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ABSTRACT

The present article reviewsthe role of the serotoninergic system in the regulation of the sodium appetite. Datafrom the
peripheral andicv administration of serotoninergic (5-HTergic) agents showed the participation of 5-HT2/3 receptorsin
the modulation of sodium appetite. These observations were extended with the studies carried out after brain serotonin
depletion, lesions of DRN and during blockade of 5-HT2A/2C receptorsin lateral parabrachial nucleus (LPBN). Brain
serotonin depletion and lesions of DRN increased the sodium appetite response, in basal conditions, after sodium
depletion and hypovolemia or after beta-adrenergic stimulation as well. These observations raised the hypothesis
that the suppression of ascending pathways from the DRN, possibly, 5-HTergic fibers, modifies the angiotensinergic
or sodium sensing mechanisms of the subfornical organ involved in the control of the sodium appetite. 5-HTergic
blockade in LPBN induced to similar results, particularly those regarded to the natriorexigenic response evoked by
volume depletion or increase of the hypertonic saline ingestion induced by brain angiotensinergic stimulation. In
conclusion, many evidences lead to acceptation of an integrated participation resulting of an interaction, between DRN
and LPBN, for the sodium appetite control.

Key words: hydroelectrolyte balance, sodium appetite, 5-HTergic system, dorsal raphe nucleus, lateral parabrachial
nucleus, 5-HTergic agents.

INTRODUCTION

THE ION SODIUM PLAYS CRITICAL ROLE IN THE
MAINTENANCE OF THE VOLUME OF EXTRACELLULAR
FLUID: INFLUENCE OF THE RENIN-ANGIOTENSIN-
ALDOSTERONE SYSTEM

The dynamic balance of the milieu interieur is a sine
qua non condition for maintenance of life (Bernard 1878,
Andersson 1978, Denton et al. 1996, Voisinand Bourque
2002, Weisinger et a. 2004). The homeostatic preven-
tion of perturbations of the extracellular fluid (ECF)
volume and tonicity is dependent on harmonic efficiency
of multiple physiological systems.

It is well known the role of the ion sodium, ma-
jor ionic component of ECF, as a crucia factor for the
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cellular excitability and the maintenance of the tonic-
ity and circulating volume (Andersson 1978, Daniels
and Fluharty 2004, Weisinger et al. 2004). Experimen-
tal evidences have demonstrated that sodium appetite
oscillation is monitored by a putative sodium sensing
mechanism limited to subfornical organ (SFO). The Na,
channelswithin the SFO, recently described, represent a
functional category of sensor neurons distinct from os-
mosensor neurons (Andersson 1978, Denton et al. 1996,
Goldinet a. 2000, Hiyamaet al. 2002, 2004, Weisinger
et al. 2004) previously theorized from data and concep-
tions of Andersson (Andersson 1952, 1971, 1978, An-
dersson and McCann 1954). Another class of sodium
sensing neurons is confined to magnocellular subregion
of the supraoptic nucleus (SON). Local osmosensitivity
is operated in vasopressinergic neurons through intrin-
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sic stretch-inactivated cation channels. Sodium detection
occurs following acute regulation of the permeability
and chronic changes in Na* channels gene expression
(Voisin and Bourque 2002).

Terrestrial vertebrates devel oped physiological sys-
tems implicated with the control of the ECF volume
from the challenges raised by the environment, e.g., de-
ficit and excessive offer of NaCl (Denton 1984, Schul-
kin 1991, Fitzsimons 1998, Weisinger et al. 2004). The
physiological systems related both to the sodium and
the ECF volume homeostasis include the renin-angio-
tensin-aldosterone (RAAYS), atrial natriuretic peptide
(ANP) and oxytocin (OT) systems (Fitzsimons 1998,
McCann et al. 1997, 2003, Antunes-Rodrigues et al.
2004, Daniels and Fluharty 2004, McKinley and John-
son 2004, Weisinger et al. 2004, Saavedra 2005).

Angiotensin (ANG) is peripherally generated by
the catalysis from a circulating alpha2-globulin, the
angiotensinogen (Reid et al. 1978, Fitzsimons 1998,
Saavedra 2005). Renin, the enzyme secreted by jux-
taglomerular cells of the afferent renal arteriole, par-
ticipates in this reaction in response to hyponatremia,
ECF volume shrinkage and hypotension. From this re-
actionresultsadecapeptide, ANG |, considered aprohor-
mone. Circulating ANG | undergoes the catalytic action
of the angiotensin converting enzyme (ACE) expressed
in severa territories. However, the lung constitutes the
largest surface which produces this enzyme. Following
this stage, occurs the formation of ANG I, potent vaso-
conscrictor agent and also implied on theincrease of the
renal sodium reabsorption and dipsogenic and sodium
appetite expression.

RENIN-ANGIOTENSIN-ALDOSTERONE, ANP AND
OXYTOCIN SYSTEMS AND THE RENAL SYMPATHETIC
INNERVATION CONSTITUTE INTEGRATED SYSTEMS OF
CONTROL OF THE SODIUM RENAL REABSORPTION

The kidney mediates the regulation of the sodium reab-
sorption in mammals. Thus, the increase of the RAAS
activity and subsequent increase of ANG Il and aldos-
terone plasma levels stimulated by the hyponatremia
constitute critical variables for the homeostatic restora-
tion of the ECF volume. During hypernatremia condi-
tion and therefore higher ECF volume, occurs a depres-
sion of the RAAS activity with concomitant increase of
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ANP and probably oxytocin (OT), culminating with the
increase of the renal sodium excretion (Fitzsimons 1998,
McCann et al. 2003, Antunes-Rodrigues et al. 2004).

ANP, a natriuretic hormone produced by cardio-
miocytes, is released after stretch of the wall of right
atrium provoked by blood volume expansion (Antunes-
Rodrigues et al. 1991, 2004, DeBold et a. 1996). OT,
a hormone produced by magnocellular neurons of the
hypothalamic paraventricular nucleus (PVN) is aso a
natriuretic hormone whose secretion is increased after
ECF hypertonicexpansion (Soaresetal. 1999, Venturaet
a. 2002, Antunes-Rodrigues et al. 2004). Interestingly,
OT release is dependent on nitrergic activation in the
basomedial hypothalamus and the natriuretic response.
On the other hand, it is also dependent on nitrergic
mediation in the renal tubular sites (Soares et al. 1999,
Ventura et a. 2002, McCann et al. 2003, Antunes-
Rodrigues et a. 2004).

In addition, it has been suggested that ANPergic
neurons in hypothalamus excite the oxytocinergic neu-
rons in the PVN and SON to release oxytocin from the
neurohypophysis which by plasma stimulate the release
of ANP from the atria (McCann et al. 1997, 2003,
Antunes-Rodrigues et al. 2004).

After chronic sodium deprivation and subsequent
hyponatremia, renal sensors identify and measure the
magnitude of this error. In this context, renal and endo-
crine mechanisms related to sodium, and consequently
water maintenance, are activated. Furthermore, sensors
located in the juxtaglomerular apparatus (JGA) recog-
nize reduction in natremia, extracellular fluid volume,
blood pressure and tubular renal sodium content. JGA
is an anatomo-functional unit constituted by the jux-
taglomerular cells of the afferent arteriole, mesangial
cells and macula densa. This system controls tubule-
glomerular balance and activates renin angiotensin al-
dosterone system (RAAS). It subsequently increases
therenin release, the systemic ANG Il generation and al-
dosterone secretion (Fitzsimons 1998, Schnermann and
Levine 2003). Mediation of renal sodium reabsorption
during the ECF volume shrinkage is intensified by
RAAS. Simultaneously, it is observed a reduction on
cardiac ANP releasing. Furthermore, it is also postu-
lated an OT plasma level decreasing (McCann et a.
2003, Antunes-Rodrigues et al. 2004).
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The renal autonomic tubular innervation seems to
constitute another pathway for sodium excretion control.
Renal dennervation induces a transitory increase of the
sodium excretion. On the other hand, electric stimula-
tion of renal nerve reduces natriuretic response through
increase of the tubular sodium reabsorption (DiBona
2001). These observations were reinforced by evidence
that central sympatholytic action induces an increase of
the renal sodium excretion (Saad et al. 2002).

Regulation of Na* reabsorption in the kidney con-
gtitutes a critical mechanism for ECF volume and long-
term blood pressure control (Harris et al. 1996, Caruso-
Neves et al. 2004). In this context, the Na*-ATPase, a
transepithelial sodium transporter onthe proximal tubule
have deserved special attention. This transporter is an
important homeostatic target of brain and circulating
signals for fine regulation of Na" reabsorption. For ex-
ample, it has been demonstrated that ANP inhibits the
proximal Na*-ATPaseby the NPR-TO/guanilate cyclase/
cGMP pathway (Harris et al. 1996, Caruso-Neves et al.
2004). Similarly, natriuretic effect of OT isdependent on
guanilate cyclase/cGMP pathway but through NO syn-
thesis (Soares et a. 1999). Therefore, ANG Il and ANP
(OT as well) act antagonistically in the proximal tubule
as regulators of ECF volume. These evidenceshave dis-
closed a wider homeostatic possibility by which both
brain and peripheral signals to be integratively acting
on the salt appetite and sodium excretion modulation
(McCann et a. 2003, Antunes-Rodrigues et al. 2004).

