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Abstract

Hypernatremia stimulates the secretion of oxytocin (OT), but the physiological role of OT remains unclear. The present study
sought to determine the involvement of OT and renal nerves in the renal responses to an intravenous infusion of hypertonic
saline. Male Wistar rats (280-350 g) were anesthetized with sodium thiopental (40 mg. kg, i.v.). A bladder cannula was
implanted for collection of urine. Animals were also instrumented for measurement of mean arterial pressure (MAP) and
renal blood flow (RBF). Renal vascular conductance (RVC) was calculated as the ratio of RBF by MAP. In anesthetized rats
(n=6), OT infusion (0.03 ug * kg~ ', iv.) induced renal vasodilation. Consistent with this result, ex vivo experiments
demonstrated that OT caused renal artery relaxation. Blockade of OT receptors (OXTR) reduced these responses to OT,
indicating a direct effect of this peptide on OXTR on this artery. Hypertonic saline (3 M NaCl, 1.8 ml « kg™' b.wt,, i.v.) was
infused over 60 s. In sham rats (n=6), hypertonic saline induced renal vasodilation. The OXTR antagonist (AT; atosiban,
40 ug  kg™' « h™', i.v; n=7) and renal denervation (RX) reduced the renal vasodilation induced by hypernatremia. The
combination of atosiban and renal denervation (RX+AT; n=7) completely abolished the renal vasodilation induced by
sodium overload. Intact rats excreted 51% of the injected sodium within 90 min. Natriuresis was slightly blunted by atosiban
and renal denervation (42% and 39% of load, respectively), whereas atosiban with renal denervation reduced sodium
excretion to 16% of the load. These results suggest that OT and renal nerves are involved in renal vasodilation and
natriuresis induced by acute plasma hypernatremia.
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appetite. The neurovegetative adjustments include changes in
renal excretion of water and sodium. Indeed, hypertonicity
reduces sympathetic renal nerve activity [5-8], induces renal
vasodilatation [9-12], and increases release of vasopressin (VP),
atrial natriuretic peptide (ANP) [13,14] and oxytocin (OT) [15—
18]. Together, these adjustments lead to natriuresis [19-22].
Renal vascular tone is a significant factor in the regulation of
water and sodium excretion, and it is one of the variables adjusted
in response to acute variations in the osmolality of the extracellular
fluid [10,11,23]. The mechanisms involved in the genesis and

Introduction

Hypernatremia constitute a challenge that threatens the survival
of the organism. Despite the wide variation in daily intakes and
losses of sodium, its concentration in the body fluids must be
maintained within narrow limits. Therefore, maintenance of the
plasma sodium concentration within a strict range is a central goal
of homeostatic mechanisms [1,2]. It is no surprise that multiple
mechanisms are involved in the regulation of sodium concentra-
tion. This wide variety of mechanism ranges from localized and

highly specific renal control of sodium loss to the complex
regulation of ingestive behaviors [3-5].

The central nervous system (CNS) detects variations in the
volume, tonicity, and composition of the extracellular compart-
ment through peripheral and central receptors. Once detected,
changes in plasma sodium concentration trigger centrally driven
behavioral and neurovegetative adjustments in order to correct
deviations [3,4]. Behavioral responses consist of thirst and sodium
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maintenance of the renal vasodilation induced by increases in the
plasma sodium concentration are complex and appear to involve
neural and humoral mechanisms.

Oxytocin is well known for its role in uterine contraction [24]
and milk ejection [25], but has several additional functions, many
related with social behavior, maternal care, sexual behavior,
learning and memory (for review see [26,27]). In addition, OT
seems to be involved in the responses to changes in body fluid
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osmolality. OT secretion is increased in response to alterations in
the plasma sodium concentration [17,28], and its infusion
increases urinary volume [29,30], glomerular filtration [29,31],
and urinary excretion of sodium in rats [30,32-35]. These effects
are mediated by the interaction of OT with the OXTR receptor, a
G protein-coupled receptor that is coupled to phospholipase C
through Goqll [26,36].

Stimulation of the renal nerve reduces sodium excretion
through secretion of renin, renal vasoconstriction, and increased
tubular reabsorption of sodium [37]. Renal sympathetic activity is
reduced by plasma hypertonicity, leading to renal vasodilation and
natriuresis [5-8,23]. However, to the best of our knowledge, there
are no evidences that have evaluated if the secretion of OT is
related with renal vasodilation and natriuresis induced by
hypernatremia. Moreover, no other study sought to evaluate the
interaction between renal sympathetic activity and secretion of
OT on renal and cardiovascular responses induced by sodium
overload.

Therefore, in the present study, we tested the hypothesis that
OT and renal nerves may be involved in the cardiovascular and
renal responses induced by acute hypernatremia. For this purpose,
we assessed the effects of OXTR receptor blockade and renal
denervation on renal vasodilatation and natriuresis induced by
intravenous infusion of hypertonic saline. We also assessed the
effects of OT on renal vascular tone and resistance.

Results

OXTR gene expression in the renal artery

The qRT-PCR analysis indicated that t OXTR was expressed
in the renal artery (n=10 arteries taken from 5 rats; Figure 1).
These findings demonstrated that OXTR gene was expressed as
B-actin, a constitutive gene. The Ct value was 32.01+2.1 for
OXTR and 22.08*1.3 for B-actin. The Melting curve confirms
the specific expression of OXTR gene in renal arteries
(Figure 1A). As control, the expression of B-actin gene was used
(Figure 1B).

