-
over, DPAT increased food intake (F2,24 = 53, p < 0.0001) (Fig. 7).
Injection of 5,7-DHT did not affect the ingestive or hypnogenic
effect of 5-HT or DPAT. Additionally, 5,7-DHT increased SLB induced
by 5HT but did not affect SLB or feeding stimulated by DPAT (Fig. 7).

3.4. Effects of DPAT ICV injection on c-Fos activation in
TPH-immunoreactive and -non-immunoreactive neurons in
serotonergic brainstem areas

Injection of DPAT increased the number of c-Fos-
immunoreactive (c-Fos+) cells in Anl (H2,15 = 10, p = 0.006) and
ZpFLM (H2,15 = 13, p = 0.001) (Fig. 8). Moreover, DPAT increased the
number of double-labeled (c-Fos+/TPH+) cells in the LC (H2,15 = 9.8,
p = 0.007), Anl (H2,15 = 7.3, p = 0.02) and ZpFLM (H2,15 = 9.2, p = 0.01).
When animals were allowed to drink (DPAT + W),  c-Fos activity
increased in the nucleus raphe pontis (F2,12 = 11, p = 0.001) and the
LC (Fig. 8). In Anl and ZpFLM, allowance of water intake decreased
the effect of DPAT injection on the number of c-Fos+ cells (p < 0.002
for DPAT vs. DPAT + W,  Mann–Whitney post hoc test for both

nuclei) (Fig. 8). The density of double-labeled cells was increased
in the LC, Anl and ZpFLM in both DPAT-treated groups. ANOVA did
not indicate any significant effect of DPAT injection on TPH labeling
among the different groups (Fig. 8). No change in the number of

 (n = 6/experimental group). The values are presented as the % of the values in the
xpressed as the medians ± interquartile range.

s Hippocampo Arcopalium

1 −1.4 ± 38.8 −2.5 ± 24.5
8 18.3 ± 39.4 −0.5 ± 58.6
2* −66.4 ± 35.6* −0.18 ± 45.4
4* −40.4 ± 20.6* 36.7 ± 25.2

http://dx.doi.org/10.1016/j.bbr.2015.03.059
http://dx.doi.org/10.1016/j.bbr.2015.03.059
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Fig. 6. Effects of 5,7-DHT injections on the density of TPH-immunoreactive cells
in brainstem nuclei containing 5-HT neurons (N = 6). Left two  columns: photomi-
crographs of control untreated animals (panels A–E) and animals injected ICV
with 5,7-DHT (panels F–J). Right column: schematic drawings of frontal sections
of the pigeon brain showing the anatomical location of the analyzed structures. The
alphanumeric characters placed at the upper left corner indicate the approximate
stereotaxic levels according to the Karten and Hodos atlas [44]. Scale bar = 100.

Fig. 7. Effects of ICV injection of 5-HT (150 nmol) or DPAT (30 nmol) on food and water int
group).  The data are expressed as the means ± S.E.M. *p < 0.05 compared to sham animals
in Research 295 (2015) 45–63 55

c-Fos+ or double-labeled cells in area A6 or A8 was detected (data
not shown).

3.5. Effects of DPAT and 5-HT ICV injection on c-Fos activation in
the hypothalamus and in prosencephalic periventricular areas