SODIUM APPETITE CONTROL: SIGNALING FOR SODIUM
APPETITE EXPRESSION

Following a prolonged sodium deficit €elicited by a re-
striction on dietary sodium access, sensory systems are
activated and lead to humoral signaling. By contrast,
when sodium offer exceed the physiological set point,
there is an increase of the ECF volume involving a de-
pression of the RAA S activity. Thisresponseisfollowed
by a concomitant increase of ANP, and probably OT, re-
lease and consequent sodium appetite inhibition. In this
context, the hypothalamusand theanterior-ventral region
of the third ventricle (AV3V) are involved in the ANP
release induced by the blood volume expansion and by
signals originated in baroreceptors and periphera vol-
ume receptors (Antunes-Rodrigues et al. 1991, 2004,

Johnson and Thunhorst 1997).

Visceral sensory signals relayed from the activa
tion of volume receptors and baroreceptors, ascend to
the forebrain after synapsing within the brainstem (Den-
ton 1984, Fitzsimons 1998). The nucleus tractus solita-
rius (NTS) and lateral parabrachial nucleus (LPBN) con-
stitute the main circuits that relay information about the
blood pressure and the blood volume elevation in the
kidney aswell asin vascular endothelium (Denton 1984,
Schulkin 1991, Fitzsimons 1998, Daniels and Fluharty
2004). Signalsconcerning to thetubular sodium concen-
tration along macula densa, can also achieve the brain
purposing to activate mechanismsto regul ate the sodium
excretion and salt ingestion. The perspective of this pos-
sibility was subject matter of investigation in which it
showed that neurons of SFO receive signaling from re-
nal afferents (Ciriello 1998).

In another experimental approach, electrophysio-
logical records were obtained in oxytocinergic neurons
of PVN after electric stimulation of renal afferent nerves
inrats (Ciriello 1997). Inthisarticle, Ciriello presented
circumstantial evidence that the kidney sense variations
in the sodium tubular concentration (and therefore of
the ECF volume) relaying it to the brain. For this con-
clusion, the author showed that ANG |1 excited-neurons
of SFO which project toward PVN are responsive to
nerve afferent stimulation. Interestingly, central inhibi-
tion of ANG Il generation or their actions blockade pre-
vented the sensory activation after the volume depletion
(Fitch and Weiss 2000). In this context, Thunhorst et
al. (1996) have finaly demonstrated that the integrity of
the renal nervesisimportant for the normal elaboration
of salt appetite in response to hypovol emia/hypotension.
Thisevidencejoined to those achieved by Ciriello (1997,
1998) have undoubtedly corroborated the hypothesis by
which the kidney plays arole in the activation of avis-
ceral sensory mechanism implicated in the neuroendo-
crine and behavioral responses concerning the water and
electrolyte control.

Besides being a potent dipsogenic agent, ANG I
also increasesthe expression of the sodium appetite after
hyponatremiaand concomitant volumedepletion. Struc-
tures of the lamina terminalis endowed with ANG 1|
receptor are involved on sodium appetite after hypov-
olemia (Fitzsmons 1998, McKinley et al. 2003). AT1
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receptors located in the forebrain, especially in the cir-
cumventricular organs (CVQO'’s), have been implicated
in the mediation of this homeostatic behavior. More-
over, ANG Il stimulates c-fos expression in the OVLT
and SFO (Denton et a. 1996, Johnson and Thunhorst
1997, Fitzsimons 1998). In turn, aldosterone released
during the same physiological context, acts synergisti-
cally increasing the expression of ANG Il receptorsin
the SFO (Denton 1984, Schulkin 1991, Fitzsimons 1998,
Daniels and Fluharty 2004).

The role of the salt taste in the salt ingestion was
recently reassessed (Daniels and Fluharty 2004). In this
work, the authors regarded that sodium intake is unique
among ingestive behaviors that defines precisely a spe-
cific sensory channel responsiblefor thesensory qualities
thereof is being ingested. Sensory neurons arising from
gustatory system send fibers through chorda tympani
afferents which it directs to dorsal portion of the NTS.
The somatotopic organization of the gustatory system
in the NTS constitutes the beginning of the central gus-
tatory neuroaxis. Neurophysiological evidence showed
that gustatory system plays a crucia role in the detec-
tion, acceptability and ingestion of salt in a coordinated
way. Inturn, chorda tympani axons synapse with the
NTS gustatory neurons and receive gabaergic inhibitory
innervation whose firing rate is modulated by ANG 11-
CVO's, thalamic, cortical and limbic inputs.

FOREBRAIN STRUCTURES AND SODIUM APPETITE
REGULATION

The central mediation of the sodium appetite is depen-
dent on integrity of structures of the lamina terminalis
and of the wall of AV3V region, e.g., subfornical organ
(SFO), organum vasculosum laminae terminalis (OVLT)
and dorsal and ventral preoptic median nucleus (Mn-
POd, MnPOv) and hypothalamic structures (Antunes-
Rodrigues and Covian 1963, Covian and Antunes-
Rodrigues 1963, Miselis 1981, Denton 1984, Schulkin
1991, Johnson and Thunhorst 1997, Fitzsimons 1998,
Thunhorst et al. 1999, McCann et a. 2003, McKinley
et a. 2003, Antunes-Rodrigues et a. 2004, McKinley
and Johnson, 2004, Weisinger et a. 2004). Centra in-
tegration of the excitatory and inhibitory inputs for the
control of sodium appetite requires interaction among
neural circuits of the lamina terminalis and, amigdala,
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septal areaand structures of the brainstem (Denton 1984,
Fitzsimons 1998, Antunes-Rodrigues et a. 2004). AT1
subtype receptors for ANG |l were identified in those
structures and icv microinjection of losartan, an AT1 an-
tagonist, has been related to the decrease in the sodium
and water ingestion. Moreover, ANG |1 neurons, located
in the lamina terminalis, co-express ACE, especialy in
OVLTand SFO (Blair-West et al. 1994, Fitzsimons1998,
McKinley et al. 2003, Saavedra 2005). Functional ev-
idence of ANG I-ANG |l conversion into the SFO was
obtained after icv or intra-SFO administration of capto-
pril. It has abolished the effects produced by systemic
low dose of captopril (Thunhorst et al. 1989). Therefore,
it was suggested that SFO contains an intrinsic RAS,
congtituting in this way a relay that connects the brain
with peripheral RAS for mediating of the hydroelec-
trolytic balance and to provide a drive mechanism for
the sodium appetite regulation (Fitzsimons 1998, Wei-
singer et al. 2004). Recent evidences clearly showed
that SFO constitutes the center of the sodium appetite
behavior where sodium concentration isinherently mon-
itored by Na; channel sensing mechanism (Hiyama et
a. 2004). The efferent SFO projections are especially
directed to two areas: preoptic area of the AV3V region
where terminals are distributed, particularly in MnPO,
periventricular nucleus, (PeVN) and OVLT. Moreover,
endings from the SFO neurons project to hypothalamus
where they synapse with magnocellular neurons of the
SON and PVN.

Despite of some controversy, it is admitted the in-
volvement of SFO AT1 receptors on the natriorexige-
nic response induced by volume depletion (Fitzsimons
1998, Menani et a. 1998b, McKinley et al. 2003). Both,
SFO and OVLT, are CVOs, therefore they lack blood-
brain barrier (BBB). This functional property provides
free access for some humora signals that are recog-
nized and monitored. ANG Il icv administration as well
as paradigms that evoke volume depletion, stimulate the
sodium appetite. In both conditions there is an increase
of brain angiotensinergic activity (Fitzsimons 1998).
Action of ANG Il in SFO also induces enhance of the
blood pressure, reaction that would be associated to the
dipsogenic and sodium appetite responses in parallel to
physiological contexts (Fitzsimons 1998). Systemic or
per os administration of low dose of captopril increases
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circulating ANG | levels. In this condition, the ACE
inhibitor just acts peripherally. Therefore, the increase
of brain ANG | availability provides the manifestation
of the sodium appetite through mechanism that requires
central conversion of ANG | to ANG Il (Elfont et a.
1984, Moe et al. 1984, Fitzsimons 1998, Ventura et al.
2001, Badaué-Passos et a. 2003).

Hypothalamus and the lamina terminalis, struc-
tures related to the hydroel ectrolytic regulation, also ex-
press receptors and binding sites for ANP and, there-
fore, its participation has been widely postulated for the
control of sodium excretion and salt ingestion (Quirion
1989, Brown and Czarnecki 1990, Saavedra and Kuri-
hara 1991, Gutkowskaet al. 1997, McCann et a. 2003,
Antunes-Rodrigues et a. 2004). Furthermore, the exis-
tence of ANPergic neuronsis hypothesized in parallel to
the angiotensinergic neurons, which subserve the water
and electrolyte balance (Antunes-Rodrigues et al. 1991,
2004, Reisetal. 1994, McCannetal. 2003). When ANP
isadministered by icv route, it inhibitsthe preferencefor
saline in sodium-depleted rats (Antunes-Rodrigues et al.
1986). Additionally, the central injection of ANP atten-
uates the exaggerated sodium appetite in spontaneously
hypertensive rats (Itoh et al. 1986). From these studies,
it postulated that inhibitory action of ANP is probably
mediated by neurons of the same structures which are
excited by ANG II.