Effect of OT on renal vascular resistance and on renal
artery rings

In vivo experiments demonstrated that the intravenous infusion
of OT (8, 16, or 30 ng * kg ', i.v.) in anesthetized rats (n = 6) did
not change mean arterial pressure (MAP; Figure 2A). All three
doses of OT increased renal blood flow (RBF; Figure 2A) and
renal vascular conductance (RVC; Figure 2A and B). Renal
vasodilation started immediately after infusion and lasted no
longer than 30 s. Ex vivo experiments showed that OT produced
a concentration-dependent relaxation in renal artery rings
(EC50=0.91+0.07 pmol « 1~ ", Figure 2C; n =6 rings taken from
5 rats) precontracted with 1 umol » 17! phenylephrine, suggesting
a direct effect of OT on the renal artery.

Effect of blockade of OXTR and VP-receptors on renal
vasodilatation and vasorelaxation induced by OT

In vivo experiments demonstrate that the OXTR-antagonist,
Atosiban, reduced OT-induced renal vasodilatation (Figure 3A
and B, n=6), whereas the V1 antagonist, Manning compound,
did not affect renal vasodilatation induced by OT (Figure 3C and
D, n=6). Ex vivo experiments showed that the vasorelaxation
induced by 1 pM OT was significantly reduced in the presence of
the OXTR antagonist, Atosiban (I mM, Figure 4A and C). The
vasopressin V1 antagonist, Manning Compound (0.1 uM) did not
reduce OT-induced vasorelaxation (Figure 4B and D), suggesting
a direct effect of OT on OXTRs in the renal artery.
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Effects of hypertonic saline infusion on plasma sodium
and blood hemoglobin concentrations

The body weight and cardiovascular baseline values are shown
in Table 1. These variables were similar in sham and rats
subjected to OXTR-antagonist pretreatment (Atosiban; AT), renal
denervation (RX) and renal denervation and atosiban pretreat-
ment (RX+AT). In sham rats, intravenous infusion of hypertonic
saline (HS) caused a sustained (>60 min) increase of plasma Na*
concentration (Figure 5A). In AT and RX+AT, plasma Na*
concentration remained significant higher than in sham rats
(Figure 5A).

In sham rats, HS infusion did not change blood hemoglobin
concentration (Figure 5B). Combining HS with AT, RX, or both
did not alter changes in blood hemoglobin (Figure 5B).

Effects of OXTR blockade and renal denervation on

cardiovascular responses induced by HS infusion

In sham rats (n = 6), HS infusion caused a mild increase in MAP
(Figure 6A), without changing heart rate (HR; Figure 6B). Ten
minutes after the HS infusion, RBF and RVC were increased, and
they remained high after 60 min (Figure 6C-D). In AT rats
(n=7), changes in MAP and HR were similar to those observed in
sham rats (Figures 6A-B), but the increases in RBF and RVC
were much reduced (Figures 6C-D). In RX rats (n=6), HS
infusion did not change HR, but the pressor response (10 min
after HS) was increased, and renal vasodilation was blunted
(Figure 6). The combination of atosiban and renal denervation
RX+AT rats, n=7) potentiated the hypertensive response
(Figure 6A) and abolished the renal vasodilation induced by HS
infusion (Figure 6C-D).

Effects of blockade of OXTR and renal denervation on

urinary excretion induced by HS infusion

HS infusion increased urinary flow in sham rats (n=6) at
10 min (Figure 7A). The diuresis caused by HS was reduced by
Atosiban (n = 7) and by renal denervation (n = 6), and was reduced
further by the combination of Atosiban and renal denervation
(n=7; Figure 7A). Urinary sodium concentration increased after
infusion of HS. The increase of urinary sodium concentration after
sodium overload was higher in AT and RX (Figure 7B), but it was
reduced by the combination of RX+AT (Figure 7B). AT and RX
slightly reduced the amount of sodium, and RX+AT reduced it
further (Figure 7C). As a consequence, sham rats excreted 51% of
the injected sodium within 90 min, AT rats excreted 42%, RX
rats excreted 42%, and At+RX rats excreted only 16% of the load
(Figure 7D).

Effect of OXTR antagonist on cardiac mRNA for ANP
The effect of the OXTR antagonist, Atosiban, on cardiac
expression of the ANP gene was measured by gRT-PCR. Figure 8
demonstrated that pre-treatment with OXTR antagonist reduced
cardiac ANP gene expression in rats subjected to HS infusion.

Discussion

Previous studies indicate that intravenous administration of OT
increases urinary volume [29,30], glomerular filtration [29,31],
and urinary excretion of sodium [17,32,34,35]. However, the
participation of this hormone in the regulatory mechanisms
activated by an increase of plasma sodium concentration is yet to
be fully clarified. The present study provides the following
findings: 1) the OXTR gene was expressed by the renal arteries;
i) administration of OT promoted renal artery relaxation in vivo
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Figure 1. Melting curve showing the specific expression of the OXTR gene in renal arteries of rats after qRT-PCR analyses (A).