DPAT injection increased c-Fos labeling in the subfornical
organ (SFO: H2,15 = 9.4, p = 0.009), the preopticus medialis (POM:
F2,12 = 12.5, p = 0.002), the preopticus anterior (POA: F2,12 = 27,
p < 0.0003) (Table 3), the dorso medialis hypothalami (DMN:
F2,12 = 26, p < 0.001), the ventro medialis hypothalami (VMN:
F2,12 = 34, p = 0.001) and in the LHy (F2,12 = 21, p = 0.001) (Fig. 9).
DPAT also increased the number of c-Fos+ cells in bed nucleus of
the stria terminalis pars lateralis (BNSTl: H2,15 = 12, p = 0.002) and
in septal lateral areas (SL: H2,15 = 93, p < 0.0001) (Table 3). In the ani-
mals allowed to drink after DPAT injection, we  detected an increase
in the number of c-Fos+ cells in the SFO (H2,15 = 9.4, p = 0.009), the
PVN (H2,15 = 7.9, p = 0.001) and the POA (Table 3; Figs. 9 and 10). In
the SL and the POM, the effects of DPAT on c-Fos expression were
increased after water intake (post hoc analysis, p < 0.001 for DPAT
vs. DPAT + W for both nuclei) (Table 3). Conversely, a decrease in
DPAT-induced c-Fos+ cells was detected in the BNSTl after water
intake (Mann–Whitney U test, p = 0.009) (Table 3). In the PVO
(F2,12 = 48.1 p < 0.0001) and the PVN, we  detected an increase in
c-Fos+ cells only in the animals that were allowed to drink after
injection (Fig. 9; Table 3).

5-HT increased the number of c-Fos+ cells in almost all hypotha-
lamic nuclei examined (PVO: F2,12 = 9.4, p = 0.02; SFO: H2,15 = 14,
p = 0.002; PVN: H2,15 = 21, p = 0.001; POM: F2,12 = 37, p = 0.001; and
POA: F2,12 = 18, p = 0.002) (Table 3). Moreover, 5-HT increased the
number of c-Fos+ cells in the SL (H2,15 = 12,5, p = 0,002) and the
BSTNl (H2,15 = 37.3, p < 0.0001). Water intake decreased the effect
of 5-HT on c-Fos activity in the SL, the BSTNl and the POM and
blocked the 5-HT-mediated increase in the number of c-Fos+ cells
in the PVO and the SFO (Fig. 9; Table 3). However, 5-HT injection
decreased the number of c-Fos+ cells in the DMN  (F2,12 = 14, p < 0,03)
and the LHy (F2,12 = 16, p < 0,05) (Fig. 9).

4. Discussion

The present data indicate that 5-HT1ARs are densely con-
centrated in the brainstem and in the periventricular preoptic-
hypothalamic areas of the pigeon brain, extending previous
findings that these receptors are widely distributed in the
pallial and pretectal/tectal regions in this species [33]. The radi-
oligand [3H]-8-OH-DPAT appeared to bind most strongly to
post- and pre-synaptic 5-HT1ARs; DPAT is a highly specific 5-

HT1ARagonist [58,59,60] that has been used as a radioligand to
determine the distribution of 5-HT1ARs in various vertebrate species
[61,27,54,62–65]. However, DPAT also displays moderate affinity
for the 5-HT7R subtype (in guinea-pig: [66,67]), rat and human

ake and SLB after pre-treatment with 5,7-DHT or vehicle (Sham; N = 6/experimental
 treated with vehicle; #p < 0.05 compared to sham animals treated with 5-HT.
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Fig. 8. Representative photomicrographs showing the effects of ICV injection of DPAT (30 nmol) on the number of c-Fos+, TPH+ and double-labeled cells in brainstem nuclei
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c  to DP
T ssed a

b
H
5
s
a
c
o

T
E
a
V
e

T

N  = 8/experimental group). DPAT-injected animals were provided with no (DPAT; 

ompared to the vehicle group (panels A–D). Scale bar = 100 �m. #p < 0.05 compared
he  c-Fos counts in Anl and ZpFLM and all TPH+ and double-labeled cells are expre

rain tissue [68]. To avoid the binding of [3H]-8-OH-DPAT to 5-
T7Rs, we used a concentration that does not bind to 5-HT7Rs in
-HT1AR knockout mice. Bonaventure and colleagues [69] demon-

3
trated that 1 or 2 nmol [ H]-8-OH-DPAT does not bind or displays
 very low binding density in the septal area of knockout mice
ompared to the moderate to high binding densities in the area
f wild-type animals [69]. Consistently, lower KD values (1.3 nM,

able 3
ffects of ICV injection of vehicle, DPAT (30 nmol) or 5-HT (150 nmol) on c-Fos protein
nd  the BNSTl (N = 8/experimental group). The symbol +W indicates the animals treated
ehicle-treated animals also received free access to water for all experiments. For the str
xpressed as the medians ± interquartile range. For abbreviations, see the list.