Binding sites for OT were also identified in hypo-
thalamus and lamina terminalis structures related to
regulation of the sodium appetite (Johnson and Thun-
horst 1997, McCann et al. 2003, Antunes-Rodrigues et
a. 2004). Furthermore, the evidence that neural OT
releasein SFO atersthe excitability of ANG Il-sensitive
neurons, raises the possibility that the oxytocinergic
transmission modulates the ANG |1 actions (Hosono et
al. 1999, Danielsand Fluharty 2004). Inthiscontext, icv
administration of OT induces a decrease of salt inges-
tionin sodium-depl eted rats (Stricker and Verbalis 1996).
Reinforcing this observation was demonstrated by the
fact that central administration of OT antagonist atten-
uates the inhibition of salt ingestion induced by OT in
rats submitted to the increase of the plasma osmolality
(Blackburn et al. 1995, Stricker and Verbalis 1996, John-
son and Thunhorst 1997, Fitts et al. 2003, Daniels and
Fluharty 2004). Thiscomprehension was expanded with

the evidence that increased OT gene expression induces
a reduced sodium appetite response and, that sodium
consumption challenged by volume depletion increases
the Fos protein expression in oxytocinergic neurons of
PVN in rats (Franchini and Vivas 1995, Franchini et al.
2003). Finally, it was demonstrated that knock-out mice
for the OT gene express exaggerated sodium appetite
after fluid deprivation or following the hypovolemiain-
duced by scinjection of hyperoncotic substance (Amico
et al. 2001, Rigatto et al. 2003).

THE MIDBRAIN 5-HTergic SYSTEM

TOPOGRAPHICAL ORGANIZATION OF THE MIDBRAIN
DORSAL RAPHE NUCLEUS AND THE CONTROL OF
THE 5-HTERGIC NEUROTRANSMISSION

5-HTergic neurons of the midbrain raphe constitute a
small group of multipolar cells that are distributed in
the midline of the brainstem wherein are particularly lo-
cated the median (MRN) and dorsal raphe (DRN) nuclei
(Azmitia and Sega 1978, Parent et al. 1981, Azmitia
2001, Abrams et a. 2004). For the context of this work
wewill refer to DRN that isthe most prominent of the 5-
HTergic nuclei from the midbrain. The DRN is situated
in the ventral part of the periagueductal gray matter of
midbrain, extending caudally until the rostral portion of
the pons. The 5-HTergic neurons of DRN are organized
in clustered cells, in several topographical subdivisions.
Among them, therostral ventromedial areaisthe onethat
possesses contingent of cells that project towards fore-
brain sites implicated with the hydroel ectrolyte and car-
diovascular regulation (Azmitia and Segal 1978, Bosler
and Descarries 1988, Jacobs and Azmitia 1992, Azmi-
tia 2001). The ascending projections of DRN are ar-
ranged in ubiquitous way in connection to an extensive
collaborative distribution in the terminal fields (Azmitia
1987, 2001). According to Azmitia conception, multi-
ple subsets of 5-HTergic neurons participate of the inte-
grated coordination of different control systems, e.g., au-
tonomic, neuroendocrine and behavioral (Azmitia 1987,
2001, Jacobs and Azmitia 1992). This understanding
has been resettled in recent report. Electrophysiolog-
ical study shows that different subtypes of 5-HTergic
neurons are implied on exclusive behaviora patterns.
This observation allowed to postul ate the hypothesi s that
subpopulation of 5-HTergic neurons topographically or-
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ganized would contain exclusive functional properties
associated with the modulation of specific forebrain sys-
tems (Abrams et al. 2004).

5-HTergic neurons synthesize serotonin (5-HT)
from the amino acid tryptophan (Azmitia 1987, 2001,
Tyce 1990, Boadle-Biber 1993). 5-HTergic transmis-
sion and subsequent synaptic 5-HT release take place
according to a rhythmic pattern which is spontaneously
generated and can be modulated by a somatodendritic
auto-feedback (Aghajanian et al. 1987, Azmitia 1987,
2001). This fine system of modulation is mediated
through the activation of 5-HT1A somatodendritic au-
toreceptors (SDAR). 5-HT action on thisreceptor evokes
a decrease of the neurona firing rate and subsequent
decrease of the 5-HT turnover. Therefore, the 5-HT
concentration in the somatodendritic synapse increases.
A proportional decrease on its release in the terminal
fields of the ascending 5-HTergic neurons of DRN takes
place (Sprouseand Aghajanian 1987, Hutson et al. 1989,
Invernizzi et al. 1991).

FOREBRAIN STRUCTURES INVOLVED WITH THE
HYDROELECTROLYTE REGULATION ARE INNERVATED BY
ASCENDING 5-HTERGIC NEURONS FROM THE DRN

Especially the DRN contains subsets of 5-HTergic
neurons which projects toward forebrain areas related
to regulation of the electrolyte composition, ECF vol-
ume, as well as cardiovascular response (Azmitia and
Segal 1978, Bodler and Decarries 1988, Azmitia 2001).
Among them, the lateral hypothalamic area (AHL),
SFO, OVLT, MnPOd, MnPOv, PVN and SON are the
more prominently innervated by 5-HTergic neurons.
Neurons that produce 5-HT constitute the first neuronal
system to innervate the primordial cortical plate. 5-
HTergic neurons of the midbrain represent cellular group
among the first neurons to undergo differentiation in the
brain and to play akey rolein the neurogenesis (Azmitia
2001). 5-HTergic neurons interact with multiple cellu-
lar types and subtypes of receptors (Azmitia1987, 2001,
Hoyer et al. 2002). Furthermore, the ubiquitous distri-
bution of terminals and the diversity of forebrain 5-HT
receptors has allowed to elaborate the hypothesis that
5-HTergic system would interfere practicaly in al of
the integrative mechanisms of neuronal plasticity, in na-
ture, autonomic, neuroendocrine, behavioral and cog-
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nitive (Azmitia and Segal 1978, Azmitia 1987, 2001,
Jacobs and Azmitia 1992).

FOREBRAIN STRUCTURES INVOLVED WITH THE
HYDROELECTROLY TE REGULATION INTERACT
RECIPROCALLY WITH THE MIDBRAIN 5-HTERGIC
NEURONS: BIDIRECTIONAL CIRCUITS SFO-DRN-SFO

Forebrain structures involved with the hydroelectrolyte
and cardiocirculatory control reciprocally innervate the
midbrain raphe (Lind 1986, Tanaka et al. 1998, 2001,
Celada et a. 2002). Contingent of ANG |l-sensitive
neurons from SFO project toward 5-HTergic neurons of
DRN (Tanaka et al. 1998). This assessment was car-
ried out in study in which neurons of DRN, antidromi-
cally identified, were excited by intra-carotid or ion-
tophoretic administration of ANG Il into SFO. The au-
thors concluded that ANG |1-sensitive neurons from the
SFO monitor the ANG |1 circulating levels and then
transmit thisinformation toward DRN. This same group
demonstrated that hemorrhage (during which there is
an increase of plasma ANG |1 levels) excites 5-HTergic
neurons from the DRN which project fibers toward
SFO, whereanincrease of 5-HT turnover wasfurther de-
tected (Tanakaet al. 2001). Assuch, increasing plasma
ANG Il levels also reflect the decrease in the ECF vol-
ume raised by the hyponatremia and it is plausible, ad-
ditionally, to admit that circulating volume restoration is
correlated with alterationsonthe DRN 5-HT turnover. In
this context, multiple subtypes of 5-HT receptors, e.g.,
5-HT1A,5-HT2A, and 5-HT2C were pharmacologically
identified in SFO (Scrogin et al. 1998). In this study,
the authors reasoned that 5-HT release in SFO could be
related to the control of vasopressin secretion. How-
ever, considering therole of SFO in the sodium appetite
expression and AT1 receptors identification over there,
the hypothesis of 5-HTergic transmission in this struc-
ture to influence the angiotensinergic activity must not
be excluded. Tanaka's group has evidenced through the
microdialysis that microinjection of ANG Il into SFO
reduces the extracellular 5-HT and its metaboliteslevels
(Tanaka et a. 2004).

Moreover, a possible feed-back loop between SFO
and raphe is plausible. This assertive is based on ob-
servation of ANG Il-binding sites and AT1 receptors
identified in the DRN (Song et al. 1992, Moulik et a.
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2002). It is possible an interaction between blood borne
ANP or synaptically ANP released at DRN. Experimen-
tal changes in water and salt homeostasis influence the
levels of ANP in the DRN (Palkovits et al. 1990). A
significant decrease of ANP levels was detected in the
DRN after the devel opment of hypertensionin SHR rats
in comparison to normotensive controls (Bahner et al.
1988).