Expression of the control gene B-actin was used (B).
doi:10.1371/journal.pone.0109620.g001

and ex vivo; iii) blockade of OXTR, but not VP-receptors,
reduced renal artery relaxation in vivo and ex vivo induced by
OT; iv) blockade of OXTR and renal denervation reduced renal
vasodilation and natriuresis induced by acute hypernatremia; v)
the combination of OXTR antagonist and renal denervation
completely abolished the renal vasodilation and further reduced
natriuresis induced by sodium load; and vi) cardiac ANP gene
expression induced by HS infusion was decreased in the presence
of OT receptors antagonist. Collectively, these results suggest that
the renal vasodilation and natriuresis induced by sodium overload
is mediated by the combined action of OT and renal nerves.

Changes in the osmolarity of the extracellular compartment
affect all tissues and may alter cell volume, metabolism, and
function [1]. Acute alterations in osmolarity may induce convul-
sions, paralysis, coma, and in extreme conditions, death [2,4].
Thus, the precise regulation of the osmolality and therefore
intracellular volume is critical for survival. Disturbances in these
regulatory mechanisms have been associated with the pathophys-
iology of cardiovascular diseases, particularly hypertension [38—
40], and with diseases related to renal sodium retention, such as
cirrhosis and heart failure.

The present study demonstrated that OT induced a concen-
tration-dependent relaxation in renal arteries both in vivo and
i vitro. The complex mechanisms involved in the genesis and
maintenance of the renal vasodilation induced by increases plasma
sodium concentration are poorly understood and seem to involve
hormonal and autonomic mechanisms [8,10,14,41,42]. Our
in vitro results show that OT can act on oxytocin receptors in
the renal vasculature to promote vasodilatation. Experimental
evidence has demonstrated that hypernatremia induces OT
secretion [15,17,28]. Huang et al. (1995) [17] showed that infusion
of hypertonic saline stimulates OT secretion and natriuresis. Our
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data showed that the blockade of OXTR abolished the
vasodilation and reduced the natriuresis induced by a sodium
overload. Together, these results indicate that OT is involved in
the cardiovascular and renal responses to an increase in plasma
sodium concentration. To the best of our knowledge, there is no
other evidence that OT mediates renal vasodilation induced by
hypernatremia. Although HS increased plasma sodium concen-
tration, it did not significantly reduce blood hemoglobin,
suggesting blood volume did not change. This is consistent with
previous studies using the same protocol [10,11,13,14,23].
Therefore, it is likely that the cardiovascular and renal adjustments
induced by HS infusion were due to increased sodium concentra-
tion rather than to volume expansion.

It has been proposed that the natriuresis and renal vasodilata-
tion induced by OT are due to cardiac OXTR receptors that
stimulate ANP release [30,35,43,44]. In the present study we
demonstrated that an OXTR antagonist reduced cardiac ANP
gene expression induced by HS infusion. Our result is consistent
with studies conducted by Haanwinckel et al. [30], who
demonstrated that the intraperitoneal or intravenous administra-
tion of OT causes an increase in the plasma concentration of ANP.
Moreover, Gutkowska and coworkers [44] demonstrated that
OXTR were functional and important for the secretion of ANP, as
OXTR blockade reduces the release of ANP induced by OT
administration. Once in the circulation, ANP stimulates renal
vasodilation and natriuresis [47]. We also demonstrated that OT
can act directly on the renal arteries to cause renal relaxation.
Overall, these findings suggest that OT can act both directly and
indirectly (via ANP) to promote renal vasodilatation.

Neural mechanisms also regulate sodium excretion. Renal nerve
stimulation promotes renin secretion, renal vasoconstriction, and
tubular sodium reabsorption [37], reducing renal sodium losses.
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150 mmol -1 ") and oxytocin (0.008, 0.016 e 0.03 ug kg’1 b.wt., i.v.) in anesthetized rats (A). Effects of oxytocin or vehicle infusion on
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doi:10.1371/journal.pone.0109620.g002

Plasma hypernatremia inhibits renal sympathetic activity, stimu-
lating sodium excretion [5-7]. A previous study from our
laboratory [8] has shown that renal denervation slightly reduces
the renal vasodilation induced by sodium overload, suggesting this
vasodilation is partly a consequence of renal sympathoinhibition.
Furthermore, in the present study we demonstrated that a
combination of renal denervation and OXTR blockade abolished
renal vasodilation and sharply reduced the natriuresis. Taken
together, these results suggest an additive effect of OT secretion
and renal nerves on natriuresis and renal vasodilatation induced
by a sodium overload. In the present study we also observed that
pressor responses to a sodium overload are greater in rats
subjected to renal denervation and blockade of OXTR. Several
other studies that blocked hypernatremia-induced renal vasodila-
tion similarly reported an increase in the magnitude and duration
of the hypertensive response [7,10-12]. A decade ago, it was
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proposed that hypernatremia initially stimulates secretion of
vasoactive peptides (ANP and OT) and reduces renal sympathetic
activity. This mechanism leads to reduction in renal vascular
resistance and sodium reabsorption, which culminates in sodium
excretion. If this initial mechanism fails to correct hypernatremia,
a generalized increase in sympathetic activity increases blood
pressure, leading to increases in renal perfusion pressure,
glomerular filtration rate and consequently natriuresis [3]. In the
light of these evidences, the increased pressor response to
hypernatremia observed in animals subjected to renal denervation
and blockade of OXTR could be due to the ineffectiveness of the
initial mechanism, resulting in a generalized increase in sympa-
thetic activity and consequent hypertension. It is noteworthy,
however, that the results obtained in the present study also
indicate that this pressure mechanism failed to stimulate sodium
excretion, since only 16% of of sodium load was excreted during
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doi:10.1371/journal.pone.0109620.g003

the next 90 min in rats subjected both renal denervation and
blockade of OXTR.