Groups/nuclei PVO SFO PVN 

Vehicle 7 ± 1.4 17.6 ± 4.5 56.4 ± 5.9 

DPAT  14.4 ± 2 123 ± 16* 71.6 ± 8.6 

DPAT  + W 57.6 ± 8*,# 128 ± 10* 120 ± 3*,#

5-HT  26 ± 5.5* 60.2 ± 7.3* 137 ± 3*

5-HT  + W 4.4 ± 1.4# 24.2 ± 5.7# 153 ± 5*

* p < 0.05 compared to the vehicle group.
# p < 0.05 for DPAT vs. DPAT + W or 5-HT vs. 5-HT + W.
he c-Fos counts in the PVO, the POM and the POA are expressed as the means ± S.E.M.
 E–H) or with free access to water (DPAT + W;  panels I–M) after injection. *p < 0.05
AT. The c-Fos countsin the R nucleus and the LC are expressed as the means ± S.E.M.
s the medians ± interquartile range. For abbreviations, see the list.

95% confidence interval 0.35–2.25 nM)  were obtained in the sep-
tum of wild-type animals than in that of knockout animals (5-HT1AR
knockout animals: 20 nM,  95% confidence interval 14–27 nM). At

3
10 nM [ H]8-OH-DPAT, high densities were detected in both wild-
type and 5-HT1AR knockout mice [69], suggesting that at higher
doses than the one used in this study, DPAT binds to receptors other
than 5-HT1ARs.

 expression in hypothalamic nuclei (PVO, SFO, PVN, POM and POA) and in the SL
 with DPAT or 5-HT that were provided with free access to water after injection.
ucture names, see Table 1. The data for the SFO, the PVN, the BNSTl and the SL are

BSTNl SL POM POA

21.8 ± 4.2 9 ± 1.2 9.6 ± 1.3 4.8 ± 1.4
421 ± 36* 346 ± 25* 30.4 ± 3.6* 40.4 ± 3*
79.2 ± 6.2*,# 786 ± 65*,# 117 ± 9*# 27.6 ± 5*
118 ± 11* 835 ± 100* 108 ± 11* 24.6 ± 3.3*
86.2 ± 6.6*,# 285 ± 37*,# 56 ± 8*# 34 ± 4.8*
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Fig. 9. Representative photomicrographs showing the effects of ICV injection of 5-HT (150 nmol) or DPAT (30 nmol) on the number of c-Fos+ cells in hypothalamic nuclei:
v els I–
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ehicle  group (panels A–D); 5-HT + W group (panels E–H);and DPAT + W group (pan
fter  injection. *p < 0,05 compared to the vehicle group. Scale bar = 100 �m.  The c-Fo
he  data for the SFO and the PVN are expressed as the medians ± interquartile rang

In those pontomesencephalic areas that were examined, [3H]-
-OH-DPAT binding was localized to nuclei previously reported to
ontain high concentrations of 5-HT-immunoreactive cell bodies in
igeons, chickens and quails (e.g., [70–73,14]) and TPH (the rate-

imiting enzyme in the biosynthesis of 5-HT)-immunoreactive cell
odies in pigeons [46,12]. These nuclei (R, Anl, ZpFLM, LC, A6 and
8) constitute the rostral or superior raphe nuclei in birds; areas A6
nd A8 in pigeons also contain dense populations of dopaminergic
A8) or noradrenergic (A6) neurons [74,75] that appear to partially
verlap with the serotonergic perikarya. Dense populations of 5-
T1ARs are found in the raphe nuclei are comparable to those in
ammals (rodents: [28,38]); humans: [76]. In the mammalian mid-

rain raphe nuclei, 5-HT1ARs control 5-HTergic neuron firing and
-HT release [77–79], acting as somatodendritic autoreceptors to

nhibit 5-HTergic neuron firing and release upon stimulation with
ndogenous 5-HT or 5-HT1AR agonists. These 5-HT1ARs are not ton-
cally activated by endogenous 5-HT under resting, physiological
onditions, but 5-HT1ARs can inhibit the 5-HTergic neuron firing
ate and 5-HT efflux in response to endogenous 5-HT surges evoked

y changes in the behavioral state of the animal [80–82].