These demonstrations reinforce the possibility that
these forebrain and midbrain structures reciprocally re-
lay information during homeostatic challenges for the
regulation of the water and salt ingestion and cardiocir-
culatory adjustment as glimpsed by Lind (Lind 1986).

Taken together, these observations above consti-
tute circumstantial evidences of the existence of a neu-
ronal circuit SFO-DRN-SFO that must be implicated in
the regulation of hydroelectrolytic and cardiovascular
balance as previously proposed (Lind 1986, Reis et al.
1994, Cavalcante-Lima et a. 2005, b). Additionally,
it should not be ruled out the possibility of other recip-
rocal interactions between forebrain areas and midbrain
raphe, particularly among OVLT, MnPO and AHL and
DRN. These speculations from the experimental obser-
vations performed by Tanaka, raise the possibility that
other humoral signals (e.g., plasma levels of ANP and
OT) as well as the neural release of these peptides in
structures of the lamina terminalis, integrate monitoring
systems of the hydroelectrolytic status.

The neuroanatomical relationship mentioned be-
fore presuppose the elaboration of complex functional
interactions between forebrain and midbrain structures.
It may concern the control of autonomic, neuroendocrine
and behavioral functions during homeostatic challenges
presented by environment.

5-HTergic SYSTEM AND RENAL SODIUM EXCRETION
REGULATION

EXPERIMENTAL APPROACHES OF THE 5-HTERGIC SYSTEM

To evaluate the role of 5-HTergic system in the renal
sodium excretion regulation several experimental ap-
proaches has been used. A first approach has been at-
tained through the icv administration of 5-HT and, 5
HT1A, 5-HT2 and 5-HT3 receptor agonists. In these
conditions, microinjections are performed through the
guide cannula implanted in the AV3V region or in

the lateral ventricle. In a second condition, electrolytic
lesions of the raphe were made through the passage
of anodal current by electrodes estereotaxically directed
to DRN. In a third approach, the icv or periphera p-
chloro-phenyl-alanine (pCPA) administration has been
performed. This modified amino acid inhibits the tryp-
tophan-hydroxylase (TPH) in an irreversible way. TPH
is the limiting enzyme of the 5-HT synthesis (Tyce
1990). Accordingly, thisprocedure produces adepletion
of brain 5-HT, in such away that 5-HTergic transmission
restoration takes place just some days after the injec-
tion, subsequently to de novo synthesis of TPH (Cha
put et al. 1990, Lima et a. 2004). In the protocol sug-
gested by Chaput and colleagues, pCPA administration
(350 mg/kg, ip, for two days) induces a depletion of
more than 90% of brain 5-HT, decreasing drastically the
turnover of the indoleamine and the effectiveness of the
5-HTergic transmission (Chaput et al. 1990).

5-HT2 AND 5-HT1A AGONISTS AND RENAL
SODIUM EXCRETION

5-HT and 5-HT2 receptor agonists, MK212 and DOI,
administered in the AV3V region increased the urinary
sodium excretion in rats hydrated by intra-gastric load.
Previous icv administration of LY53857, a 5-HT2C
antagonist, abolished the natriuretic response induced
by 5-HT, MK212 and DOI. This observation allowed us
to raise the hypothesis of involvement of the activation
of 5-HT2C receptors in the central mediation of sodium
excretory response (Reis et a. 1991a). Thetime course
of natriuretic response simultaneously evolved to akali-
uresis and transitory antidiuresis. In contrast, icv ad-
ministration of the 5-HT 1A receptor agonist, 8-hydroxi-
di-propil-amino-tetraline (8-OH-DPAT) induced antina-
triuretic and antikaliuretic responses, simultaneously to
transitory antidiuresis (Reiset a. 19914). Thisprovided
the hypothesis that excitatory 5-HT2C mechanism re-
lated to sodium excretion ismodulated by 5-HT 1A post-
synaptic activation. Similar results were reached in an-
other study with hydrated rats by intravenous adminis-
tration of hypotonic saline. In this model, icv 5-HT ad-
ministration induced an increase of the urinary sodium
excretion. Theauthorsattributed the 5-HT natriuretic re-
sponse to the decrease in the electric renal nerve activity
(Montes and Johnson 1990).
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Probably other central postsynaptic 5-HT receptor
mechanisms are involved with the renal sodium excre-
tion, considering the diversity of 5-HTergic pathways
concerning the sodium appetite control (see below). In
another study, it was shown that kainic acid-induced
MRN stimulation, and systemic tryptophan overload sig-
nificantly increased sodium excretion in hydrated rats
(Reis et a. 1991b). It concluded that both responses
reflect an increased 5-HTergic synaptic transmission.

Taken together, observations from different groups
provided evidence that 5-HTergic system regulates the
renal electrolyte excretion through the 5-HT2 and 5-
HT1A receptors activation. It remains to be explained
the way by which different postsynaptic 5-HTergic re-
ceptor mechanisms operate the coordination of the hy-
droelectrolytic balance. Likewise, the efferent pathway
responsibleby the action ontherenal targetsal soremains
to be elucidated.

LESIONS OF THE MIDBRAIN RAPHE NUCLEI, BRAIN 5-HT
DEPLETION AND SODIUM EXCRETION

The éectrolytic lesion of MRN and of DRN induced
an antinatriuresis in hydrated rats without significant
ateration in the potassium excretion response and di-
uresis(Reiset al. 1994). Decrease of the urinary sodium
excretion is maintained for four days after the lesion.
The antinatriuretic response was more intense in the
DRN- than in MRN-lesioned rats. Antinatriuresis in
DRN-lesioned rats correlated with a drastic reduction
of the ANP plasma levels, in basal conditions and af-
ter blood volume expansion. At the end of one week
the DRN-lesioned rats recovered the normal values of
sodium excretion aswell asthe ANP plasmalevels. The
brain 5-HT depletion reached by icv pCPA administra-
tion, in similar way, evoked areduction of the sodium uri-
nary excretion. Antinatriuretic response was expressed
at three and seven days after the pCPA central injection.
Two weeks after the central injection the sodium excre-
tion was recovered at the normal levels. Additionaly,
5-HT-depleted rats presented lower levels of ANP in
basal conditions and during blood volume expansion,
as well. These observations raised the hypothesis that
DRN neurons, putatively 5-HTergic, regulate the sodium
renal excretion through the control of the ANP release
(Reiset al. 1994).
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THE ROLE OF THE 5-HTergic SYSTEM IN THE SODIUM
APPETITE AND THIRST REGULATION

5-HT RELEASER OR 5-HT1A AND 5-HT?2/3 RECEPTOR
AGONISTS AND SODIUM APPETITE

Thefirst indirect eval uations concerning the influence of
the 5-HTergic system on the sodium appetite were car-
riedoutinratssystemically treated with 5-HTergic agents
(e.g., 5-HT agonists, 5-HT releaser or 5-HT pre-synaptic
uptake inhibitor). Thus, an acute peripheral adminis-
tration of the 5-HT2C agonists, MK212 and mCPP, 5-
HT releaser, fenfluramineor 5-HT pre-synapticinhibitor,
fluoxetine, reduced selectively the consumption of hy-
pertonic saline in the dehydrated-rats (Neill and Cooper
1989). Conversely, small doses of 5-HT1A agonists, 8-
OH-DPAT and gepirone systemically administered in-
creased the hypertonic saline ingestion in rehydrating
rats, in test of 30 minutes, with no effect in the water
ingestion (Cooper et al. 1988). Similar reports were ob-
tained from observations done in sodium-depleted rats
and treated with dexfenfluramine, abrain 5-HT rel easer,
and metergoline, a 5-HT2 antagonist (Rouah-Rosilio et
al. 1994). Inthisstudy, it was demonstrated that dexfen-
fluramine administration reduced drastically the 3%
NaCl ingestion in sodium-depleted rats, as well as, the
spontaneous 1.8% NaCl consumption, with no effect in
water ingestion. Additionally, it was evidenced that me-
tergoline administration increased the ingestion of hy-
pertonic saline in need-free conditionsin ratswith either
a history of three previous depletions or not. Accord-
ing to Rouah-Rosilio et a. (1994) these data support the
hypothesis that 5-HTergic system transmission exerts a
tonic inhibition of the salt intake. Studies carried out
in our laboratory led to similar results. Acute systemic
treatments with the brain 5-HT releaser, fenfluramine,
the selective 5-HT re-uptake inhibitor, fluoxetine or the
5-HT2C receptor agonists, MK212 and mCPP, reduced
significantly the hypertonic salineingestion, in both, flu-
ids and food deprived-rats and sodium-depleted rats as
well (Badaué-Passos et al. 2003). Intracerebroventric-
ular administration of 5-HT agonists confirmed the ob-
servations obtained with the systemic treatment and in-
troduced the probable participation of another 5-HT re-
ceptor. Thus, central stimulation of 5-HT2C and 5-HT3
receptors, through the icv microinjection of mCPP and
m-CPBG, respectively, inhibited the hypertonic saline
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ingestion in sodium depleted-rats (Castro et a. 2003).
Following these results, it has been admitted the
hypothesis that 5-HTergic system participates in the
sodium appetite regulation,

(i) after the sodium depletion, inhibiting the need-
induced salt ingestion, and

(if) in basal conditions, inhibiting need-free salt inges-
tion.