Our results are compatible with the hypothesis that OT
secretion and renal nerves play an important role in renal
vasodilatation induced by hyperosmolarity. This strongly suggests
that both humoral (oxytocinergic) and autonomic (sympathoinhi-
bitory) mechanisms are important. The unbalance in one or both
these mechanisms may contribute to several pathological condi-
tions, including some models of experimental hypertension in
rodents.

Methods

Animals and ethics statement

All experiments were conducted on adult male Wistar rats (280—
350 g). Rats were obtained from the central animal house of the
Federal University of Goias. Experimental procedures were
designed in strict adherence to the National Health Institute
Guidelines for Care and Use of Laboratory Animals, and

PLOS ONE | www.plosone.org

approved by the Research Ethics Committee of the Federal
University of Goias (protocol number 034/12).

Molecular analysis of OXTR gene expression in the renal
artery

Total RNA was extracted from ten renal artery using Trizol
(Invitrogen Corporation, Carlsbad, CA, USA), chloroform was
added (1:5, v/v), and the aqueous phase was obtained after
centrifugation (12,000xg, 15 min). RNA was precipitated with
isopropanol for 15 min at room temperature, followed by
centrifugation at 12,000xg for 10 min. The pellets were
resuspended in water treated with 0.1% DEPC, and the RNA
content was quantified by spectrophotometry.

For reverse transcription, 2 pg of total RNA was used as a
template to synthesize cDNA. RNA was incubated with 1 ul
oligo(dt) 15-20 (0.5 pmol, Fermentas - Thermo Scientific, Vilnius,
Lithuania), and DEPC-water to a final volume of 12 pl, for 5 min
at 65°C.. The following reagents were then added to reach a final
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Table 1. Body weight and basal level of cardiovascular and renal variables in sham, rats pretreated with the oxytocin antagonist
atosiban (AT), renal denervated rats (RX) and rats pretreated with atosiban and renal denervation (RX+AT).

Group n bt MAP HR RBF RVC
g mm Hg bpm ml e min~" mm Hg « (ml » min) "
Sham 6 306+9 115*2 340%15 3.6+0.8 0.029£0.004
AT 7 307*6 1135 367£12 45+0.7 0.038+0.006
RX 6 300*+6 115*3 359+10 3.5+0.7 0.031£0.007
RX-AT 7 305*7 110x7 354£10 3.0£0.9 0.021£0.003

Values are means * S.E.M. b.wt.=body weight, MAP =mean arterial pressure, HR = heart rate, RBF =renal blood flow, RVC =renal vascular conductance.
doi:10.1371/journal.pone.0109620.t001
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volume of 20 ul: 4 ul RT buffer (50 mM Tris-HCI, pH 8.3,
75 mM KCI, 3 mM MgCly), 2 ul 10 mM dNTPs mix, 1 pl
RiboLock RNase inhibitor (20 U/ul) and 1 pl RevertAid H Minus
M-MuLV reverse Transcripase (200 pl/ul, Fermentas - Thermo
Scientific, Vilnius, Lithuania). The mixture was incubated for
5 min at 25°C followed by 60-min at 45°C and cDNA synthesis
was performeded at 70°C for 5 min.

qRT-PCR widely used for analysis of gene expression in tissue
(Applied Biosystems Step One Plus PCR System, Foster City, CA,
USA). We standardized a qRT-PCR method to analyze the
expression of the OXTR, using B-actin as a constitutive gene. For
OXTR we used as a forward primer: 5-CGA TTG CTG GGC
GGT CTT CA-3 and as a reverse primer 5-CCG CCG CTG
CCG TCT TGA G-3, resulting in a PCR product of 161 bp. For
B -actin, we used as a forward primer 5-AGA GGG AAA TCG
TGC GTG AC-3 and as a reverse primer 5-CAA TAG TGA
TGA CCT GGC CGT-3, resulting in PCR product of 138 bp.
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For qRT-PCR amplification, 2 pl of the cDNA pool resulting
from the above reaction was used in a reaction containing PCR
buffer Maxima SYBR Green/ROX qRT-PCR Master Mix (2X)
(Fermentas — Thermo Scientific, Vilnius, Lithuania), 0.15 uM of
each primer and water to produce a final volume of 25 pl. General
qRT-PCR conditions were initial denaturation at 95°C for
10 minutes, followed by 40 cycles of 95°C for 15 s, annealing at
60°C for 1 min and extension at 72°C for 20 s. Amplification was
completed with an additional step at 72°C for 5 min. A melting
curve analysis was performed subsequent to amplification of the
target sequence. The program for melting curve analysis was 95°C
for 5 s, 65°C for 20 s, with 20°C/s transition rate and then
ramping to 98°C at 0.2°C/s.