In pigeons, systemic injection of DPAT decreases the levels of
-HIAA (a 5-HT metabolite) but does not change the levels of
ther monoaminergic metabolites in the cerebrospinal fluid (CSF)
M; N = 6/experimental group). All animals were provided with free access to water
ts for the PVO, the VMN, the DMN  and the LHy are expressed as the means ± S.E.M.

 abbreviations, see the list.

[22,23,83], suggesting that in this species, this 5-HT1AR agonist
decreases the activity of 5-HTergic neurons. The 5-HIAA levels in
the mammalian ventricular CSF have been shown to reliably indi-
cate serotonergic activity in the brain (e.g., [84]). Along these lines,
it is interesting that ICV 5-HT injection into pigeons reduced c-Fos
expression in TPH+ neurons in the LC and areas A6 and A8 but not in
the pontine raphe nucleus [12]. These results suggest that, although
the precise cellular localization of these binding sites cannot be
determined based on the autoradiography method used here, the
observed labeling may  be at least partially associated with somato-
dendritic inhibitory 5-HT1ARs on serotonergic neurons in the raphe
nuclei.

However, it appears that inhibition of 5-HTergic neurons due to
activation of somatodendritic 5-HT1ARs is not sufficient to account
for the acute neural and behavioral effects of ICV 5-HT or DPAT
injection. Injection of DPAT produced a modest increase in the num-
ber of c-Fos+ (in Anl and ZpFLM) and c-Fos+/TPH+ cells (in the LC,
Anl and ZpFLM, present data) predominantly in the animals that
were allowed to drink. Alternatively, ICV 5-HT injection consistently

reduced the number of c-Fos+/TPH+ neurons when the animals were
not allowed to drink [12]. These data suggest that 5-HTergic neu-
ronal activity in the raphe nuclei tends to increase slightly or return
to basal levels when the animal satisfies its 5-HT- or DPAT-evoked
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Fig. 10. Representative photomicrographs showing the effects of ICV injection of 5-HT (150 nmol) or DPAT (30 nmol) on the number of c-Fos+ cells in the hypothalamic
nuclei: vehicle group (panels A–D); 5-HT + W group (panels E–H); and DPAT + W group (panels I–M; N = 6/experimental group). All animals were provided with free access
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o  water after injection. Scale bar = 100 �m. *p < 0.05 compared to the vehicle-treat
he  data for the BNSTl and the SL are expressed as the medians ± interquartile rang

earch for water and that the reduced activity of 5-HTergic neurons
n the raphe nuclei may  be associated with a thirst-like state or may
e associated to the act of drinking per se.

Furthermore, bilateral ICV injection of 5,7-DHT
200 �g/ventricle) decreased the 5-HT levels in the upper brain-
tem, the hypothalamus and the hippocampus and reduced the
umber of TPH+ neurons in the raphe nuclei. Our findings differed
uantitatively from those of a previous study that administered
he same toxin to pigeons [37]. They performed a single intra-
queductal injection of 5,7-DHT (600 �g), and 9 and 60 days after
njection, they detected a decrease in the 5-HT levels in a pallial
isual area (the Wulst) and in the optic tectum but not in the brain-
tem. The causes of these conflicting results remain unclear, but
hey may  be related to the differences in the injection volume/site
r the different size and rostrocaudal span of the brainstem
amples examined; they used 5.5 mm long samples from the
audal medulla oblongata (P3.00) to the rostral pontine levels
A2.50), whereas we sampled only the rostral pons (between A1.00
nd A2.25 levels). In rodents, intense reductions in TPH activity

nd the 5-HT levels in the hippocampus and cerebral cortex and
ecreases in [3H]-8-OH-DPAT binding exclusively in the midbrain
aphe nuclei were detected after intracerebral injection of 5,7-DHT
e.g., [38]). Intracisternal [85] or intra-raphe nuclear (median or
up. The c-Fos counts in the POM and the POA are expressed as the means ± S.E.M.
 abbreviations, see the list.

dorsal; [40]) injection of 5,7-DHT impaired feeding induced by
systemic injection of DPAT, suggesting that DPAT-induced feeding
is dependent on activation of somatodendritic, inhibitory 5-HT1ARs
in rats.