On the other hand, Cooper and Ciccocioppo (1993)
showed that acute administration of 5-HTergic 5-HT1A
agonists, ipsapirone, gepirone, and 8-hydroxy-2-(di-n-
propylamino) tetralin (8-OH-DPAT) induced to an in-
creased salt intake in two-choice tests in water-deprived
rats. Theauthorsassumed these results asaconsequence
of inhibitory action of 5-HT1A agonistsat SDAR, which
leads to reduction of the central 5-HTergic activity. Re-
cent studies in our laboratory have shown in opposed
way that chronic treatment with 8-OH-DPAT decreased
the salt intake in sodium-depleted rats (D. Badaué-
Passos et al., unpublished data). This result possibly
elapses from desensitization of SDAR produced by its
chronicexposition to 5-HT1A agonist as demonstrated
elsawhere (Blier and de Montigny 1990, Haddjeri et
al. 1999).

BRAIN 5-HT DEPLETION AND LESION OF DRN
INCREASE THE HYPERTONIC SALINE INGESTION IN
BASAL CONDITION AND AFTER HYDROELECTROLYTIC
CHALLENGES

To evaluate the participation of 5-HTergic pathways on
the modulation of the sodium appetite, two experimental
models were used by our group:

(i) brain 5-HT depletion, through the systemic admin-
istration of pCPA (350 mg/kg, for 2 days, ip); and

(i) electrolytic or excitotoxic lesion of DRN.

The reduction of the brain 5-HT content drastically
potentiated the natriorexigenic response evoked by the
sodium depletion in furosemide treated rats (Lima et
al. 2004). Interestingly, the exaggerated sodium appetite
response occurred three days after the pCPA adminis-
tration. In contrast, seven days after pCPA treatment,
the natriorexigenic response became lower than control
values, probably due to the overexpression of TPH or

elevated 5-HT transporter mRNA levels, such as sug-
gested elsewhere (Cooper et al. 1996, Rattray et al.
1996). Two weeks after sodium appetite response re-
turned to basal values.

These results raised the hypothesis that transitory
5-HT depletion activates the cycle of 5-HT restoration
whose evolution influences the salt ingestion behavior
under hyponatremic and hypovolemic conditions. The
high capacity of natriorexigenic modulation one week
after pCPA administration would constitute areaction of
plasticity of the 5-HTergic neurons that would acquire
the properties of de novo synthesis, of increasing 5-HT
turnover and ascending transmission, as well.

Peripheral administration of isoproterenol (apotent
dipsogenic agent, which actsthrough renin releasing and
hypotension stimuli) in pCPA-treated rats, induced in-
tense water and hypertonic saline ingestions, while in
the controls it was just observed the classic dipsogenic
response (Lima et al. 2004). Electrolytic lesions of the
ventromedial portion of DRN induced an increase of the
hypertonic salineingestion, in basal condition. However
these experimental procedures were performed for three
days. Water ingestion was also more intense from the
3 hour up to the 12" hour post-lesion, when it became
equal to control values until the 3" day of the experiment
(Olivares et a. 2003). DRN-lesioned rats displayed
more intense dipsogenic and natriorexigenic responses
provoked by the furosemide + low captopril dose asso-
ciation.

These observations provided the conclusion that
DRN €ectrolytic lesion suppresses an ascending
inhibitory activity of the sodium appetite. The elec-
trolytic lesions selected for the study, were limited to
the ventral-medial area of DRN where there is an ex-
pressive contingent of 5-HTergic perikaryawhich project
to the forebrain. However, in this procedure the pas-
sage axonal fibers and non-5-HTergic neurons were also
damaged. For this reason, subsequent studies were un-
dertaken to circumscribe the lesion just to the perikarya
located in the dorsal-ventral-medial subregion of DRN
through the microinjection of the excitatory amino acid,
ibotenic acid. Excitotoxic lesions of DRN produced
qualitatively the same responses reached with the elec-
trolytic lesion and the brain 5-HT depletion, rendering
theinterpretations more accurate concerning theinvolve-
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ment of genuine neurons of this structure (Cavalcante-
Limaet a. 20053, b). Ibotenic lesions of DRN induced
an increase of the basal hypertonic saline ingestion that
began in the 3" day of the ibotenic acid injection and
was maintained in 20 ml plateau from the 11™ day, for
severa days. Water ingestion was not significantly a-
tered; therefore, the preference for sodium was sustained
in high values during the whole period of observation.
When DRN-lesioned rats DRN (21 and 35 days intra-
DRN post-injection) were deprived of fluidsand food, an
intense hypertonic saline ingestion was observed while
the dipsogenic response was comparable to the controls.

The dipsogenic response evoked by isoproterenol,
showed that the lesioned rats (7, 21 and 35 days af-
ter ibotenic lesion) presented a higher sodium appetite,
while the water ingestion was comparable to the con-
trols. High cumulative hypertonic saline ingestion was
maintained for along period until the 2™ day of obser-
vation, while control values were sustained within low
levels during the whole period. Similar results were
obtained with the subcutaneous administration of
polyethylene glicol, PEG. Coloidosmotic action of PEG
evokes a hypovolemia associated to extracellular dehy-
dration. In this condition, the DRN-lesioned rats (21
days after ibotenic acid injection) exhibited a more pre-
cocious and intense sodium appetite than the controls.
Dipsogenic response was developed just like in the con-
trol group, but it was higher after 5 hours elapsed from
the fluids presentation. On the other hand, lesioned and
sodium depleted-rats exhibited an association between
an intense natriorexigenic response and a larger water
intake when compared to the controls.

Chronic treatment with low dose of captopril
(1 mg/g of chow), similarly to captopril added to wa-
ter, increases plasma ANG | levels due to the action on
peripheral but not on the central ACE (Fitzsimons 1998).
Thisconditioninducesasuppression of thenegativefeed-
back in the juxtaglomerular cells, and a subsequent, hy-
perreninemia and low ANG Il plasma levels. Thus, a
high brain availability of ANG I, affords an increase of
its central conversion to ANG II, particularly in SFO. It
results of this context an increase of the sodium appetite.
In this paradigm, lesioned-rats at six days after ibotenic
acid injection, which had aready exhibited a higher hy-
pertonic saline consumption additionally, increased the
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sodium appetite. Twenty-four hours after captopril re-
moval from the diet, the hypertonic saline consumption
was lower than the pretreatment levels. Water inges-
tion practically did not differ between the groups. Inthe
groupsof |lesioned rats (21-35 days post-lesion) 48 hours
after the end of the experimental observations, morethan
50% of them mouthed and bit a crystal of NaCl of-
fered in the tip of the tweezers (representative picture
in Figure 1).

Taken together, results obtained from brain 5-HT
depletion and electrolytic or excitotoxic lesion of DRN,
disclosed a high sensitivity of the brain to experimen-
tal paradigms that evoke increases on plasma ANG 1|
levels or central angiotensinergic activity. This observa-
tion allowed us to suspect that deficit in the 5-HTergic
ascending transmission represents the suppression of an
important modulatory pathway of the sodium appetite.
It is tempting to compare our experimental model, at
least partialy, with the functional condition of the spon-
taneously hypertensive rats (SHR). SHR rats develop an
intense sodium appetite associated with increased an-
giotensinergic sensitivity in forebrain loci related with
the cardiocirculatory and hydroel ectrolytic homeostasis
(Stocker et a. 2003). It is noteworthy that these alter-
ations have been concomitant with a deficit in the 5-HT
turnover in forebrain sites. Alternatively, ascending the
5-HTergic pathways would constitute a modulatory sys-
tem involved in the control of the ANP release. The
first favorable indirect observation of this postulation
was made in work in which we demonstrated that 5-
HT brain depletion and the DRN lesion induce a deficit
of the plasma ANP levels, in basal conditions, or after
blood volume expansion (Reis et al. 1994). This can
be considered the predisposing factor of the increased
sodium appetite devel opedinthe 5-HT-depl eted or DRN-
lesioned-rats. An objection can be raised against this
hypothesis. One to two weeks after the experimental
procedures, the rats have recovered the capacity to reg-
ulate sodium excretion. Nevertheless, more recent stud-
ies (Cavalcante-Lima et a. 2005a, b) evidenced that an
intense sodium appetite persisted for along period (up
two weeks, at least) in DRN excitotoxic lesioned-rats.
Then, other modulatory systems could beinvolved. One
of them might be represented by OT action in the SFO.
Original studies of the Stricker’s group showed the in-
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Fig. 1 — Pictures of arat inside the metabolic cage which it is receiving a NaCl crystal in the tip of a
tweezers. Therat depicted in this sequence of pictures is representative of group that exhibited intense
sodium appetite at 35 days elapsed from the micro-injection of ibotenic acid into dorsal raphe nucleus
(which has been for the first time demonstrated by our laboratory). It is observed the visual, olfactory
and gustatory detection and recognition following by the mouthing and bite of crystal of NaCl.

hibitory role of OT on the sodium appetite (Blackburn et
al. 1995, Stricker and Verbalis 1996). This homeostatic
system would be responsible by ECF volume adjust-
ments (see above) through an increase of renal sodium
excretion and a decrease in salt ingestion (Soares et al.
1999, Antunes-Rodrigues et a. 2004). |mmunoreactiv-
ity studies for Fos protein showed that neurons of DRN,
area postrema (AP) and LPBN and al so the magnocel lu-
lar portion of PVN, particularly the OT producing neu-
rons, are intensely labeled, in sodium depleted rats with
free access to hypertonic saline (Franchini and Vivas
1995, Franchini et al. 2002). This subregion is densely
innervated for 5-HTergic fibers projected from DRN and
thus the 5-HT stimulation induces an increase of OT re-
leasing (Azmitia and Segal 1978, Saydoff et al. 1991,
Jorgensen et a. 2003). Therefore, the role of 5-HTergic
system in sodium appetite may involve the oxytociner-
gic neurons stimulation in anon-identified physiol ogical
context yet.