Effect of OT on renal vascular resistance

Rats were anesthetized with 2-3% halothane in 100% O, and
catheters were inserted into the right femoral vein and artery. A
catheter was inserted in the right jugular vein and advanced to
bring the tip close to the right atrium. Halothane was replaced by
sodium thiopental (40 mg » kg™ ', i.v.; Cristalia Ltda, Itapira, SP,
Brazil). The trachea was cannulated to reduce airway resistance.
Miniature ultrasonic transit-time flow probes (Transonic Systems
Inc., Ithaca, NY, USA) were placed around the left renal artery.
The body temperature was kept at 37+0.5°C with a thermostat-
ically controlled heated table.

Arterial pressure was measured from the arterial cannula with a
disposable pressure transducer. RBF was measured with an
ultrasonic transit-time flowmeter (Transonic Systems, Inc., Ithaca,
NY, USA). Data were recorded continuously with an MP150
analog-to-digital converter (Biopac Systems, Inc., Goleta, CA,
USA). MAP and HR were determined from the pulsatile signal
with AcqKnowledge software (version 3.7.1.; Biopac Systems, Inc.,
Goleta, CA, USA). The change of RVC was calculated as the ratio
of RBF by MAP, and expressed as a percentage of baseline values.

Increasing doses of OT (0.008, 0.016 and 0.03 pug « kg™ ', iv.)
were infused. In additional rats, the vasopressin V1 antagonist,
Manning compound (10 pg « kg™ b.wt.; in 0.1 mL) was injected
1v., followed by increasing doses of OT (0.008, 0.016 and
0.030 pg » kg™ !, i.v.). In additional rats, the OXTR antagonist,
Atosiban, was infused for 1 h, starting 30 min before increasing
doses of OT infusion. The total amount of Atosiban infused was
40 ug » kg~ ' in a volume of 3 ml « kg™ ..

Effect of OT on renal artery rings

Rats were anesthetized with halotane (2% in Oy 100%)
(Cristalia Ltda, Itapira, SP, Brazil) and decapitated. The renal
artery was cleaned of adhering fat and connective tissue, removed,
and cut in 2 mm long rings. Rings were placed in a warmed (37°C)
organ bath containing 10 ml of modified Krebs-Henseleit solution
(in mmol « 17': NaCl=130, NaHCO3;=14.9, KCl=4.7,
KH,PO,=1.18, MgSO,=1.17, CaCl;=1.6, glucose=25.5;
pH=7.4, bubbled with 95% O2 and 5% CO2). Rings were
mounted on stainless steel hooks connected to isometric transduc-
ers. Tension was recorded with a data acquisition system (AVS
Projetos, Sao Carlos, SP, Brazil). Rings were kept for 60 min with
a tension of 1.5 g. During this period, the Krebs-Henseleit solution
was changed every 15 min. Phenylephrine (1 umol « 17') was
added to contract the rings. After tension stabilized (usually within
15 min), increasing concentrations (0.3 to 3 pumol 1Y of OT
were added. In additional experiments, the vasorelaxation induced
by 1 uM OT was measured in the absence or presence of the
OXTR antagonist, Atosiban (1 mM), or the VI antagonist,
Manning compound (0.1 pM). At the end of the experiment, the
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Figure 6. Effects of OXTR antagonist treatment (atosiban; AT), renal denervation (RX) and the combination of AT and RX (RX+AT)
on cardiovascular changes induced by intravenous HS infusion (3 M NaCl, 1.8 ml . kgf1 b.wt., i.v). A) Mean arterial pressure (MAP). B)
Heart rate (HR). C) Renal blood flow (RBF). D) Renal vascular conductance (RVC). Black bars indicate the moment of HS infusion. Red bars indicate the
period of OXTR-antagonist infusion or saline (150 mmol - 177 NaCl; Sham and RX groups). *different from baseline, fdifferent from sham, $different

from atosiban, #different from RX, both at p<<0.05.
doi:10.1371/journal.pone.0109620.g006

effectiveness of the endothelium was evaluated by observing the
response to 10 pmol « 17" acetylcholine.

Effect of OXTR antagonist and renal denervation on
cardiovascular and renal responses induced by
hypertonic saline

Additional rats were anesthetized and fitted with cannulas in the
femoral vein and artery and a flow probe around the renal artery,
as described above. The bladder was catheterized through a
suprapubic incision for collection of urine. About 60 min later,
hypertonic saline (3 M NaCl, 1.8 ml « kg™ ' b.wt., i.v.) was infused
over 60 s. In some rats, the selective OXTR antagonist, [Mpal,
D-Try(Et)2, Thr4, Orn8]-OT (atosiban, Ferring, Sweden), was
infused for 1 h, starting 30 min before the infusion of hypertonic
NaCl. The total amount infused was 40 pg » kg~ ' in a volume of
3ml « kg~ '. This dose has been shown previously to block the
natriuretic effects of OT but not to interfere with VP-receptors
[33,43].

In another group of rats (RX), the left and right kidney
innervation was removed surgically as previously described [8,45—
50]. Briefly, the renal arteries were dissected under a surgical
microscope, and the renal nerves running along them were
carefully removed. The connective tissue of the renal artery and
vein were stripped and the renal artery was coated with a solution
of 10% phenol in absolute alcohol.