Conversely, and despite the apparently intense and selective
5,7-DHT-induced reduction in 5-HT activity in our pigeons, the
ingestive and hypnogenic effects of 5-HT and DPAT ICV injection
were not changed in the 5,7-DHT-treated animals. These results
may  indicate that drinking and sleep induced by DPAT and 5-HT,
as well as hyperphagia induced by DPAT, are not dependent on a
reduction in the activity of the central 5-HTergic circuitry mediated
by activation of inhibitory somatodendritic 5-HT1ARs in pigeons. In
fact, 5,7-DHT-induced lesion increased sleep duration in both the
vehicle- and 5-HT-treated animals, suggesting that a chronic reduc-
tion in brain 5-HT activity induces plastic changes in sleep-related
circuits, leading to sleepiness and an increased susceptibility to the
sleep-evoking effects of 5-HT. We  have shown that ICV injection of
DPAT or 5-HT increases the duration of electrographically charac-
terized desynchronized sleep (or rapid-eye-movement, REM) and

slow wave sleep (SWS) based on hippocampal EEG recordings [13].

In mammals, sleep states have been associated with decreased
activity or inactivity of serotonergic neurons (compared to wake-
fulness). Dorsal raphe neurons fire intensely during wakefulness
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ut exhibit decreased firing during SWS  and cease firing during
EM sleep [17,18]. Perfusion of the dorsal raphe nucleus with
PAT decreased 5-HT release and increased REM sleep in cats [21]
nd rats [86], indicating that a somatodendritic 5-HT1AR-mediated
ecrease in the activity of serotonergic neurons is associated with
his sleep state. Interestingly, similar to the findings in pigeons
13], sleep and electroencephalographic activity typical of SWS  was
etected after ICV injection of low doses of 5-HT into mammals
19,87]. The role of 5-HT1ARs has been studied via systemic and
ntra-raphe injection of the 5-HT1A/7R agonist DPAT. In free-feeding
ats, DPAT increases food intake when administered systemically
88,89] or into the dorsal or median raphe nuclei [34,90], and these
ffects are most likely dependent on the activation of somato-
endritic, inhibitory 5-HT1ARs in rats [85,40]. Thus, it appears that
PAT-induced hyperphagia, as well as DPAT- and 5-HT-induced

leep, depend on distinct 5-HT1AR-mediated mechanisms in mam-
als and pigeons.
We  have previously shown that ICV pretreatment with low

oses of the 5-HT1AR antagonist WAY100635 attenuates the dipso-
enic and hypnogenic effects of low doses of 5-HT (50 nmol), and
educed the DPAT-evoked increases in feeding, drinking and sleep
n pigeons [13], confirming that these effects may be dependent
n the activation of 5-HT1ARs. WAY100635 displays high affin-
ty for 5-HT1ARs (Ki = 4.5 nM)  and antagonist-like activity on both
resynaptic and postsynaptic 5-HT1ARs [91,92,35]. Here, we  fur-
her explored the effects of 5-HT1AR antagonists by injecting MM77
an agent that acts primarily on postsynaptic 5-HT1ARs) before ICV
njection of 5-HT or DPAT. MM77  is characterized as a postsynaptic
-HT1AR antagonist [43], and its antagonistic effect on postsynaptic
-HT1ARs has been described [93,45]. In one study [94], the anti-
onflict effects of WAY100636 and MM77  were compared in rats
hose 5-HTergic neurons were destroyed by prior administration