Recent evidence of Hiyama et al. (2004) showed
that the SFO is the primary site of the Na-level sensing
associated with the salt intake. In this paper the authors
discovered that a specialized voltage-dependent sodium
channel constitute a Naf channel sensing mechanism
implied with the salt-avoiding behavior in dehydrated
rats. Noteworthy is that such mechanism operates under
an independent way comparatively to sodium appetite
mechanism induced by ANG Il within the SFO. Lesions
of the DRN or brain 5-HT depletion potentiate the

sodium appetite induced by multiple paradigms, includ-
ing dehydration. Therefore, intact ascending 5-HTergic
pathways may also modulate (exciting) the salt-avoiding
behavior under dehydrating, and possibly other condi-
tions related to sodium depletion (inhibiting).

BRAIN 5-HTERGIC SYSTEM MODULATES THIRST
AND WATER INTAKE

In addition to sodium appetite control, 5-HTertic system
is involved with the thirst and water intake regulation.
Icv injection of MK212, a 5-HT2C agonist, induced to
inhibition of water intake after water deprivation or cen-
tral cholinergic, ANG Il and beta-adrenergic stimulation
(Reisetal. 1990a, b, 1992). In opposed way, we demon-
strated in another study that electrolytic lesion of DRN,
induced an intense dipsogenic response in rats with ac-
cessonly towater (Reiset a. 1994). In both conditions,
after central 5-HT agonist injection or lesion of DRN,
the rats had free access just to water.

SALT INTAKE INCREASES THE FOS PROTEIN EXPRESSION
5-HTERGIC NEURONS OF DRN AND CONCOMITANTLY
INTO THE AP AND LPBN

Accordant evidences to hypothesis that 5-HTergic neu-
rons participate in the sodium appetite modul ation were
obtained in experimental model in which the immuno-
reactivity technique was used for the Fos protein deter-
mination aiming to map the neuronal population acti-
vated after the salt ingestion (Franchini et a. 2002). In
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order to induce sodium appetite, a peritoneal dialysis
method was used. To identify the 5-HTergic neurons an
immunocytochemistry technique for 5-HT labeling was
performed. Fos protein immunoreactive increased sig-
nificantly in 5-HTergic neurons of the DRN after sponta-
neous or induced hypertonic salineingestion in ratswith
free access to the fluids. Fos protein labeling was in-
creased in neurons with perykariain the AP and LPBN.
AP isastructure that measures alterationsin the plasma
and cerebrospinal fluid (CSF) and sends projections for
LPBN. Inintegrativemeans, LPBN interactsreciprocally
with DRN and receives afferents of NTS transmitters
of visceral sensory information concerning alterationsin
the volume and ECF electrolyte composition (Petrov et
al. 19923, b). Thispostulationwasrecently reassessedin
an article, in which it was demonstrated that hypertonic
sdline and water ingestion increase significantly 5-HT
and 5-HIAA levelsin LPBN (Tanaka et al. 2004). On
the other hand, the combined treatment of furosemide +
low dose of captopril evoked areductioninthe5-HT and
5-HIAA concentration in LPBN.

Neuro-anatomical evidences joined to physiologi-
cal observations of Franchini and Tanaka, and their col-
laborators allow usto imputeto the LPBN, APand DRN
a neuroanatomical source of the sodium appetite and
ECF volume control in the same homeostatic context.

5-HT MECHANISMS IN LPBN AND REGULATION
OF THE SODIUM APPETITE

LPBN is an important pontine circuit involved in the
regulation of the sodium appetite (Menani et al. 1996,
1998a, b). The more dense afferent fibers to LPBN are
arisen from AP and NTS. Therefore, LPBN receives
visceral sensory signals which convergetoward NTS. In
addition, visceral signaling and plasma and CFS infor-
mation are integrated in the AP. A particular contingent
of neuronsthat arisein APand NTSis producer of 5-HT,
nevertheless they do not represent classical 5-HTergic
neurons as those of the midline of the brainstem (Azmi-
tia and Segal 1978, Parent et al. 1981, Azmitia 1987,
Franchini et al. 2002). Group of fibersthat project from
DRN which constitute the efferent innervation of LPBN,
is composed by typical 5-HTergic and non-5-HTergic
neurons (Petrov et al. 1992a, b). On the other hand,
LPBN sends peptidergic fibers toward DRN. Therefore,
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many studies show that 5-HTergic input to LPBN isrel-
evant to specific sodium appetite control (Menani et al.
1996, Johnson and Thunhorst 1997, McKinley and John-
son 2004). This important role attributed to LPBN
is partially consequence of its strategic relay position,
which permits an exchange of information with other
relevant nuclel as DRN, AP and NTS as well. Bilateral
administration of 5-HT 1/2 antagoni st, methysergideor 5-
HT2A/2C agonist, DOI, in LPBN influences the sodium
appetite raised by several experimental paradigms. In-
crease of the hypertonic saline ingestion provoked by
the ANG Il icv micro-injection or the furosemide +
captopril sc injection was increased by the intra-LPBN
administration of 5-HT1/2 antagonist.

By contrast, administration of DOI in LPBN de-
creased the hypertonic saline ingestion induced by the
furosemide + captopril (Menani et al. 1996). Similar
results were obtained in models of salt ingestion induced
by DOCA, water deprivation, sodium depletion or, beta-
adrenergic stimulation (Menani et al. 1998a, De Gobbi
et al. 2000). These authors demonstrated that AT1 an-
tagonist, losartan, administrated into SFO reduced the
additional salt ingestion raised by the blockade of LPBN
5-HT1/2 receptors in rats treated with the furosemide +
captopril association (Colombari et al. 1996, Menani
et a. 1998b). Additionally, it was evidenced that
cholinergic stimulation through theicv carbachol micro-
injection, that classically evokes dipsogenic response,
induced an intense hypertonic saline ingestion after
blockade of LPBN 5-HT1/2 receptors (Menani et al.
2002).

These observations clearly showed the functional
role of LPBN where are located an inhibitory 5-HTergic
mechanism of the sodium appetite (Menani et al. 1996,
McKinley and Johnson 2004). As above examined,
LPBN is part of an inhibitory coordination system of
the sodium appetite at which would also incorporate AP
and DRN for the integrative control of salt ingestion.

CLINICAL CORRELATIONS
EXCESSIVE SALT CONSUMPTION

The consumption of salt has been increased in West-
ern populations, for cultural habits, particularly incited

by “salt appeal” paralleled to publicity of fast-food and
elaborated meals. In an opposite side, the lanomamo,
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indigenous of the Brazilian Amazonia, ingest less
than 0.5 g of NaCl/day while, especialy in the great
metropolitan centers, other individuals consume close
to 30 g/day (personal communication from J.J. Kenney
about your advertising article, “Salt toxicity: Is it a
major threat to public heath? (Detail in
www.foodandhealth.com/cpecourse/salt.php). This is
probably due to the fact that the increasing use of salt
has provided the development of hedonistic repertoire
during the feed behavior. Contemporarily, the feed
became more and more elaborated in function of the
organoleptic properties of the meds, including pet
food. Possibly the habit acquisition of excessive salt
consumption among the human beings has influenced
the expression of this behavior in domestic animals.

Thefirst consistent physiological evidence that ex-
aggerated salt consumption can contribute to the devel-
opment of hypertension was obtained from the obser-
vations of Denton and colleagues (Denton et al. 1995).
These authors showed that NaCl addition to the natural
diet of acolony of chimpanzees, in a similar proportion
to typical North American diet (> 10 g/day) induced an
elevation of the blood pressure for more than 20 months
of observation. The salt removal of the diet promoted
a decline of the blood pressure just after 6 months. A
positive correlation was established among consumption
of salt by several ethnic groups and the development of
systolic hypertension (J.J. Kenney, personal communica
tion). While lanomamo maintain systolic pressure (PS)
in arange of 100-110 mm Hg, from 20 to 69 years age,
other ethnic groups, as the North Americans and part of
the Europeans present an increase of the PS that reaches
140-160 mm Hg. Overconsumption of NaCl takes place
in more than 30% of the U.S. population which are ge-
netically predisposed to manifest hypertension (Daniels
and Fluharty 2004). However, it should be considered
the fact that there are populations which consume ex-
cessive amounts of NaCl but present resistance to the
development of the hypertension like the Eskimo and
Masai.