PLOS ONE | www.plosone.org

In another group of rats, the innervation of the left and right
kidney was removed and the animals were submitted to atosiban
infusion 60 minutes after the renal denervation (RX+AT). In sham
rats, the renal artery was dissected and renal nerves bundles were
visualized and kept intact. These rats received the same volume
(3 ml « kg™ ") of saline (NaCl 150 mmols « 17,

Blood samples (0.20 ml each) were withdrawn from the arterial
cannula 10 min before and 10, 30, 60 and 90 min after i.v.
infusion of hypertonic saline. The sample was replaced by an equal
volume of sterile 150 mM NaCl. Blood hemoglobin concentration
was measured immediately with a kit from Sigma (Drabkin’s
reagent, kit 525). The rest of the sample was centrifuged for 5 min
at 6000 g. The plasma was removed and stored at —20°C.
Sodium concentrations in urine and plasma were measured with a
flame photometer (model DM6, Digimed, Sdo Paulo, Brazil).

The amount of sodium in the urine was determined by the
product of urine volume and sodium concentration. Sodium
balance was calculated as the difference between the amount
infused and the amount excreted.

Molecular analysis for ANP in heart

Rats were euthanized, the cardiac muscle was cut in small
pieces and frozen in liquid nitrogen. The tissues were disrupted by
vigorous mixing with glass beads as described before. qRT-PCR
analysis was performed in triplicate from a ¢cDNA pool of each
treatment. For natriuretic peptide precursor A (ANP), we used as a
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Figure 7. Effects of OXTR antagonist treatment (atosiban; AT), renal denervation (RX) and the combination of AT and RX (RX+AT)
on urinary changes induced by intravenous HS infusion (3 M NacCl, 1.8 ml - kg’1 b.wt., i.v.). A) Urine flow. B) Urinary sodium
concentration. C) Cumulative urinary sodium. D) Sodium balance. Black bars indicate the moment of HS infusion. Red bars indicate the period of
OXTR-antagonist infusion or saline (150 mmol - =7 NaCl; Sham and RX groups). *different from baseline, fdifferent from sham, $ different from

atosiban, #different from RX, both at p<<0.05.
doi:10.1371/journal.pone.0109620.9007

forward primer 5-GGA TTT CAA GAA CCT GCT AGA-3, and
as a reverse primer 5-GCT TCA TCG GTC TGC TCG C-3,
resulting in a PCR product of 96 bp. For GAPDH, we used as a
forward primer 5-GTC GGT GTG AAC GGA TTT G-3, and as
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Figure 8. Effect of blockade of OXTR (Atosiban) on atrial
natriuretic peptide (ANP) mRNA in the heart of rats submitted
to HS infusion 3 M NaCl, 1.8 ml + kg™~ " b.wt., i.v. ANP mRNA levels
were assessed by the real-time quantitative reverse transcription
polymerase chain reaction. The results are presented as mean =
standard deviation of the triplicates of independent experiments.
tdifferent from Sham, at p<<0.05.
doi:10.1371/journal.pone.0109620.g008

PLOS ONE | www.plosone.org

areverse primer 5-CCG CCG CTG CCG TCT TGA G-3, with a
PCR product of 150 bp. All primers were specific for Rattus
norvegicus. The data were normalized using the constitutive gene
GAPDH as the endogenous control, amplified in each set of qRT-
PCR experiments. Data were expressed as mean * standard
deviation of the triplicates of independent experiments. Standard
curves were generated by diluting the cDNA solution 1:5. Relative
expression levels of genes of interest were calculated using the
standard curve method for relative quantification [51].

Data analysis

Results are presented as means * S.E.M. Cardiovascular
baseline values and the effects of OT infusion and OXTR and VP-
antagonist were analyzed by one-way ANOVA. When groups
differed significantly, the Bonferroni post hoc test was used. The
effects of HS infusion on renal and cardiovascular parameters
were analyzed by two-way ANOVA. When groups differed
significantly, the LSD-Fisher post hoc test was used. Effects of
OT infusion and OXTR and VP-antagonist were analyzed by
one-way ANOVA. When groups differed significantly, the
Bonferroni post hoc test was used. The EC50 for the effect of
OT on vascular relaxation was obtained by linear regression of
vascular relaxation and the log of the OT concentration using
GraphPad Prism statistical software version 6.03 for Windows
(GraphPad Software, Inc., San Diego, CA, USA). Molecular data
were compared by the T test. A value of P<<0.05 was considered to
denote a significant difference.

9 October 2014 | Volume 9 | Issue 10 | €109620



Author Contributions

Conceived and designed the experiments: GHMS CHC AHF CHX AASR
SLC GRP. Performed the experiments: NOA TSO LMN FPF MLF DBC
GTB CLB. Analyzed the data: FPF MLF GHMS DAR GTB CLB CMAS

References

22.

23.

Strange K (1993) Cellular and Molecular Physiology of Cell Volume Regulation.
Boca Raton: CRC Press.

. Bourque CW, Oliet SH, Richard D (1994) Osmoreceptors, osmoreception, and

osmoregulation. Front Neuroendocrinol 15: 231-274.

. Toney GM, Chen QH, Cato MJ, Stocker SD (2003) Central osmotic regulation

of sympathetic nerve activity. Acta Physiol Scand 177: 43-55.

. Bourque CW (2008) Central mechanisms of osmosensation and systemic

osmoregulation. Nat Rev Neurosci 9: 519-531.