f p-chloroamphetamine (which reduced the hippocampal concen-
ration of 5-HT by ca. 85%). In these animals, the anti-conflict effect
f WAY100635, but not MM77, was abolished, indicating that the
nxiolytic-like activity of MM77  does not appear to depend on the
ntegrity of presynaptic 5-HT1ARs. The present data indicate that
retreatment with MM77  reduces 5-HT-induced drinking and both
-HT- and DPAT-induced sleep. If MM77  indeed acts preferably at
ostsynaptic 5-HT1ARs in pigeons, these results reinforce the con-
ept that the somatodendritic 5-HT1AR-mediated decrease in the
ctivity of serotonergic neurons is of little relevance to these 5-
T-evoked behavioral effects. Surprisingly, MM77  failed to affect
PAT-induced feeding or drinking, indicating that WAY100635

which attenuated these DPAT-induced responses) and MM77  may
isplay distinct pharmacological profiles with respect to their inter-
ctions with DPAT-sensitive receptors.

Beyond the likely expression of somatodendritic 5-HT1ARs on
erotonergic neurons in the raphe nuclei, our autoradiographic data
ndicate that 5-HT1ARs (pre- and/or post-synaptic) are especially
oncentrated in periventricular hypothalamic and preoptic areas
nd in the circumventricular organs. These dense [3H]-8-OH-DPAT
inding patterns agree with the evidence for dense serotonergic

nnervation of these medial/paraventricular hypothalamic regions
n pigeons [72] and for 5-HT+ and TPH+ cell clusters in the cere-
rospinal fluid (CSF)-contacting neurons of circumventricular areas
in the hypothalamic recessus infundibularis, in the PVO and in sub-
nd supra-ependymal patches in aqueductal levels and through-
ut the lateral and third ventricles; [95,73,46]) of the pigeon.
urthermore, the medial preoptic nucleus, the anterior-medial
ypothalamic area, including the paraventricular and the postero-
edial hypothalamic nucleus, have been shown to be extensively
nter-connected [96–98] in pigeons. Efferent from these regions
nnervate the septal lateral, posterior hypothalamic and medial

ammillary areas, the median eminence and neurohypophysis,
s well as the brainstem, whereas afferent input to these regions
in Research 295 (2015) 45–63 59

originates from CSF-contacting cells (including 5-HT+ neurons), cir-
cumventricular organs (SFO, OVLT, area postrema), and limbic and
autonomic areas of the brainstem and the prosencephalon in birds.
Thus, these periventricular preoptico-hypothalamic receptors are
positioned to mediate the important serotonergic functions in
reproductive and chronobiologically dependent states (e.g., [99]),
in sleep [100,101], in the control of thermal and fuel-related
metabolism [100,102,103], and in the performance of ingestive
behaviors [103,10,104,12,13], as suggested by local, ICV and sys-
temic injection of 5-HT or drugs that interact with 5-HT1ARs in
pigeons and chickens.

The [3H]8-OH-DPAT labeling patterns described here and by
Herold and colleagues [33] are in line with the intense c-Fos
labeling induced by 5-HT or DPAT ICV injection in these preoptic-
hypothalamic periventricular regions and in the SL and the
BNSTl. 5-HT injection increased the number of c-Fos+ cells in the
parenchyma (PVN, BNSTl, SL, POM and POA) the circumventricular
organs (PVO, SFO), which were, exception for the PVN, attenuated
or abolished by drinking. These data suggest that the 5-HT-induced
increase in c-Fos expression in these nuclei may  be associated
with thirst-related phenomena, whereas that in the PVN may  be
related to other 5-HT-induced functions. Interestingly, injection of
metergoline (an antagonist of 5-HT1/2Rs) or GR-46611 (a 5-HT1B/1DR
agonist) into the PVN, the posterior medial hypothalamus and the
caudal preoptic region evoked feeding without changing water
intake in free-feeding pigeons [10], indicating that 5-HT-induced
c-Fos activity in the PVN may  be related to a 5-HT1BR-mediated
effect of 5-HT on feeding behavior. The number of c-Fos+ cells was
increased in the PVN, the medial preoptic area, the SFO and the
SL of chickens, quails, zebra finches and starlings that had been
injected intraperitoneally with hypertonic saline 3 h earlier [105],
which increased drinking behavior and the plasma vasotocin and
angiotensin II levels in birds [106]. Hypertonic saline-induced c-Fos
labeling was  shown to co-localize with vasotocin-immunoreactive
neurons in the PVN (in magnocellular cells known to project to
the neurohypophysis), in the posterior hypothalamus and in the
ventral floor of the rostral preoptic area. These data may  under-
score the relevance of serotonergic mechanisms to hypothalamic
that regulate the hydrosaline balance in birds.