Therefore, in view of the epidemiological data con-
cerning the excessive salt consumption and its correla-
tion with the hypertension, the studies of the regulatory
mechanisms of the sodium appetite and their motiva-
tional components, have attracted increasing attention

in the scientific investigation. Most of the studies have
been dedicated to the research of mechanisms of homeo-
static regulation of sodium appetite (need-induced, e.g.,
natriorexis) while less attention has been driven to the
study of the hedonistic mechanisms of the salt ingestion
(need-free, e.g., natriophylia) (Fitzsimons 1998).

According to Daniels and Fluharty’s viewpoint the
overconsumption of NaCl in most developed societies
represents an example of homeostatic regulation that
didn’t resist to societal and cultural practices, e.g., he-
donistic habits (Daniels and Fluharty 2004).

HYPERTENSION

The association between the reduction of the brain 5
HTergic transmission and hypertension was performed
in an article, which investigated if the tonic 5-HTergic
activity is related to the variability of rest blood pres-
sure in human beings (Muldoon et al. 1998). To evalu-
ate the brain 5-HTergic activity the authors used a neu-
roendocrine approach, which determined the prolactin
secretory capacity through the fenfluramine administra-
tion, a 5-HT releaser. In this study, it was evidenced
that prolactin liberation induced by fenfluramine was
correlated inversely with the blood pressure, in white
Caucasian individual s suggesting arole of the central 5-
HTergic system in the pathogeny of hypertension. The
same authors demonstrated a lower prolactin secretory
response in SHR rats injected with fenfluramine
(Stocker et al. 2003).

In a contextualizing to the background of the pre-
sent review, it is interesting to report the coexistence of
increased angiotensinergic activity and the deficit in the
5-HTergic transmission in forebrain loci, in SHR rats
paralel to the chronic hypertension and the increased
sodium appetite (see above).

STRESS AND AFFECTIVE DISORDERS

5-HTergic neurons in the DRN are mediators of neuro-
endocrine and behavioral responseto stressor conditions
(Greeff et a. 1997, Maier and Watkins 1998, Chaoul off
2000, Lowry 2002). In this context, the intraaDRN ad-
ministration of CRF1 agonist inhibits 5-HTergic activity
whereas CRF2 agonist increases the 5-HT efflux in the
forebrain (Kirby et al. 2000, Amat et al. 2004). On the
other hand, corticoid hormone administration, a maneu-
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ver that mimicsstress condition, influencesthe TPH con-
tent in the brain. Acute treatment of adrenalectomized
(ADX) rats with the glucocorticoid, dexamethasone, in-
duced an increase in the raphe TPH mRNA levels
(Azmitia et a. 1993). Conversely, following chronic
treatment of ADX ratswith dexamethasonefor oneweek
there was strong decrease in TPH mRNA levels in the
DRN (Clark and Russo 1997). This last finding consti-
tutes important evidence that chronic stress affords to
reduce the 5-HT turnover in the forebrain loci. It is
tempting to conjecture what chronic stress leads to
5-HT midbrain depletion and 5-HTergic hypofunction
with subsequent reverberation in the sodium appetite
threshold.

Among the affective disorders, the depression can
coexist with the development of cardiocirculatory dis-
turbances (Braszko et al. 2003). In this condition it is
frequent the diagnosis of 5-HTergic hypofunction per-
formed through the proof of the capacity of prolactin
release after administration of 5-HT releaser (Meltzer
and Lowy 1987). In this meaning, tryptophan and 5-HT
depletion is a paradigm broadly employed in the study
of the mechanisms related to 5-HTergic system and to
development of the depression (Neumeister 2003, Elh-
wuegi 2004, O’ Reardon et al. 2004). It iscompelling to
speculatethat conflictsduring theinteraction withtheen-
vironment might generate disturbances in the regulation
of the ECF volume and of blood pressure. These homeo-
static perturbationswoul d berelated withthedeficitinthe
5-HTergic transmission toward forebrain and hindbrain
sitesimplicated with the autonomic, neuroendocrine and
behavioral control of cardiocirculatory and hydroelec-
trolyte balance.

In this context, some reports have shown that
depressive patients frequently develop hypertension
(Braszko et a. 2003). On the other hand, in model
of brain 5-HT depletion through both the pCPA ip ad-
ministration and the DRN lesion, we demonstrated the
expression of an exaggerated natriorexigenic response
after sodium depletioninrats (Olivareset al. 2003, Lima
et al. 2004, Cavalcante-Limaet a. 20053, b). However,
there are no systematic clinical studies approaching the
development of the excessive salt consumption and the
hypertension incidence in depressed patients correl ated
with the deficit in the 5-HTergic activity.

An Acad Bras Cienc (2007)79 (2)

HYPOTHYROIDISM

During the development of the experimental hypothy-
roidism rats express an intense sodium appetite, par-
tialy attributed to hyponatremia induced by decrease
of the RAAS activity (Taylor and Fregly 1964, Ventura
et a. 2001, Badaué-Passos et al. 2001, 2003). In this
sense, study of Bell6 and Covian correlated a sponta
neous natriofilia with hypothyroidism incidence in off-
spring of rats in vivarium of a research institute. The
reversion of the hypothyroidism through the treatment
with thyroid hormone normalized the sodium appetite
response (Bell6 and Covian 1988, 1991). Theinduction
of hypothyroidism leadsto alterationsin the plasticity of
brain monoamimergic systems, particul arly, the devel op-
ment of 5-HTergic hypofunction (Vaccari 1982). Studies
on the neuroendocrine mechanism of prolactin releasein
hypothyroid rats, showed that deficit of prolactin releas-
ing is associated with brain 5-HTergic hypoactivity (Ra-
malho et al. 1990). Recently, our laboratory evidenced
an increased sodium appetite in basal conditions and an
exaggerated natriorexigenic responsein hypothyroid rats
evoked by several paradigms. Natriorexigenic response
was weakened by the chronic administration of aldos-
terone and by acute treatment with 5-HTergic agents.
Chronic treatment with the AT 1 antagonist, losartan also
reduced, in adrastic way, the sodium intake response in-
duced by low captopril dose added to the food, during
the 2-4 days following the treatment in hypothyroid rats.
However, the animalsretook the hypertonic salineinges-
tion, in spite of the treatment maintenance with losartan
on the 7 subsequent days, therefore, disclosing an alter-
ation in the brain angiotensinergic sensitivity (Ventura
et al. 2001, Badaué-Passos et al. 2003). Hypothyroid
rats developed a reduction of the activity of peripheral
RAAS therefore the intense sodium appetite is possibly
resulting from association of the hypoal dosteronism with
the 5-HTergic hypofunction. However, related studies
are not known in hypothyroid patients concerning the
aterations in the sodium appetite. Further, hypothyroid
patients can devel op depression, condition in which clin-
ical correlations with the salt ingestion behavior are also
unknown. Inview of the more recent knowledge regard-
ing the sodium sensing system in the SFO it remains to
be elucidated how the hypothyroidism settle the medi-
ation of this mechanism under oscillation of the brain



SEROTONINERGIC SYSTEM AND SODIUM APPETITE 275

sodium concentration and, to that extent, such alteration
contributes for the sodium appetite response.

Gustatory disorder can also contribute for exacer-
bating sodium appetite in hypothyroidism. In this con-
text, hypothyroid subjects manifest a diminished inten-
sity perception for salt and thus, an increased pleasant
response to sodium chloride (Bhatia et a. 1991). Itis
not yet known if putative 5-HTergic hypofunction during
the hypothyroidism in human beings is involved in this
anomal ous sensory integration.

CONCLUSIONS

Neural projections from the 5-HTergic system are ubig-
uitously distributed in the encephal on during the ontoge-
netic devel opment of the nervous system. Thus, accord-
ing to Azmitia conception, literally al of the brain activ-
ities would be under the 5-HTergic influence, from the
homeostatic levels, autonomic, neuroendocrine and be-
havioral to the cognitive functions. Therefore, in which
it refers to regulation of the hydroelectrolytic balance it
is possible that 5-HTergic activity extends to all levels
of coordination of the brain function. While it regulates
the electrolytes excretion through the control of the auto-
nomic efferent activity for the renal tubules and through
the ANP secretion, 5-HTergic circuit of DRN, possi-
bly integrated to NPBL, it would be also responsible by
stimulation of different mechanisms of sodium appetite
inhibition.