. Badoer E, Ng CW, De Matteo R (2003) Glutamatergic input in the PVN is

important in renal nerve response to elevations in osmolality. Am J Physiol

Renal Physiol 285: F640-F650.

. Nishida Y, Sugimoto I, Morita H, Murakami H, Hosomi H, et al. (1998)

Suppression of renal sympathetic nerve activity during portal vein infusion of
hypertonic saline. Am J Physiol Regul Integr Comp Physiol 274: R97-103.

. Weiss ML, Claassen DE, Hirai T, Kenney MJ (1996) Nonuniform sympathetic

nerve responses to intravenous hypertonic saline infusion. J Auton Nerv Syst 57:

109-115.

. Pedrino GR, Rosa DA, Korim WS, Cravo SL (2008) Renal sympathoinhibition

induced by hypernatremia: involvement of Al noradrenergic neurons. Auton
Neurosci 142: 55-63.

. Fujita T, Matsuda Y, Shibamoto T, Uematsu H, Sawano F, et al. (1991) Effect

of hypertonic saline infusion on renal vascular resistance in anesthetized dogs.

Jpn J Physiol 41: 653-663.
. Pedrino GR, Nakagawa Sera CT, Cravo SL, Colombari DS (2005)

Anteroventral third ventricle lesions impair cardiovascular responses to
intravenous hypertonic saline infusion. Auton Neurosci 117: 9-16.

. Pedrino GR, Monaco LR, Cravo SL (2009) Renal Vasodilation Induced By

Hypernatremia: Role Of Alpha-Adrenoceptors In The Median Preoptic
Nucleus. Clin Exp Pharmacol Physiol 36: e83-89.

. Pedrino GR, Maurino I, Almeida Colombari DS, Cravo SL (2006) Role of

catecholaminergic neurones of the caudal ventrolateral medulla in cardiovas-
cular responses induced by acute changes in circulating volume in rats. Exp

Physiol 91: 995-1005.

. Morris M, Alexander N (1988) Baroreceptor influences on plasma atrial

natriuretic peptide (ANP): sinoaortic denervation reduces basal levels and the
response to an osmotic challenge. Endocrinology 122: 373-375.

. Rauch AL, Callahan MF, Buckalew VM, Jr., Morris M (1990) Regulation of

plasma atrial natriuretic peptide by the central nervous system. Am J Physiol
Regul Integr Comp Physiol 258: R531-R535.

. Blanch GT, Freiria-Oliveira AH, Murphy D, Paulin RF, Antunes-Rodrigues J,

et al. (2013) Inhibitory mechanism of the nucleus of the solitary tract involved in
the control of cardiovascular, dipsogenic, hormonal, and renal responses to
hyperosmolality. Am J Physiol Regul Integr Comp Physiol 304: R531-R542.

. Godino A, Pitra S, Carrer HF, Vivas L (2013) Body sodium overload modulates

the firing rate and fos immunoreactivity of serotonergic cells of dorsal raphe
nucleus. PLoS One 8: ¢74689.

. Huang W, Lee SL, Sjoquist M (1995) Natriuretic role of endogenous oxytocin in

male rats infused with hypertonic NaCl. Am J Physiol 268: R634-R640.

. Morris M, Alexander N (1989) Baroreceptor influences on oxytocin and

vasopressin secretion. Hypertension 13: 110-114.

. da Silva EF, Freiria-Oliveira AH, Custodio CH, Ghedini PC, Bataus LA, et al.

(2013) Al noradrenergic neurons lesions reduce natriuresis and hypertensive
responses to hypernatremia in rats. PLoS One 8: €¢73187.

. Bealer SL, Caldwell RW, Songu-Mize E (1988) Mechanisms of altered sodium

excretion after preoptic hypothalamic lesions. Am J Physiol Regul Integr Comp
Physiol 254: R84-R89.

Bealer SL (1983) Sodium excretion following lesions of preoptic recess
periventricular tissue in the rat. Am J Physiol Regul Integr Comp Physiol 244:
R815-R822.

Schoorlemmer GH, Johnson AK, Thunhorst RL (2000) Effect of hyperosmotic
solutions on salt excretion and thirst in rats. Am J Physiol Regul Integr Comp
Physiol 278: R917-R923.

Pedrino GR, Freiria-Oliveira AH, Almeida Colombari DS, Rosa DA, Cravo SL
(2012) A2 noradrenergic lesions prevent renal sympathoinhibition induced by
hypernatremia in rats. PLoS One 7: €37587.

. DALE HH (1906) On some physiological actions of ergot. J Physiol 34: 163~

206.

. Ott I, Scott JC (1910) The Action of Infundibulum upon Mammary Secretion.

Proc Soc Exp Biol 8: 48-49.
Stoop R (2012) Neuromodulation by oxytocin and vasopressin. Neuron 76: 142
159.

PLOS ONE | www.plosone.org

10

Neuroendocrine Responses to Hypernatremia

AASR GRP. Contributed reagents/materials/analysis tools: MLF CHC
AHF CHX DAR CLB CMAS AASR SLC GRP. Wrote the paper: GHMS
CHC AHF CHX DBC DAR CLB CMAS AASR SLC GRP.

27.

28.

29.

30.

31.

39.

40.

41.

42,

43.

44.

46.

47.

48.

49.

50.

51.