Interestingly, DPAT injection altered c-Fos expression in the
same regions that were reactive to 5-HT injection, although in
a different (even divergent) pattern: the number of c-Fos+ neu-
rons was increased in the PVO, PVN, SL and POM among animals
allowed to drink. These data suggest that these effects of DPAT on
c-Fos expression in these nuclei may  be associated with the drink-
ing behavior itself, to the satiation of DPAT-induced thirst, or to
other DPAT-induced effects (including hyperphagia and sleep). In
addition, the complex pattern of c-Fos activity produced by DPAT
injection in hypothalamic areas, in contrast to the limited level of
c-Fos activation in serotonergic brainstem areas, contributes to the
concept that heterosynaptic or non-somatodendritic presynaptic
5-HT1ARs are crucial for the dipsogenic and hypnogenic effects of
5-HT. Moreover, the differences in c-Fos activity between the 5-HT-
and DPAT-injected animals indicate that 5-HT receptors other than
5-HT1ARs also participate in the functions mediated by hypothala-
mic  serotonergic circuits.

The distribution of hypothalamic [3H]-8-OH-DPAT-binding sites
in the pigeon is comparable to that in the rodent brain [28,69],
including intense expression in the choroid plexus and moder-
ate expression in the paraventricular, dorsomedial, ventromedial,
posterior, anterior, mammillary and arcuate nuclei, as well as the
preoptic area. The ventromedial, lateral, anterior, and dorsome-

dial hypothalamus and the paraventricular, magnocellular preoptic
and supraoptic nuclei contain cells and cellular processes dis-
playing 5-HT1AR-like immunoreactivity [107,31,32]. Many of these
cells also display immunoreactivity to sleep- and feeding-related
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Fig. 11. Schematic diagram summarizing the rationale of the experiments and the main findings of the present report, and showing the putative brain circuits involved in
organizing behavioral responses to ICV injections of 5-HT and 8-OH-DPAT in pigeons. As indicated by [3H]8-OH-DPAT labeling, 5-HT1A hetero- or autoreceptors (terminal or
somatodendritic) are localized in brainstem raphe, rich in 5-HT-producing neurons, as well as in circumventricular organs (CVOs) and periventricular preoptico-hypothalamic
regions. Some of these regions are endowed with cerebrospinal fluid (CSF)-contacting serotonergic and non-serotonergic neurons. ICV injections of 5-HT [13] or 8-OH-DPAT
(5-HT1AR agonist; present results) changes c-Fos expression in these regions, and evokes prompt and intense drinking, sleeping and feeding (for 8-OH-DPAT only) responses
in  free-feeding pigeons. These behavioral responses are blocked by WAY-100635 (5-HT 1AR antagonist of hetero and autoreceptors [13]) and by MM77  (5-HT 1AR antagonist
at  heteroreceptors; present results). ICV injection of the toxin 5,7-DHT, which decreased the 5-HT levels in the upper brainstem and the hypothalamus and reduced the
number of 5-HT-producing neurons in the raphe nuclei, left unchanged the behavioral responses to ICV 5-HT or 8-OH-DPAT. These evidence suggest that the behavioral
responses to ICV 5-HT and DPAT are mediated by 5-HT1AR heteroreceptors located at CVOs or diencephalic, CFS-contacting, non-serotonergic neurons and circuits, while
5  not in
i king 

p
a
m
p
p
t
e
a
t

H
a
a
H
5
i
a
5
e
t
s
C
t
c
t
5
u
b
t

-HT  neurons and circuits located in the hypothalamus or in the raphe nuclei are
ngestive behaviors, since intra-raphe 8-OH-DPAT injections evoke feeding and drin

eptides (neuropeptide Y, agouti-related peptide, cocaine- and
mphetamine-regulated transcript, melanin-concentrating hor-
one and orexin; [31]). These results suggest that serotonin acts via

ostsynaptic 5-HT1ARs to influence the release of feeding-regulated
eptides. In line with this hypothesis, it was found that local injec-
ions of DPAT into the lateral, arcuate [108,109] and PVN [110]
voked hypophagia in rats. At least in the lateral hypothalamus
nd the arcuate nucleus, this effect of DPAT was blocked by pre-
reatment with WAY100635 [108,109].