Particularly, according to control of the salt satiety,
the evidences reported here have converged for five pos-
sibilities. 1) 5-HT pathwayswould interact with ANPer-
gic neurons of the lamina terminalis exciting the neural
circuitry of sodium satiation after salt ingestion period.
2) The stimulation of the heart ANP rel ease, by neuroen-
docrine mechanism, mediated by structures of the lam-
ina terminalis, would also contribute for some context
to modulate the sodium appetite. In this meaning, the
ANPergic neurons would stimulate oxytocinergic neu-
rons in the PVN to release oxytocin from the pituitary
and neural synapses at SFO. 3) Similarly, ascending 5-
HTergic pathways would modulate the activity of ANG
I1-sensitive neurons of SFO implicated with the activa-
tion of excitatory circuits of the sodium appetite during
the ECF repletion volume. 4) 5-HTergic neurons of the
DRN would be indirectly implied in the modulation of

the sodium appetite through the activation of oxytocin-
ergic neurons which would be transmitters of inhibitory
signals for the expression of this behavior. 5) After re-
cent evidencein which Na} channel sensing mechanism
(Hiyama et a. 2002, 2004) are implied with the salt-
avoiding behavior it is tempting to postulate that the
ascending 5-HT pathways can be also modulating the
sodium appetite under dehydrating and possibly other
conditions related to sodium depletion.

Until this moment, there is no substantial know-
ledge, which demonstrated the involvement of the 5-
HTergic system in the control of the detection and recog-
nizing of salty taste. Injust one study, thetaste recogniz-
ing and perception were evaluated through four primary
gustatory sensations (e.g., sweet, bitter, salty and sour) in
patients with seasonal affective disorder (SAD) (Arbisi
et a. 1996). In this condition usually it expresses an
increased appetite associated with carbohydrate craving
that are characteristic symptoms of SAD and imputed
to the decreasing in central 5-HTergic function (Wurt-
man and Wurtman 1989). It concluded that the arrival
of thewinter exerted significant effects on the sweet, bit-
ter and sour detection but it didn’t influence the salty
detection thresholds. Several aspects remain to be eluci-
dated, among which, how SAD patientswould behavein
view of volume depletion paradigms and hyponatremia
in what concerns detection of salty taste.

In attempting to visualize the anatomical and func-
tional substrata of these hypothesis, it is depicted in
Figure 2 the relationship among visceral sensory stimuli
(volume depletion, decrease of the sodium filtered load
along of macula densa, etc), plasma levels of ANG I,
ANP, OT and the activation of ascending 5-HTergic path-
ways. After incitement by ultimate proof of the sodium
sensing mechanism in the SFO we aso included it in
Figure 2. Reciprocal relationships between SFO and
DRN and between DRN and NPBL are also represented
aiming to show the plasticity of the adaptive behavioral
reactions induced by the volume depletion through the
(i) signaling from the visceral sensory challenges and
(i) monitoring of plasmalevelsof ANG I, ANPand OT
performed by forebrain structures.

It would still remain to investigate the physiologi-
cal context in that each one of those homeostatic mech-
anisms participates. And then, if collaborative mech-
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blood-born
stimuli:

Sensory neurons: /1
baroreceptors —— /,

cardiopulmonar receptors 7/
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Fig. 2 — Schematic sagittal view of rat brain showing interconnections among area postrema (AP), wall of the anterior-ventral region of the third
ventricle (AV3V, particularly the organum vasculosum laminae terminalis, OVLT), dorsal preoptic median nucleus (MnPOd), dorsal raphe nucleus
(DRN), lateral parabrachial nucleus (LPBN), nucleus tractus solitarius (NTS), pituitary (Pit), paraventricular nucleus of the hypothalamus (PVN),
subfornical organ (SFO). Continuous line represents typical 5-HTergic neurons from DRN and, broken line depicts 5-HT-containing neurons from
APand NTS. It is observed the bidirectional connections between SFO and DRN and LPBN and DRN putatively regarded to sodium modulation.
Note the synapses among 5-HTergic and ANPergic neurons, at AV3V region and, oxytocinergic neurons, at PVN, related with oxytocin release
control. SFO is represented with two subpopulations of neurons. ANG |l-sensitive and Na'-sensing neurons. Humoral stimuli reach structures
of the wall of AV3V region (OVLT, from which relay to MnPOd), SFO and AP and, sensory signals attain to NTS through the sensory neurons.
Blood-borne signals are monitored by SFO, OVLT and AP. Both humoral, and sensory signals constitute multimodal information relayed from
the neural lobe of pituitary (oxytocin), cardiomiocytes of right atrium (ANP), kidney-renin-angiotensin system (renin, ANG |1), volume receptors,
cardiopulmonary and arterial baroreceptors and putative renal Na" sensing mechanism. (See in Introduction and Conclusions; for a complement
discussion see Denton 1984, Reis et a. 1994, Menani et a. 1996, Johnson and Thunhorst 1997, Fitzsimons 1998, McCann et a. 2003,
Antunes-Rodrigues et a. 2004, Daniels and Fluharty 2004, Hiyama et al. 2004, McKinley and Johnson 2004, Cavalcante-Limaet a. 2005b).

anisms, through the gathering of parallel systems (e.g.,
subset of ascending 5-HTergic neurons), it would prevail,
incontrast toasinglehypothetical 5-HTergic pathway for
the inhibition of the sodium appetite.

In our standpoint the regulating activity of those
different channels of sodium appetite control are not ex-
cluding and it would be originated in different subset of
5-HTergic neurons of DRN. This speculation is based
on the conception raised by Azmitia and Abrams, in-
dependently (Azmitia 1987, 2001, Abrams et al. 2004)
according to which the 5-HTergic neurons develop in-
tense collaborative activity in the terminal fields and in
its origin in the raphe. Additionally, subpopulations of
5-HTergic neurons of DRN topographically organized
would contain unique functional properties and be asso-
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ciated with the modulation of specific forebrain systems.
Their presuppositions would support the experimental
conclusions in which different stimuli that promote hy-
ponatremia and/or volume depletion evoke similarly an
increased sodium appetite in rats with deficit on the 5-
HTergic transmission or with DRN lesion. This hypoth-
esis is possibly related with the activation of different
forebrain modulatory systems.

It would also remain to be elucidated (i) the recip-
rocal functional relationships between DRN and LPBN
(ii) the origin of the visceral sensory signalstransmitters
of deficits in the sodium concentration and ECF volume
and of sodium filtered load in the renal tubules and (iii)
the existence of signals of forebrain structures toward
midbrain, transmitters of information about monitoring
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of plasma concentration of sodium, ANG Il, ANP and
other humoral factors. Inaredundancy tothesequestions
we cannot discard the possibility of the involvement of
DRN intheintegration of direct afferent visceral sensory
signals concerning the volume regulation.

In aforthcoming perspective the physiological con-
texts should be investigated to clarify how these home-
ostatic systems are working. Furthermore, how are the
time course that they would be activated and, the clinical
correlation among the functional disturbance of the 5-
HTergic system and its correlation with the modulating
system of sodium appetite?

ACKNOWLEDGMENTS

We are grateful to Mr Ipojucan Pereira de Souza by
animal care. Part of the data related herein was per-
formed in Laboratério de Fisiologia Animal, Departa-
mento de Ciéncias Fisioldgicas, Universidade Federal
Rural do Rio de Janeiro and was partialy supported by
grants from Programa de Apoio a Nucleos de Excelén-
cia(PRONEX), Conselho Nacional de Desenvolvimento
Cientifico e Tecnolégico (CNPg) and Fundagdo Carlos
Chagas Filho de Amparo a Pesquisa do Estado do Rio
de Janeiro (FAPERJ).

RESUMO

Este artigo revisa o papel do sistema serotoninérgico no con-
trole do apetite ao sodio. Dados derivados da administragdo
periférica e icv de agentes serotoninérgicos demonstraram a
participagdo de receptores 5-HT2/3 na modulagdo do apetite
a0 sodio. Estas observagdes foram estendidas com os estudos
realizados apds a deplecdo cerebral de serctonina, lesdes do
NDR e durante o bloqueio 5-HT2A/2C no nlicleo parabraquial
lateral (NPBL). A deplegdo cerebral de serotonina e as lesdes
do NDR aumentaram o apetite ao sodio, em condicOes ba
sais, apbs deplegdo de sodio, durante a hipovolemia ou apds
aestimulagdo beta-adrenérgica. Estas evidéncias suscitaram a
hip6tese de que a supressdo de vias ascendentes do NDR, pos-
sivelmente 5-HT, alteram os mecanismos angiotensinérgicos e
aatividade dos sensores de sddio do érgéo subfornicial envolvi-
dos no controle do apetite ao sodio. O bloqueio serotoninér-
gico no NPBL induziu a resultados similares, particularmente
agueles relacionados com a resposta natriorexigénica provo-
cada pela deplecdo de volume ou o aumento da ingestdo de
salina hipertonicainduzida pela estimul agdo angiotensinérgica

cerebral. Emresumo, asevidénciasconvergem paraaadmissao
de uma participaco i ntegrada resultante dainteragdo reciproca
entre NDR e NPBL objetivando controlar o apetite ao sodio.

Palavras-chave: equilibrio hidroeletrolitico, apetite ao sodio,
sistema serotoninérgico, nlcleo dorsal da rafe, nicleo para-
braguial lateral, agentes serotoninérgicos.
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