Lee HJ, Macbeth AH, Pagani JH, Young WS, III (2009) Oxytocin: the great
facilitator of life. Prog Neurobiol 88: 127-151.

Balment RJ, Brimble M]J, Forsling ML (1980) Release of oxytocin induced by
salt loading and its influence on renal excretion in the male rat. J Physiol 308:
439-449.

Conrad KP, Gellai M, North WG, Valtin H (1993) Influence of oxytocin on
renal hemodynamics and sodium excretion. Ann N'Y Acad Sci 689: 346-362.
Haanwinckel MA, Elias LK, Favaretto ALV, Gutkowska J, McCann SM, et al.
(1995) Oxytocin Mediates Atrial-Natriuretic-Peptide Release and Natriuresis
After Volume Expansion in the Rat. Proc Natl Acad Sci U S A 92: 7902-7906.
Conrad KP, Gellai M, North WG, Valtin H (1986) Influence of oxytocin on
renal hemodynamics and electrolyte and water excretion. Am J Physiol 251:
F290-F296.

. Verbalis JG, Mangione MP, Stricker EM (1991) Oxytocin produces natriuresis

in rats at physiological plasma concentrations. Endocrinology 128: 1317-1322.

. Huang W, Lee SL, Sjoquist M (1994) Effects of neurohypophyseal antagonists in

postnephrectomy natriuresis in male rats. Kidney Int 45: 692-699.

Sjoquist M, Huang W, Jacobsson E, Skott O, Stricker EM, et al (1999) Sodium
excretion and renin secretion after continuous versus pulsatile infusion of
oxytocin in rats. Endocrinology 140: 2814-2818.

Soares TJ, Coimbra TM, Martins AR, Pereira AG, Carnio EC, et al. (1999)
Atrial natriuretic peptide and oxytocin induce natriuresis by release of cGMP.

Proc Natl Acad Sci U S A 96: 278-283.

5. Young WS, III, Gainer H (2003) Transgenesis and the study of expression,

cellular targeting and function of oxytocin, vasopressin and their receptors.
Neuroendocrinology 78: 185-203.

. DiBona GF, Kopp UC (1997) Neural control of renal function. Physiol Rev 77:

75-197.

. Horan M]J, Blaustein MP, Dunbar JB, Grundy S, Kachadorian W, et al. (1985)

NIH report on research challenges in nutrition and hypertension. Hypertension
7: 818-823.

Law MR, Frost CD, Wald NJ (1991) By how much does dietary salt reduction
lower blood pressure? III-Analysis of data from trials of salt reduction. BMJ 302:
819-824.

Simons-Morton DG, Obarzanek E (1997) Diet and blood pressure in children
and adolescents. Pediatr Nephrol 11: 244-249.

~allahan MF, Ludwig M, Tsai KP, Sim L], Morris M (1997) Baroreceptor input
regulates osmotic control of central vasopressin secretion. Neuroendocrinology
65: 238-245.

Cravo SL, Lopes OU, Pedrino GR (2011) Involvement of catecholaminergic
medullary pathways in cardiovascular responses to acute changes in circulating
volume. Braz J Med Biol Res 44: 877-882.

Huang W, Sjoquist M, Skott O, Stricker EM, Sved AF (2000) Oxytocin-induced
renin secretion in conscious rats. Am J Physiol Regul Integr Comp Physiol 278:
R226-R230.

Gutkowska J, Jankowski M, Lambert C, Mukaddam-Daher S, Zingg HH, et al.
(1997) Oxytocin releases atrial natriuretic peptide by combining with oxytocin
receptors in the heart. Proc Natl Acad Sci U S A 94: 11704-11709.

. Boer PA, Morelli JM, Figueiredo JF, Gontijo JA (2005) Early altered renal

sodium handling determined by lithium clearance in spontaneously hypertensive
rats (SHR): role of renal nerves. Life Sci 76: 1805-1815.

Guadagnini D, Gontijo JA (2006) Altered renal sodium handling in
spontaneously hypertensive rats (SHR) after hypertonic saline intracerebroven-
tricular injection: role of renal nerves. Life Sci 79: 1666-1673.

Jacob F, Ariza P, Osborn JW (2003) Renal denervation chronically lowers
arterial pressure independent of dietary sodium intake in normal rats.
Am ] Physiol Heart Circ Physiol 284: H2302-H2310.

Jacob F, LaBine BG, Ariza P, Katz SA, Osborn JW (2005) Renal denervation
causes chronic hypotension in rats: role of betal-adrenoceptor activity. Clin Exp
Pharmacol Physiol 32: 255-262.

Khan SA, Sattar MA, Rathore HA, Abdulla MH, Ud Din AF, et al. (2014)
Renal denervation restores the baroreflex control of renal sympathetic nerve
activity and heart rate in Wistar-Kyoto rats with cisplatin-induced renal failure.
Acta Physiol (Oxf) 210: 690-700.

Trostel KA, Osborn JW (1992) Do renal nerves chronically influence renal
function and arterial pressure in spinal rats?> Am J Physiol 263: R1265-R1270.
Bookout AL, Cummins CL, Mangelsdorf DJ, Pesola JM, Kramer MF (2006)
High-throughput real-time quantitative reverse transcription PCR. Curr Protoc

Mol Biol Chapter 15.

October 2014 | Volume 9 | Issue 10 | €109620