The massive accumulation of [3H]-8-OH-DPAT labeling and 5-
T-induced c-Fos reactivity in the periventricular hypothalamic
nd septal areas containing CSF-contacting neurons may  indicate
n important role of the ventricular wall and intraventricular 5-
T levels in regulating sleep, feeding and drinking in pigeons.
-HT-immunoreactive processes containing dense core vesicles

nvade and heavily populate the ventricular ependymal lining in
ll vertebrate species examined to date [111,112,95,113,114], and
-HT+ cells in the PVO and the posterior hypothalamic recess
xtend processes that protrude into the ventricular lumen and
hat proceed ependymofugally in all studied non-mammalian
pecies [95,114], including the pigeon [73,46]. Some of these
SF-contacting PVO cells also display TPH immunoreactivity and,
hus, may  produce 5-HT [46]. Therefore, these subependymal CSF-
ontacting elements are positioned to synthesize/release 5-HT into
he CSF. Some of these cells are also influenced by the intra-CSF

-HT levels via 5-HT1AR activation [115,114]. The circumventric-
lar organs were repeatedly shown to be associated with both
lood- and CSF-borne substances to regulate a variety of func-
ions, including feeding, drinking and circadian sleep regulation
volved in these responses. The latter may  be also involved in circuits controlling
in this species [14].

(e.g., [116–119]). However, since 5,7-DHT treatment decreased
brainstem and hypothalamic 5-HT, but failed to affect the 5-HT1AR-
mediated, 5-HT behavioral responses to intraventricular 5-HT and
DPAT, the fluid-contacting serotonergic neurons (located either
in the raphe nuclei or in the periventricular diencephalon) may
not be directly responsible for the 5-HT-evoked responses. Thus,
it is conceivable that non-serotonergic neurons endowed with
5-HT1A receptors, located in circumventricular organs or parenchy-
mal  hypothalamus, with CSF-contacting processes, may  constitute
the circuit through which ventricular 5-HT influences ingestive
and sleep behaviors in pigeons (Fig. 11). The mechanisms control-
ling the 5-HT content of the CSF, which are located upstream to
these non-serotonergic circuits, are unknown and warrant further
investigation. Furthermore, these data suggest that the changes in
the c-Fos+/TPH+ neurons observed after intraventricular 5-HT and
DPAT injections may  not be associated to the behavioral effects of
these treatments examined in the present report.

Central 5-HT circuits display neurochemical and neuroanatomi-
cal characteristics that appear to be highly conserved in vertebrates
[120–122]. The present data indicate that the distribution of 5-
HT1ARs in the brainstem raphe nuclei and in the periventricular
diencephalic structures is comparable to that found in mammals
and suggest that 5-HT circuits and 5-HT1ARs play important func-
tional roles in the performance of ingestive and sleep behaviors in
an avian species, in parallel with the findings in mammals. How-

ever, despite these similarities, the mechanisms by which these
circuits generate these similar behavioral effects may  depend
on distinct or opposing neurobiological mechanisms between
rodents (somatodendritic autoreceptor-related) and pigeons
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heterosynaptic- or non-somatodendritic autoreceptor-related).
t is conceivable that species- (or taxa-) specific attributes of
entral 5-HTergic mechanisms co-exist with phylogenetically
ncient traits. Further comparative studies of the functional roles
f 5-HTergic circuits may  discriminate the primitive or shared
unctional characteristics (that may  be of general relevance for
ertebrates or result from convergent evolutionary mechanisms)
rom those which are unique to a given taxon.
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